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Executive Summary

In transparent optical networks, physical layer amments (PLIs) incurred by non-ideal optical tnaission
media accumulate along an optical path, and theatheffect determines the feasibility of the lighths. If the
received signal quality is not within the receigensitivity threshold, the receiver may not be adbleorrectly
detect the optical signal and this may result ighhbit-error rates. Introducing optical transpasemt the
physical layer on one hand leads to a dynamicjldle)optical layer with the possibility of addingtélligence
such as optical performance monitoring, fault mamagnt, etc. On the other hand, transparency redhees
possibility of client layer interaction with the tigal layer at intermediate nodes along the patte $tandard
GMPLS protocols used for dynamic establishmentgiftpbaths in transparent optical networks suffenfack
of PLIs information and optical component charast&s. Hence, there is a strong need for developroé
techniques that provide PLIs information to GMPL&tpcols and mechanisms that use this information
efficiently to evaluate optical feasibility of ligaths, without which it would be impossible to auttically
initiate a lightpath establishment from client legjee.g., switch or an IP router or a label switthauter (LSR).

In the DICONET project various GMPLS protocols asgended to carry PLIs information. In this delaiele
report, we briefly describe and compare variousaimpent-aware control plane approaches, namelgalligg-
based approach, routing-based approach, hybridoappr and PCE-based approach. The properties sé the
control plane architectures are qualitatively stddiFurthermore, the performance study of theséouwsr
impairment-aware control plane approaches studiesligh preliminary results from simulation expenise
Finally, we compare various approaches w.r.t. esmging and performance metrics, with clear concigdi
remarks on which architectures will be further sddin DICONET project through emulation studiesAiP5.

As it is important to understand the advantagesdisativantages of both centralized and distributgghirment
aware control plane approaches, DICONET plans tplament both centralized PCE based approach and
distributed hybrid approach in which both RSVP-Tiel ®®SPF-TE are modified to carry PLI informatiors A
discussed later in the document, hybrid approagmseto perform better compare to other approaches a
increased control plane overhead.

DICONET Page: 7 of 49
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1. Introduction

In WDM optical networks, the physical layer impaegnts (PLIS) and their significance depend on nétwor
type—opaque, translucent, or transparent; the apteach—Ilonger lightpaths without regeneration sargject

to impairments accumulation; the number and typenetwork elements—fiber, wavelengths, amplifiers,
switching elements, etc.; and the type of applicei—real-time, non-real time, mission critical, .etn
transparent optical networks, PLIs incurred by m@al optical transmission media accumulate alangptical
path, and the overall effect determines the felitsitnf the lightpaths [10-15]. If the received sa& quality is
not within the receiver sensitivity threshold, tleeeiver may not be able to correctly detect thcapsignal
and this may result in high bit-error rates. Herté important to understand various PLIs andrtbéfect on
optical feasibility, analytical models, and monitay and mitigation techniques. Introducing optitahsparency

in the physical layer on one hand leads to a dyoafféxible optical layer with the possibility ofdding
intelligence such as optical performance monitqrifagllt management, etc. On the other hand, trasspg
reduces the possibility of client layer interactigith the optical layer at intermediate nodes altmgpath. This
has an impact on network design, planning, conaotl management which is addressed in the EU funded
DICONET project. The purpose of this deliverabladsdiscuss and explore the issues related to aoaid
management plane protocols with specific emphasisnteraction between physical layer and contrad an
management plane protocols.

It is important to understand the techniques thavide PLI information to the control plane protteand that
use this information efficiently to compute feasibloutes and wavelengths. A recent approach toamktw
control and management using the GMPLS frameworleldped by Internet engineering task force (IETF)
seems to be emerging as the winning control plahgian for the next-generation optical network.e0of the
main applications of GMPLS [5, 14] in the context aptical networks is the dynamic establishment of
lightpaths. However, it suffers from a lack of picgd layer details such as PLI, transponder andrgpiysical
layer component characteristics. The availabilitytros information would make a GMPLS-capable ndde
evaluate the effects of PLIs and to decide whedhgroposed path is feasible in the optical domaimddition,
GMPLS also suffers from the lack of good technigteesisseminate and utilize physical layer detailence,
there is a strong need for the development ofiefficechniques to address these issues, withoiehvithwould

be impossible to automatically initiate a lightp&stablishment from client layers, for example,abgwitch or

IP router. In addition, control plane protocols dieseveral extensions to make them aware of PLIghén
DICONET project various GMPLS protocols are extahtte carry physical layer impairment informatiorhi§
information is used by RWA protocols to compute @inment aware routes and makes sure that the isstadh
path is feasible in the optical domain. The variapproaches considered in DICONET project aredhading
based approach, 2) routing based approach, 3) ch@pproach, and 4) PCE based approaches; which are
described in detail in the following sections. THiscument provides a summary of the extensionsinest]in
various architectures with block diagrams.

The goal of this deliverable is to discuss varioostrol plane architectures. The properties ofatmmtrol plane
architectures are qualitatively studied. We finalyaluate selected architectures (based on Milesit?.3 [3]

and qualitative study) and study the performanceuth simulation experiments. At the end of theutoent we
compare various architectures w.r.t. engineeringy p@rformance metrics, with clear concluding rersaok

which architectures will be further studied in DINBT project through emulation studies in WP5.

2. PLI-aware control plane architectures and integration

Two main approaches to introduce impairment-awa®ne GMPLS-based transparent optical networks are:
centralized and distributed [11, 15]. Centralizggbr@aches assume availability of a centralizedesetivat is
reachable by all network elements (NEs) and awareomplete network topology, resource availabikiyd
physical layer parameters through traffic enginagrdatabase (TED), which are used during routind an
wavelength assignment (RWA). Hence, centralizedagughes are able to guarantee and satisfy a §ghtfath
specific requirements (e.g. bandwidth, diversitpTQlatency, etc.). Two different mechanisms carubed to
implementcentralized approach:

* Network management system (NMS): For a connectamuest, NMS computes the route and selects a
wavelength considering both the current TED and rguirements of the connection request. Then, it
configures various optical components (e.g. opt@alss-connects) along the route in parallel ushey
network management interface to setup an opti¢edigible lightpath.

DICONET Page: 8 of 49
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e Path computation element (PCE): For a connectignest, the source node sends a request to thelkentr
PCE which computes the route taking into accouatf&D and the connection requirements. PCE returns
the computed route to the source node which estaddithe lightpath using distributed signallingtpcol
such as RSVP-TE.

Centralized approaches have advantages due towheeress of complete and detailed view of the whole
network through the central TED and can find thémoal route. However, both NMS and PCE approaclae® h
scalability problems. NMS has additional interofdity problem and PCE is lack of flexibility ancao not
realize rapid restoration in case of multiple fesla However, PCE based approaches can be extengeavide
rapid restoration by computing protection pathsdibfailed lightpaths in single computation andhgstable and
lookup kind of service. Finally, PCE standardizatis still at an early stage and its applicabilgymainly
devoted to inter-domain path computation. Hendhimstudy we focus on distributed approaches.

Distributed approach (distributed optical control plane [D-OCP]) is fl¥med via all NEs in the network using
a common distributed GMPLS control plane which nggsathe required procedures for establishing lafhig
i.e., routing and signalling. There are two différenechanisms under the distributed approach:

« Signalling-based optical control plane (S-OCP)1[8, 12, 17] extends the RSVP-TE protocol to inclRdé
information. Each node computes a route using si@h@SPF-TE protocol without the knowledge of PLIs
and then RSVP-TE carries the PLI information altmgroute till the destination node, which evaladte
optical feasibility and establishes the lightpath.

* Routing-based optical control plane (R-OCP) [1]], iBfroduces PLI information into the routing protd
such as OSPF-TE, as suggested in IETF RFC4054 RiJflooding link state advertisements (LSAS)
enhanced with PLI information, all nodes populdteirt TED, thereby allowing each node to compute a
feasible route while standard RSVP-TE is used ifgilitpath establishment. In R-OCP each node has its
own PCE, which means that it is functionally equal the centralized PCE approach, though the
coordination among different PCEs is missing.

e Hybrid approach extends both RSVP-TE and OSPF-Téxtiended in order to carry and disseminate PLI
information. Several variations of hybrid approaate possible to provide a trade-off between the
information carried in OSPF-TE and RSVP-TE protscdhe complexity of protocol extensions, control
overhead, and network performance. In general #ufficient to extend to OSPF-TE to disseminate PLI
information that is useful for intelligent RWA commation, while RSVP-TE carries full information to
validate the optical feasibility during lightpatletsp to accommodate the network status changes and
inconsistent PLI information.

In this section, we present four architectural @msi in brief with schematic diagrams with interfadetween
various modules. However, the complete definitidnvarious interfaces is yet to be defined. The mekw
planning and operation tool (NPOT) is the hearthaf whole DICONET project, and encompasses the RWA
module and the Q-Tool estimation module. The NPGITprovide interfaces to various kinds of architees to
support various functionalities. Some initial défon of interfaces and Q-tool implementation avaikble and

are discussed in other deliverables (e.g., Q-TddliA M3.2 [22], other APIs in their respective \kqrackages,
and the whole set of APIs will be summarized in323]).

Note that there is a difference between TE extessimnd extensions required to carry PLIs infornmatio
compute the feasibility of lightpaths in opticalrdain. The usual TE extensions are provided to bwdéfic
engineering database rather than earlier link sdateabase. The TE extension provide capabilitieh sas
extended link attributes required for local constribased routing and global traffic engineeringatiase, etc.
These extensions are based on opaque LSA extensionsletailed TE extensions refer to RFC 3630 .[26]
However, the aim of DICONET project is to providéBLS capable nodes with information related to PLIs
and other optical component characteristics to len@MPLS-capable switches to evaluate the feasibif
lightpaths in optical domain to realize dynamicakgonfigurable next-generation optical networkkjolv can
initiate lightpaths directly from client layers Wwaut knowing the physical layer details.

2.1. Signaling based (RSVP-TE) ar chitecture

In the signaling based approach the routing compoogthe control plane (i.e. OSPF-TE) is NOT exiedh.
However the signaling component (i.e. RSVP-TE)xterded to consider the PLIs and quality of trassion
(QoT) metrics. The metrics are those that the QFTakes as inputs, as described in milestone MB.2his
approach the lightpath establishment procedurestpleee as follows (see Figure 2.1):

DICONET Page: 9 of 49
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Extended RSVP-TE tries to assign
a wavelength to the route
considering the physical layer
impairment information (QoT)

IA-RWA only
computes a route
from source to
destination node.

Physical Layer Impairment Aware .
OSPF-TE d . Sgnaling Protocol
(Standard) it it V‘(’f)"fR';',‘E)‘h HELIEL (e.g. GMPLS RSVP-TE)

Physical Layer Performance
Evaluator Tool
(Q-Tool)

Traffic Engineering

g Database (TED)

(Full topology information)

Figure 2-1 Signaling-based (RSVP-TE) architecture

1. The OSPF-TE component of the control plane provitdies PLIA-RWA or IA-RWA with the full
network topology information. Note that unlike iauting based approach, the topology information
and active connection information are not senh&lA-RWA component. Hence the path calculated is
not aware of PLI information in signaling based m&@gezh.

2. The IA-RWA component in this approach ONLY computesoute (or K-routes) from source to
destination without PLI information. The computedte is used in extended PATH message. When the
extended PATH message reaches the destination iotas all available wavelengths. The first
available wavelength is checked for Q-factor valaimg Q-tool interface and local information.

3. If a wavelength is found for the given route, theTQf the lightpath is checked at the destinatioden
using the interfaces provided to Q-tool and thétpath will be established. Otherwise the extended
signaling protocol requests next possible from (i#g-R(WA) component. If none of the candidate
routes satisfies the QoT requirement, the demahbtbaked.

In RSVP-TE based architecture, TED is built using usual TE extensions to OSPF without PLI inforamat
and is available at all nodes in the network. Asliphtpath feasibility is evaluated at the dedtoranodes, each
node needs to run an instance of Q-tool. IA-RWA pates the route at source without using any impamtm
information and hence it needs to be implementedalbmodes in the network. The establishment of new
lightpath may introduce excessive nonlinear crdisgdPM, FWM) on existing active connections ancedeo

be checked before establishing the new lightpaththese details are discussed in detail in Se&iokiso note
that there is several use cases defined in D5.], [28., automatic rerouting in case of failuresngs
protection/restoration techniques, etc. Here weehprovided an example use case scenario of lightpa
establishment procedure.

2.2. Routing based (OSPF-TE) architecture

The building blocks of this approach are depicte@igure 2.2. Only the routing component (i.e. OSH of
the control plane (i.e. GMPLS) is extended. Thesikding blocks have to be implemented in all nodeshe
network. In this integration approach, the lightpastablishment process takes place as follows:

1. Since the OSPF-TE is extended, the full networkokogy, information about all active (already
established) lightpaths (connections) and phydiagér impairment information are at disposal of
physical layer impairment aware routing and wavglberassignment (IA-RWA) component. Note that
IA-RWA cannot directly access the physical layetattase (PLD)/physical parameters database (PPD)
or the traffic engineering database (TED). The proimterface to these two databases is provided
through extended OSPF-TE component.

DICONET Page: 10 of 49
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2. The IA-RWA component, utilizes its interface to tieTool and computes a route and available
wavelength (if any is available) for the requesdedhand.

The IA-RWA interfaces to the signaling part of gwntrol plane (i.e. RSVP-TE for GMPLS) and estdidsthe
lightpath. Note that the signaling protocol (i.eS\RP-TE) is not extended in this approach. In thchiecture,
IA-RWA computes the explicit routes with the knoddee of impairments provided by PPD and TED through
proper OSPF-TE interfaces; hence an instance dWA needs to be run on all nodes in the networkoAds
the Q-tool verifies the feasibility of lightpath tie source nodes in conjunction with IA-RWA, is@lneed to be
run on all the nodes in the network.

Network topology,
all active connections,
and all physical layer impairments
are made available to IA-RWA
through OSPF-TE (extended)

IA-RWA computes a lightpath
(route+wavelength) (if any) and
establish the lightpath through
the RSVP-TE signaling protocol

Al
.
[
[
.
.
.
.
[

Physical Layer Impairment Aware
Routing and Wavelength Assignment
(IA-RWA)

OSPF-TE
(Extended)

Sgnaling Protocol
(e.g- GMPLS RSVP-TE)

Physical Layer Performance
Evaluator Tool
(Q-Tool)

This database includes the

. 1]

. = [}
T'rafflc. Physical : information for currently :
Engineering Parameters __________ E established lightpaths (active &
Database = Database ! lightpaths) and also the physical |
(TED) (PPD) E layer impairment information i

Figure 2-2 Routing (OSPF-TE) based architecture

The routing based approach alone is not considareDICONET project due to following reasons: 1)
DICONET project tries to provide an efficient sabuit for very dynamic networks, where the intersaatitime

of the connections too small or arrival rate ishhigzvhich increases the control overhead in rouipgroach
leading to inconsistent databases. 2) the solw@veloped in DICONET should also cater to failucermrios
where there are multiple connection requests aretl ie be rerouted at almost the same time leading t
increased control overhead. 3). The important aeckssary extensions required in routing based appris
studied in hybrid approach.

2.3. Hybrid architecture

Both stand-alone signaling and routing approacheffers of some drawbacks which may affect their
performance. Therefore, it is a matter of fact thyattombining the approaches, in a so called hyapiproach,
the aforementioned drawbacks could be overtakehytnid approach both the signaling and routing gonent

of the control plane are extended in order to emam® and disseminate the physical layer impairment
information. As explained earlier, several variatioof hybrid approach are possible to provide detaff
between the information carried in OSPF-TE and RS¥Pprotocols, the complexity of protocol extensipn
control overhead, and network performance. In ganers sufficient to extend to OSPF-TE to disseaté PLI
information that is useful for intelligent RWA conmation, while RSVP-TE carries full information validate
the optical feasibility during lightpath setup tocammodate the network status changes and incensiBtLI
information. In this section, we explain one of giessible examples (an extreme case) where botbgoie are
extended to carry all the required information. Timgut to the IA-RWA component includes the fulltwerk
topology, all active lightpaths (currently estabéd lightpaths) and physical layer impairmentssThiormation
are kept in PPD database (however we can thinktasparate databases for each of them, which iateenof
design and implementation). The lightpath estabiisht process takes place as follows (Figure 2.3):

DICONET Page: 11 of 49
http://www.diconet.eu



009

The Futare Core Network

1. The IA-RWA component computes a route and wavelendi.e. lightpath) from source to the
destination node, considering the physical laygraimments.

2. The candidate lightpath is forwarded to the extednsignaling protocol (i.e. RSVP-TE) to establish th
lightpath, while double checking the QoT using mof@-tool interfaces. Due to non-zero convergence
time, the PPD and TED databases used to evaluatieasibility of lightpath at the source node may
not contain up-to-date information PLIs. Also theen be network status changes (either because of a
new lightpath establishment or active lightpatmtdown between the feasibility computation at seurc
node and the actual reservation in RESV phase MFREE. Hence, the RSVP-TE protocol again
checks the feasibility during RESV phase to accodut® these changes and to make sure that no
active lightpath is disrupted due to inconsisteatatlase information.

If the QoT of the candidate path is above a giveaghold, then the light path will be establish®therwise, a
PATH_ERROR message will be forwarded back to thecsnode. Again in this architecture, IA-RWA and Q
tool needs to be implemented on all the nodesam#iwork as explained earlier.

: Network topology,
: all active connections,
: and all physical layer impairments

The extended signaling protocol
either accepts the demand (establish

E IA-RWA computes a lightpath E E
H + i H H
i (routetwavelength) (if any) and ; i the lightpath) or blocks it. It is also

are made available to IA-RWA
through OSPF-TE (extended)

possible to contact the IA-RWA
component to obtain more candidate

""""""""" R lightpaths.
OSPF-TE Physical Layer Impairment Aware Signaling Protocol
(Extended) Routing and Wavelength Assignment (e.g. GMPLS RSVP-TE)
(IA-RWA) (Extended)

Database  Database
(TED) (PPD)

layer impairment
information

{ This database | Physical Layer Performance
i includes the : Evaluator Tool
i information for ! Physical Layer (Q-Tool)
' currently Performance Evaluator e
. established | Tool (Q-Tool) (Interface at destination node)
. . i lightpaths (active} | (Interface at source node)
T'rafflc' PhyS|caI E lightpaths) and E
Engineering Parameters : aiso the physical :

Figure 2-3 Hybrid integration approach

2.4. PCE based architecture

In this integration approach the whole process lofsigal layer impairment aware routing and wavelkng
assignment is performed in a single computing efemeamed as PCE [16]. In the PCE framework, aflaso
are running a particular protocol to disseminatgrthtatus to the central PCE. We call this sofemMaodule at
each node as PCE Agent. The counterpart softwarg@aoent in the centralized PCE server is named PCE
Manager. This protocol can be somehow consideredraSNMP-like management protocol. Therefore it
provides the central PCE with the topology inforimat already established connections and also liysigal
layer impairments information. Note that monitoesicommunicate with each node using a local prot@cg.
SNMP using proper database conventions explain&bift) and then the node disseminate these infosméd

the central PCE server. The lightpath establishmeotess in this approach takes place as follovg(E 2.4):

1. The source node contacts the PCE server askirglfghtpath establishment to a particular nodénen t
network. We can also think about an operator, witigh utilize the PCE interface for establishing a
lightpath form a central server (i.e. PCE server usterface).
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2. The IA-RWA, Q-Tool and all the required informatighe. network topology, currently established
connections and physical layer impairment inforomgti are already collected in the PCE central
database.

3. PCE computes a route and wavelength (i.e. lighjpfmththe requested demand using IA-RWA and
communicates it with the standard signaling compboéthe control plane (i.e. GMPLS/RSVP-TE).

4. The signaling component at the source node usestahdard signaling for establishing the lightpath.

PCE (Centralized) {  The PCE provides the lightpath  }
. i information (route+wavelength) to the !
Physical Layer + source node; the source node uses E
IARWA ¢ Performance i the GMPLS signaling protocol !
Evaluator i (standard) to establish the lightpath. }
(Q-Tool) g :
! IfPCEserverisalso 1§ |\ / :
i running the GMPLS control § | “~==-==" :
i plane, it can utilize the TED | Traffic v |
i database containing the { |Engineering *
{__networktopology. i | Database AL Signaling Protocol
(T_ED) (e.g. GMPLS RSVP-TE)
(optional) PPD
i PCEProtocol § sl i ! PCE Protocol :
E(Agent-Manager)- _____ j PCE Protocol E """"" :(Agent-Manager)E
CNENN——— i (Agent-Manager) } ]

Destination Node . Intermediate Nodes . Source Node
(running GMPLS + PCE Agent) (running GMPLS + PCE Agent) (running GMPLS + PCE Agent)

Figure 2-4 PCE based approach

3. Signaling based (RSVP-TE) architecture

In this section, we explain detailed working prased of standard RSVP-TE protocol, the mechanisnts an
extensions proposed to introduce PLI-awarenesssiartdard RSVP-TE protocol. In general, beforebdistang

a lightpath for a new connection request, GMPLSquuls should be able to 1) evaluate the feagibilitthe
new lightpath request w.r.t. linear impairments andt. to non-linear impairments (i.e., the effeftactive
connections in the network on the new lightpathuest) 2) the effect of new lightpath request orivact
connections, as the new lightpath may introduceegsige cross on active connections making themasitfie
(i.e., possible disruption of active connectioms)this section we briefly discuss the techniqueaddress these
issues and provide brief discussions on the inftiomarequired and how this information carried ktemded
RSVP-TE protocol.

3.1. Introduction and basic ar chitecture description

In this architecture when a traffic request arriwssome node, the establishment of the correspgndi
lightpath inside the network takes place through taain operations:

1. a route computation phase, where a path from sdor@estination is computed according to some
constraints.

2. a signaling phase, which is responsible for the bfcal feasibility validation and impact on exigf
channels and setting up the optical channel insid@etwork itself.

The role of the route computation phase is to g®wa set oK paths, from the source to destination, ordered
with respect to their length or/and number of hopshénfollowing we explained the brief working proceelof
standard RSVP-TE signalling protocol:
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When there is a LSP setup request, a route fromteda destination node is computed using the métion
collected by routing protocol, e.g. OSPF-TE. Howetlee standard OSPF-TE is not aware of free wagthes
available and the impairment information on eank In the network, but it has the knowledge of &kility of
network link as long as free capacity is availakdace the route is computed using standard OSPFeliihg
protocol, the signaling session is triggered altmg computed route. The source node send8Tad message
containing ageneralized label-request object, and optional objects suchlalsel-set andsuggested-label, etc [16,
17]. The intermediate nodes along the route proP83%1 message, creates a proper state for the sessen in
local database and updates thkeel-set depending on wavelength availability and forwaitd® the next hop.
When thePATH message arrives at the destination node, it seflsSV message from destination to source
containinggeneralized label object with a common free wavelength selected frabel-set. When theRESV
message is at some intermediate node, the nodégame¥ the local OXC and forwards it to the upstrea
neighbor. When th®ESV message reaches the source node, the LSP isigstablin addition to theATH
andRESV messages, other signaling messages suBABd_ERROR andRESV_ERROR to indicate the failure
conditions to upstream and downstream nodes, régplyc are definedPATH_TEAR andRESV-TEAR are also
defined to delete the LSP and the related sessate along the route. Finally, note that as RSVPwWé&
implemented is based on backward reservation mdthedich resources are reserved durRESV message,
hence there is no forward blocking (i.e., no reatown of resources in the PATH message hence themne
blocking of resources before the final evaluatiod RESV procedure).

3.2. Handling PLIsusing extended RSVP-TE

3.2.1. Mechanism description

For a new connection request, the source node desi§texplicit routes. The signalling process checks the
optical feasibility of first explicit route by seimdj out aPATH message containing several fields describing
linear impairments (LIs, e.g.: OSNR, power, CD, PMidosstalk, etc.,) and nonlinear impairments (NElg.,
path section characteristics such as signal pdifer, type, and length; signal type such as modatormat
and bit-rate; adjacent active channel charactesistich as wavelength, LSP id, crosstalk margsidual CD,
reference FWM crosstalk) and a list of availab@nsponders/wavelengths. Upon receptiofPATH message,
each intermediate node updates these fields comgjdeavelength continuity constraint and actightpaths or
wavelengths/channels on the path section. If thenso free wavelength on its outgoing link, thersénds
PATH_ERROR message to source node. If the destination naskvesPATH message, it evaluates Q-factor for
the new lightpath considering both LI and NLIs gsthe Q-Tool. If the computed Q is above the tho&shthe
lightpath is feasible and can be established dURE&V phase. Then it evaluates the effect of thve lightpath
on existing active lightpaths by requesting thesaiputation of the Q-factor of existing lightpathscontacting
the destination nodes of the corresponding acfiyletpaths. If the establishment of new lightpatresiaot
decrease the value of Q-factor below thresholdn ttee new lightpath can be established. Q-tool irequ
following inputs and provides the following outpattthe destination nodes of lightpaths (notaticesthose of
Fig. 3):

® Q-tool input: A snap shot of the topology requiredl compute the Q-factor for each available
wavelength, i.e.,
— Signal type
— Selected wavelength
— Snap shot of the network “linear” topology (comprgs only the links of the selected
lightpath) and active connections consisting of
® Path characteristics
® Active LSPs
® (Q-tool output:
— Q-factor value for a selected lightpath.

3.2.2. Mechanism to avoid potential disruption of existing active lightpaths

The mechanism explained earlier assures that kghtpnder consideration is feasible, if computethQer of
new lightpath is greater than the threshold Q-valwe, Qcomp > Qthr. However, this new lightpatay
introduce some multi-channel effects such as XPM and FWM, @otentiallyreduce Q-factor of existing active
lightpaths, making thermfeasible in optical domain. Hence we need a mechanism tekensare that the new
lightpath is NOT disrupting any active lightpathsfdre we establish new lightpath. This mechanism loa
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implemented in several ways. In this document, vesgnt one of the possible mechanisms implemenitbihw
DICONET. In this mechanism the destination nodéhefnew lightpath, requests the destination noflestore
lightpaths that are overlapping at least on onenssg of the new lightpath, by sending the Q-CHK-R&ith

the required information to evaluate the Q-factiothe corresponding active lightpaths. The desitmabodes of
the active lightpaths evaluate Q and checks ibé@sinot violate the constraints on Q even if the lightpath is
established. If there is no violation in Q requiests, the destination node of active lightpath tgsl#s local
database with new information considering the nightpath setup and responds with Q-CHK-ACK to the
destination node new lightpath, otherwise, it resfsowith Q-CHK-NACK without any local database ugda
The detailed contents of these messages are distlagsr in this section.

The detailed implemented mechanism is shown inxamele Fig. 3.1. Let's assume that the total nundfer
wavelengths available are 4, frémto A4 and two lightpaths LSP1 (shown in red color) withite = {7-2-3-4-
8} and LSP2 (shown in blue color) with route = {9435-10} are established dn andi, at time T = -2 and -1,
respectively and are active. Assume that there iew lightpath request (LSP3) at time T = 2 witle th
corresponding route = {1-2-3-4-5-6}. The PATH sdrdm source node (i.e., nodel) carries all the irequ
information to compute the Q of new lightpath amgbeof the active lightpaths that are overlappihg hew
lightpath. In this example the PATH message caiinéarmation of path and section characteristicseath
overlapping segments of lightpaths LSP1 and LSP2. destination node (i.e., node 6) computes ther@ht
new lightpath for each available wavelength. Theden6 requests for verification of Q of existingiae
lightpaths LSP1 and LSP2 by sending the Q-CHK-REQuests to nodes 10 and 8, respectively. If a peci
wavelength meets both constraints, i.e., 1) Q of lightpath is greater than the Qthr and 2) Q a$tixg active
overlapping lightpaths is not below the threshofein that wavelength is selected and used in thervation
phase. If all available wavelengths are failed exithecause of its Q or due to the introduction xafessive
crosstalk (reducing Q of active lightpaths), destfion node sends PATH_ERROR message to source node.
Then source node sends PATH message on secondiagngath.

Due to the update of local databases at destinatiales of affected lightpaths during Q-CHK-REQ &nd
CHK-ACK there exists some more complex issues (sscholl back of updates done at the affected mke#bin
nodes) and are handled as follows: When destinaiiate of LSP3 contacts destination node of LSP12ant
updates the information stored in their databasieeiy are not disrupted. If LSP Q1 > Qthr and LSP<(Qthr,
and the ACKs are received in that order; then weeha roll back the update done at the destinatiotie of
LSP1 (in general if one or more Q-CHK-REQ faild,saiccessful requests must be rolled back)

9 10
LSP3: 1-2-3-4-5-6 on AMdatT=2
LSP1: 7-2-3-4-80on A2 atT =-2
LSP2: 9-3-4-5-10on Al atT =-1
Figure 3-1 An example to handle potential lightpdigruption
3.2.3. Mechanismsto deal with concurrent lightpathsrequests

3.23.1.  Description of the problem

The signaling based architecture also needs toléahd concurrent lightpaths requests and theretfoee
signaling based approach has to address this msueell. By looking at the Figure 3.2, it is possilio
understand why the concurrent setup of LSPs sharifeyv (or all) links may be a problem in the cas¢he
signaling based (RSVP-TE) approach. In fact if #etup requests for LSP-1 and LSP-2 arrive almost
concurrently, the corresponding RSVP-PATH messagesent out one after the other from nodes N1,N&,
so that LSP-1 does not see LSP-2 and vice vershae Iiode N8 selects a different wavelength for 1SFom
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the one chosen for LSP-2, both LSPs will be esthbll but none of them considers the impact of therso

that LSP-1 and LSP-2 Q-factors will be wrongly exdéd since they will be underestimated. But atuahe

or both LSPs might be unfeasible by the opticalvpieint and in such a case the network will not aper
properly. Summarizing we conclude that the conaurrsetup of LSPs sharing links may lead to the
establishment of optically unfeasible LSPs. Thaeefthe signaling based approach has to provide some
mechanisms to manage the concurrent setup of &tjiep The mechanisms developed to handle concurrent

lightpath requests are discussed in the followirgsections.

I == L 7 M i == |
[SE (OC| 5C LOC
o P o N
1 2 3 a /
A B C
G F E D
&3 5 =
9% H 10 K 11 ] 12
Figure 3-2 lllustration of concurrent lightpathigein signaling based approach
3.2.3.2. InterfaceLocking

To assure that over a given path no other LSPgisated while another lightpath is being set upkdialong
that path can be locked on the PATH message priogeddore precisely during the LSP setup phasegiven
node along the path, after processing the PATH agesshe corresponding output Optical Network |@tesf
Card (ONIC) is locked and it is unlocked when retcgj the RESV or PATH_ERROR message. While ONIC is
locked, any PATH message, which has same intedaatput ONIC, is queued. Figure 3.3 illustratesftow
of signaling messages exchanged for setting upvibdightpaths depicted in the Figure 3.2 whenittierface

locking mechanism is used.

@

@

@

,E

From node N5
Lsp 4
1sP2 THLSP 1
From node N9 ATH LSP 1
~PATHLSP 1
Lsp
_______1__Io node N8
LSP1_
RESVLSP 1 _je- From node N8
RESV L§P_1_ =
RESVLSP1 Je--""~
RESVLSP 1_« _P_ATI'I:I LsP2
Pt
To node N5 | _PATHLSP2
[ ———{_PATHLSP2
HSP2 1o node N12
LSP2 _
RESVLSP2 w--~ From node N12
RESVLSP2 y---~"~
RESV LSE’_2__4—‘"—
RESVLSP2 l----""
Puiifies
To node N9

Figure 3-3. Concurrent LSPs setup by using theitgcknechanism.
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However the processing of the refresh-PATH mességder to RFCs on standard RSVP-TE [19, 20]) is
different. AS RSVP-TE is soft-state protocol, itjuires periodic refresh to update the LSP statasismione
using PATH refresh messages. In fact these areepsed and sent ahead even though the correspandimgt
interface is locked since:

1. Blocking a refresh-PATH message may lead to theesbftimeout event in some nodes: this causes in
turn the removal of the PSB and RSB associateldatolightpath.

2. The PATH message, which has locked the outputfater saw the already established lightpath to
which the refresh-PATH message refers.

3. In the case the message locking the output interfa@ setup-PATH, the associated new lightpath (or
part of it) may not be seen by the refresh-PATHSsage, but this is not a problem. In fact during the
optical feasibility check, the egress node of thes fightpath calls the destination node of the ld&P
(associated to the refresh-PATH message), whiadlestihhe parameters of the new LSP as long as it is
feasible. Similarly in the case the message lockiiegoutput interface is a refresh-PATH, thereds n
problem at all.

The RESV and PATH_ERROR messages are instead pemted once when received by the RSVP-TE
module and as mentioned above they remove thedddkd on the processing of the associated PATHagess
to the output interface of the corresponding ligltip The locking mechanism instead affects the lagndf the
RESV_ERROR since:

1. In a node, before sending downstream the RESV_ERR®8sage (unless it is the destination node),
the output interface associated to the correspgniitifitpath is locked. This is done in order to idvo
concurrent LSPs setup attempts if the egress nodeeceipt of the RESV_ERROR message tries
another wavelength instead of send back a PATH_HRR®@ssage.

2. In a source or intermediate node, a RESV_ERROR amgess$s processed if the output interface
associated to that lightpath (to which the RESV_BERRmessage refers) is not locked by a setup-
PATH or another RESV_ERROR message, otherwise E®VRERROR message is queued and will
be processed when the interface becomes unlockeslisTalso done in order to avoid concurrent LSPs
setup attempts. Instead if the interface is lockgda refresh-PATH, the RESV_ERROR message is
processed and then sent downstream.

3.23.3. Thetrouble of thelocking mechanism: deadlocks

A well-know problem affecting the locking mechanissmthe deadlock. A deadlock event (see Figure 3-4)
occurs when two LSP requests are generated almosuaently and the PATH messages of one LSP iskblb
by a link locked by the other LSP and vice veraasuch a situations the links remain locked fordarause the
PATH messages cannot reach their egress nodeshantbtresponding RESV or PATH_ERROR messages,
which remove the locks from links, will not be séatck.

A locked by LSP black

C — B YA C

E locked by LSP red
Figure 3-4. Deadlock event.

Of course deadlocks situations must be preventeereTare three possible solutions for them:

1. No PATH message queuing at locked output interfai€¢lse PATH message encounters a locked link
along a path, such a path will be rejected andsthece node will try a new path. This solution is
simple but too conservative especially if the iraatival time of lightpaths requests is short.

2. Set a timer for each PATH message queued insidekad interface; if the timeout event occurs for a
queued message, the path is rejected and a PATHORRRessage is sent back. The critical issue of
this solution is the determination of the timeaerval.
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3. Deadlock explicit detection: if a PATH message emters a locked interface, it is checked that this
message along its way has blocked no interfacadhting to be crossed by the PATH message which
locked this interface. However we have to highlititet not all deadlocks can be detected but such an
event may only occur if the requests of establighimee or more LSP arrive at different network esd
almost concurrently. An example of an undetectaleladlock is illustrated ifrigure 3-5where it is
showed the attempt of establishing three lightpattesring network topology. In this example theR-S
1 PATH message finds the output interface lockedoalie N3 and the deadlock check does not detect
anything because LSP-1 PATH message has not blableedSP-2 PATH message which is locking
the output interface at node N3. The same goethéok SP-2 PATH message which is blocked by LSP-
3 at the node N4 and for the LSP-3 PATH messagehnisi blocked by LSP-1 at the node N2. This
particular (and synchronized) sequence of evergdduhto a undetectable deadlock because:

i. no PATH message can reach its destination nodbadandb RESV message is generated and
sent back. In this manner locks are not removeh fitte corresponding locked interfaces.

ii. no blocked LSP can detect the deadlock event.

However, an undetectable deadlock is a very raemtewhich may only occurs if the inter-arrival time
between LSP requests is very low.

Figure 3-5. Undetectable deadlock.

Since it is possible not to be able to detect alidlocks, a mixed approach based on the explitéctien
together with a timeout for queued messages, sdonos the best approach to deal with deadlocks.

With regard to bidirectional lightpaths we havehighlight that deadlock events occur frequentlyinyithe
upstream LSP setup, as illustrated in Figure 3-@reithe setup attempts of LSP-1 (whose setup redgies
generated by node N1) and LSP-2 (whose setup reigugsnerated by node N4) are showed.
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©

PATH D-LSP 1
\ PATH DLSP 1 PATH D-LSP 2
PATH DLSP 2 >—<S
| nviers _
PATHU-LSP 2 The PATH U-LSP 2) |d—— "~ "
b message is blocked
because the outp ut

The PATH  U-LSP
message is blocked
because the output
interface B is locked

1

interface A is locked

Figure 3-6. Deadlock events happening during thimkigetup of both LSP-1 and LSP-2.

However in order to significantly lower the deaddavents during the uplink LSPs setup, it is enotaglock
the output interfaces for both directions at therimediate nodes after processing the setup-PATssage for
the downstream. By referring to the example in Fég8-6, this means that at node N2 after procedtiag
PATH message for the downstream component of L3#th, interfaceA andC are locked. The complete flow
of signaling messages for this example is showFigare 3-7.

N1 N2 N3 N4

PATH D-LSP 1

PATH U-LSP 1

y"/

— — - _RESVU-LSP1

—

—
—_—
- -

PATH D-LSP 2 %l - - RESVULSPL
—==-p
ATH U-LSP 2 RESVD-LSP.L — — -
-
RESVD-LSP1_ _ - PATH U-LSP 2
“«-T T
RESVU-LBP2_ — = = = ===~ 7]
RESVU-LSP2 _ ja-—-~=~~"""
DR
_____ RESV D-LSP 2
==
________ RESY D-LSP 2

Figure 3-7. Flow of signaling messages for the gdamonsidered in Figure 3-6.

As we can deduce, the locking mechanism negatiafffcts the setup time especially when the intax-alr
time between LSP request is short. If this factusdhmot be a problem for the setup of a new ligtitpa might
be in a restoration situation where the setup tisn@ very critical issue. Hence, we plan to devehawv
mechanisms to handle this issue during the impléatien in WP5.
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3.3. Protocol extensionsfor carrying PLI-information

The aim of this section is to explain how the GMPRSVP messages are extended in order to include
information related to transmission impairments7[49]. First, we start with listing the additionadrameters
(along their encoding) that the GMPLS RSVP messéages to carry in order to signal a connectiondesh
transparent/translucent optical network:

Requested service/traffic parameters:
+  Service type (encoding type, payload type): thisrimation is encoded by using the
+ Standard GENERALIZED_LABEL_REQUEST (RFC3471 [4], ®473 [5]) whose format is
illustrated in Figure 3-8. Refer to RFC 3471 an@34#br explanation on each of these fields.

0 1 2 3

01234567890123456789012345678901
T i S T i T it ST i T S S A S S S S

[ Length | dass-Num (19)| C Type (4) [
B S T s a T s e e o S e o e i st ST S S N S 3
| LSP Enc. Type | Switching Type | G PID [

R i T S S i i S S S S it Sk i S RS S S S
Figure 3-8. GENERALIZED LABEL_ REQUEST format.

+ Service QoS (channel bit-rate): this informatioreiscoded by using the TSPEC and FLOW_SPEC
objects (RFC3471, RFC2210, RFC4328) for the dowastrand upstream signaling respectively.

Available wavelength along the path: this inforroatiis carried by the PATH message by using the
LABEL_SET object (RFC3473 [5]) illustrated in FiguB-9.
0 1 2 3
01234567890123456789012345678901
I T T i i i e e s i i i S S

| Length | dass-Num (36) ] C Type (1) |
B S T s a T s e e o S e o e i st ST S S N S 3
[ Acti on [ Reserved [ Label Type [

T T o T = S T i I S S S S S

| Wavel ength 1 |
B S S i i i S I I S R R SR S S S S il s S

B S T s a T s e e o S e o e i st ST S S N S 3
Wavel ength N
T i S S T i i i i S S e e E
Figure 3-9. LABEL_SET object format.

The information carried by the PATH message in otdecheck the optical feasibility of wavelengtiera
the path is:

1. Available set of transponders at the source naehe available wavelengths along the path.

2. Sequence of optical components along the path alathgtheir parameters.

3. The optical parameters of the affected LSPs (céve LSPs sharing some part of their path with ribev
lightpath).

This information is encoded through new TLVs (typegth-value) carried by the
LSP_REQUIRED_ATTRIBUTES object (RFC4420, DRAFT44%)b The generic encoding of a TLV is
showed in Figure 3-10.

0 1 2 3
01234567890123456789012348901

T T S T O e S S O e s S S
| Type | Length |

B e e I e it i S e e

DICONET Page: 20 of 49
http://www.diconet.eu



009

The Futare Core Network

I Variable length value 1
I I

e I o e e S ey S S
Figure 3-10. TLV format.

In turn, each TLV may contain a sequence of Sub-g,lwhose generic encoding is illustrated in FigR#iel.
0 1 2 3

0123456789012345678901234/58901

B e T S S e S L st ST HCS I8 S S S T S S

| Type | Flags | Length |

B e T T o e e L ot i SHICS I8 S S S T S S

I I

) Value 1

e S s S o o e o S S
Figure 3-11. Sub-TLV format.

For what concerns the description of the pathPth&H message has to carry:

1. The crossed node parameters. Specifically for eaatsed node, it is only recorded the type of tbkical
cross connect (OXC) since every node inside thevar&tstores all the parameters (losses mainlypfarh
type of OXC (pre-loaded information).

2. For each traversed hop, the parameters of theabtianponents making up of it. As illustrated irgurie
3-12, a hop between two nodes consists of an o@PUIC, an optical link and an input ONIC.

Optical gmplifier De-multiplexer )\
. Optical attenuator

S [11]
- \ j>_
~Hoxc >.@_ ..... D - oxc E
;Y A — sl v =i

Qutput I ; inout
[ITTILTTT] Optical link P
Eleciical | ONIC ONIC
switch

Figure 3-12. General structure of a link connectimg optical nodes.

The parameters required for the affected LSPs anikd in the PATH message are:
+ For each hop, the input power at the attenuator
+ LSP ID and destination node identification
+  Wavelength
+ Signal type i.e. the transponder class
For what concerns the RESV messages, they are dedewith the optical parameters of the selected
wavelength/channel, which are:
+ Channel Identifier (wavelength)
+  Service Parameters (Rx/Tx Transponder type)

The standard RSVP-TE behavior has also been extaiodiiggerQ-CHK-REQ and Q-CHK-ACK/NACK to
check the feasibility of affected existing lightpatwhen a new lightpath is setup. To avoid potedisuption
of existing active lightpaths we have defined a peetocol with the following two messages [8] ardritiated
during RESV phase:

* (Q CHK REQ is defined to request the re-computation of Qdaatf existing overlapping lightpaths
considering the establishment of new lightpattcantains both affected and affecting LEPS and other
required information to re-computed the Q-factansidering the new lightpath setup.

¢ Q CHK RESP or Q CHK ACK/NACK is defined to get the response from the affectigtitpaths
destination node and it only contains whetQeCHK _REQ is successful or not.
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3.4. Test casesand simulation objectives

In order to evaluate the performance of the siggabased (RSVP-TE) architecture, we implemented &
simulation environment developed as an extensiorthef Java based GLASS (GMPLS Lightwave Agile
Switching Simulator) simulator [1] and then a siatidn campaign has been conducted. GLASS simuiator
developed by NIST, USA using the scalable simutaframework (SSF). It provides network componentshs
as hosts, routers, links, and a number of netwarkopols. GLASS extends these components with an
implementation of MPLS, optical components sucl@tical cross connects (OXC), edge routers, oplicks,
fibers, and lambdas. However, the protocols implgeein GLASS do not have support to interact wiptical
layer. Hence, the protocols included in GLASS satod suffer from lack of PLI information and conpesding
protocol extensions to carry and evaluate the fdagi of lightpaths in optical domain. Here in DBINET
project, we have extended GLASS framework to imeveth optical layer to get the required infornaatiand
corresponding protocols to carry this informatitm.addition several other mechanisms as discusagigrein
this section are implemented. These mechanismadech) PLI modeling, b) evaluation of Q-factor,pecpper
interfaces to Q-tool, d) mechanisms to deal witkeptial active lightpath disruption, etc., The attjee is to
check the implementation feasibility of proposedchanisms and protocol extensions. In addition ialso
important to study the performance of different maghes to check the performance for various realew
scenarios to see which protocol extensions workkim¢hose scenarios. In the simulation experirseefated
signalling based approach and hybrid approachptlmving parameters are used:

A statistical processing module ANCLES [2] has béategrated to collect simulation results with &trg
accuracy of0.05 and confidence level d85%. When a node receives a connection requestKH@SPF
algorithm compute& routes. The Constrained Shortest Path First (C&RH)ic used for route computation is
number of hops withk = 3. Two kind’s of wavelength selection policies arglemented: first-fit and random-
fit. In general, each node takes some time to p®aarious RSVP-TE messages and to setup/clear OXC
configuration. To simulate real-world scenario, mave considered the following: PATH message processing
time = 5 msec; 2) Egress node (where time consuming Q computatéried out)PATH message processing
time = 80 msec; 3) RESV, PATH_ERROR, RESV_ERROR message processing time is =nisec; 4)
Q_CHK_REQ processing time 5 msec; and 5) OXC switch configuration tinve 25 msec. The inter-arrival (1)
time is set to 2, 20, and 200 sec. However, thalteseported here are only for | = 200 sec. Thadtteck
mechanism is implemented with timeout value s&0@ msec.

3.4.1. Performance metrics

The parameters used to test the performance girtipsed mechanisms are listed below:
»  Blocking probability: The ratio of the number ofeeted connection requests to all requested coiomact
+ Blocking due to wavelength unavailability callednlada blocking
+ Blocking due to optical unfeasibility (i.e., blodg due to unfeasibility of the lightpath under
consideration)
+ Blocking due to affected lightpath disruption (i.elocking due to the potential lightpath disruptiid
the lightpath is accepted into the network)
* LSP set-up time: Elapsed time between the RSTH message sent and tRESV message received at the
source node. This metric reflects how fast a cotimecequest can be established.
« Average number of setup attempts: It is the avenagmber of attempts required for a successfully
established lightpath over all connection requests.
e Average number of hops: It is the average numbérops for a successfully established lightpath aler
connection requests.

3.4.2. Network topology and characteristics

For what regards the network scenarios, so far aue ftonsidered only transparent network where @eith
wavelength converters nor wavelength regeneratersailable in intermediate nodes. Therefore ahterend
lightpath must respect the so-calleavelength continuity constraint.

The simulation results reported in the Section&8& for the DTAG/T-Systems National Core Network][2
whose topology is depicted in Figure 3-13 whilefitadamental characteristics are also summarizetabie
3.1.
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Miinchen

Figure 3-13. DTAG/T-Systems National Core Network.

Table 3.1. Parameters of DTAG/T-Systems NationakQ¢etwork.

Par ameter Value

Number of Nodes: 14

Number of links: 23

Node degree: 3.29 (min. = 2, Max. = 6)

Link length (Km): 186 Km (min. 37, Max:353 Km)

Span length (Km): 25 Km (Long Aggr.), (min.:0.21ak65)
97 Km (Short Aggr.), (min: 37, Max.:149)

Number of Spans: 7.5 (Long Aggr.), (min: 1, Max:17)
1.87 (Short Aggr.), (min: 1, Max: 3)

Path length (Km): 410 Km (min.:37, Max.:874)

Hop count: 2.35 (min:1, Max:5)

3.4.3. Traffic models

Simulations have conducted by employing a dynamaffit model where lightpath set-up requests are
generated according to a Poisson process. Follothisgmodel, lightpath requests arrive at an awenrage of
1/a, wherea is the average request inter-arrival time expiksseseconds. The traffic requests considered in
simulations are uniformly distributed among all tiwles.

An installed lightpath haan average exponential durationgogeconds.

The traffic loadp is defined as the average network resource (liakelength) usage computed in percentage
as:

p:&xlo(%
M xW

where N, is the average number of active connections andlsg/a, L, is the average number of hops in the

network (considering only shortest paths betweetescand a uniformly distributed traffic matrisiyl is the
number of network links and/ is the number of wavelengths inside a fiber.

3.4.4. Q-tool and Q-factor computation

In this deliverable, we use a temporary implemématof Q-tool while we wait for the complete
implementation and integration of Q-tool with thgmaling based architecture. The results and pedoce
study of this deliverable are updated later with fimal implementation/integration of Q-tool in JAlig 2009.
In the temporary Q-tool, the Q-factor is computsd@lows: Q = 10 log[1/Ny, where Ny = single channel
effects + multi channel effects. The single chamfiidcts = a * |, where as multi channel effects

N =Numhops

=b* Y *N[A ==k
i=1
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Where a and b are computed using reverse engigeérn, take for example a value of,& 18 and k=
1000; then 18 = 10 leg1000/Ny, which gives N, value. Now assume that b = 0 and then we get a4 N
Note that b can be adjusted to tune the multicHagfifects in this fake implementation. In the siatidn we set
k= 4.

3.5. Performance study

The results from the simulation experiments anédiopmance comparison of both signalling based rayatid
approaches are discussed in Section 4.3.

4. Hybrid Architecture

The hybrid approach is based on both extensiotiseofouting and the signaling protocols. The ratidrehind
the hybrid architecture is to improve the routingmputation phase in order to minimize the likelitloof
performing several attempts during the signalingageh before setting up the optical channel. The PLI
information carried in the PATH messages by RSVPHI&sages may be accurate if there are very frequen
changes in the network or due to concurrent lightgaquests. However, in present optical netwohes t
frequency of lightpath arrivals and departureshi network is not too high. Hence, it is importamconsider
these factors when designing and developing theidhglochitecture.

4.1. Protocol extensionsfor carrying PLI-information

In hybrid architecture both RSVP-TE and OSPF-TEHauols are extended. As discussed earlier thetequis
need to be extended considering various factoré &5 the overall network performance, overall adnt
overhead, number of protocols and number of changesded in each protocol, the deployment and
standardization considerations, stability and rthess of various databases. As most of the impairme
information that is required to compute Q is catnising RSVP-TE, the main information that can beful to
make intelligent decisions is wavelength avail&piinformation. OSPF-TE is extended correspondinglgarry
this information. OSPF-TE can also be extendedatoyoother PLI information, however, given the dymieity

of connections (connections arrive and depart ftbm network at large time scales) in the currerticap
networks that may not be needed. Hence, for thisitson it may not be required to disseminate REdimation
using OSPF-TE. As the dynamicity is less, the fezapy of changes in PLI and logical topology infotima is
also less. However, if wavelength availability inf@tion is available at the time of route compuotatiwe can
implement intelligent RWA algorithms and hence catuce number of attempts leading less setup titaace,
the DICONET consortium decided to make minimal demnto OSPF-TE considering the above mentioned
factors.

The detailed extensions RSVP-TE protocol is disedisa Section.3. In the following we discuss, thamges
made to OSPF-TE to realize hybrid approach. Inhijlerid-approach an extended Constrained Shorteast Pa
First (CSPF) algorithm is implemented considering wavelength availability constraint in the roatdection.
The information related to links wavelength availigis distributed to all network nodes by medrttee OSPF-
TE protocol [RFC 3630 [26]] introducing a new TEAki Sub-TLV [RFC 4203[25]] that lists the available
wavelengths in the link. A proposed encoding of itifermation is defined in section 3.4 of draftietamp-
rwa-wson-encode-01 [27]. However, the implementatio GLASS simulator is as follows. The available
wavelengths list is simply a 'list' without realceding in GLASS. The LSA is updated and floode@ltcodes
at each link status change (wavelength allocateailfdcation). The update frequency of the inforomattould
be an issue leading to some discussions. It carnirbmed (e.g. no new update in X ms) as it is aqufyedone
for the ‘'available bandwidth' info, but the routimgnstraint is much more sensitive to errors wihe
wavelength availability information than in the blandth availability information. The wavelength aaaility

is used by the routing to validate a route andrtwide the initial set of usable wavelengths to skgnaling (the
actual wavelength selection however is made anyimathe signaling phase). It is important to notatth
providing the initial set of wavelength is just aymo reduce the amount of info carried by sigmplimessages
(as PATH message need to carry PLI informationndigg the available wavelengths). It works the sawen
with no initial information provided and the 'stamd' dynamic wavelength selection at the destinatiode
using wavelengths collected in PATH message.
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4.2. Test casesand ssimulation objectives

The test case and simulation objectives are sardsesssed in Section 3.3.

4.3. Performance study of signalling & hybrid approacheswith smple Q-
tool

Figure 4.1 shows blocking probability (BP) vs. lofat first-fit and random-fit for both signallingalsed
approach and hybrid approach. Note that BP hasfdhewing main contributions: 1) blocking due to
wavelength continuity constraint called wavelengtbcking, i.e., no free common wavelength along rihgte
(as shown in Figure 4.2); 2) optical failures do¢hte unfeasibility of connection request undersideration (as
shown in Figure 4.3); 3) optical failures due te thctive connections, i.e., setting up of new [glh may
introduce excessive crosstalk on active connectpamtsntially disrupting them, hence the new corinecheed
to blocked (as shown in Figure 4.4); and 4) duddadlocks as explained earlier. BP is lower in cddeybrid
approach due to exact information regarding wagtteavailability which reduces number of attempoly K

= 3 before a successful feasible path is foundhasvs in Figure 4.2. However, in case of signalllvased
approach, as there is no wavelength availabilifiprmation during route computation time, the roige
computed only based on shortest path. When therpasisage reaches the destination nodes, it rettiaethere
is no common free wavelength along the path leadingnore number of attempts ultimately reaching the
maximum number of allowed attempts (which in thase K = 3) and hence more blocking due to wavetengt
blocking as shown in Figure 4.2 leading to highlacking probability. As the load increases the BP ioth
architectures increases because of the followiagams: 1) the number of active connections in #tgvork
increases and hence the chances of finding a fre@non wavelength along the route decreases ledding
higher wavelength blocking as shown in Figure 4Ri¢h is also observed in results presented indBgand
4.10); 2) as the number of active connection irseadn the network the effect of these active figtits on the
new lightpath requests increases (due to multi-cbbaffects) leading increase in blocking due te tiptical
failures as shown in Figure 4.3; 3) as the actwmenections in the network increases the numbeigbfdaths
that may be potentially disrupted due to the setupew connection increases leading to increasekbig due
to affected lightpaths as shown in Figure 4.4. Nbtd the blocking due to optical failures is highe case of
hybrid approach as the average path length/numbleops in this case is higher compared to signalbased
approach due the computation of route using CSRR wavelength availability information. However,eth
wavelength blocking in case of signalling basedraagh is higher compared to hybrid approach asafligg
based approach computes shortest path without emgtl availability information and when the PATH
message reaches the destination it realizes thad th no common free wavelength leading to mdeasrgits and
higher wavelength blocking as shown in Figure Zl2e blocking due to deadlocks in all architectw@narios
is zero for inter-arrival time, | = 200. Howevérhas a very small, but, nonzero value (not shawthis report)
having very little impact as the inter-arrival tirferrival rate) decreases (increases), i.e., for2land 20. The
percentage of blocking due to deadlocks is morease of signalling based approach compared to dhybri
approach. The reason is: in signalling based apprtizere is high wavelength blocking leading to ensetup
attempts, which increases the chances of deadthak$o presence of more PATH messages in the networ
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Blocking Probability vs Network Load
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Figure 4-1 Blocking probability vs. network load 2SVP-TE and hybrid approach
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Figure 4-2 Percentage blocking due to waveleng#vaitability vs. network load for RSVP-TE and hybri

approach
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Average Optical Failures vs Network Load
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Figure 4-3 Percentage of optical failures (duertfeasibility of lightpath itself) vs. network loddr RSVP-TE
and hybrid approach
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Figure 4-4 Percentage of blocking due to activegptially affected) LSPs vs. network load for RSVE-and
hybrid approach

The average setup time depends on the average nwihbt#empts and average number of hops in thierou
As the average number of hops in the route is highease of hybrid approach (as shown in Figui® the
average setup time is high, as shown in Figurel#&lso depends on the network and load, whicldséde be
examined with final Q-tool implementation. The wearegth availability information in hybrid approactduces
the wavelength continuity constraint failures ag timtermediate and destination nodes due to wagtien
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unavailability leading to less average number térapts, as shown in Figure 4.6. As the load in@sdke
average number of hops decreases, as the chanéesliiof a free common wavelength on longer hophpat
decreases leading to decrease in lower setup Tilee.average number of attempts in case of siggabiased
approach is higher due to lack of wavelength alditg information and it increases with the loadedto
increase in both lambda failures and both kindspical failures.

Average setup time vs Network Load
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Figure 4-5 Average setup time vs. network loadR8VP-TE and hybrid approach
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Figure 4-6 Average number of setup attempts vsvaritioad for RSVP-TE and hybrid approach
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Average Number of Hops vs Network Load
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Figure 4-7 Average number of hops vs. network limadRSVP-TE and hybrid approach

The average number of PATH messages sent by eaehimehe network again depends on the average eumb
of hops and average number of attempts. Note tAdtHPmessages counted are not per LSP, but, the PATH
messages sent by each node. As the average nufribmpsoin hybrid approach is higher (due to thesosathat

the longer paths are more affected by waveleng#vaifability failures in the signalling based apgeb), the
average number of PATH messages is high as shotigime 4.8.

Average Number of Path Message vs Network Load
4.5
4
3.5
--a----1
U
P 2o
3 e
3]
® 25
2 B n n n
=
% 2
9_- —8— Hybrid approach First-fit
=]
5 ---l- - - Signalling based First-fit
g 15
g —&— Hybrid approach Random
i - -A- - Signalling based Random
<) 1
o
g
<
0.5
0
10 15 20 25 30 35 40 50 60 70 80 90 100
Network Load (%)

Figure 4-8 Average number of PATH messages vs.ar&tiead for RSVP-TE and hybrid approach
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The blocking probability vs. hop count for varioapproaches (for load = 60) is shown in Fig. 4.9e Th
corresponding percentage of different hop countiests are shown in Fig. 4.10. As it is expected there
very less number of connection requests generatsiinulation studies as the hop count increases bildtking
probability for large hop count connections is kglthan smaller hop count connections as expectedlff
approaches. However, the BP for signalling appraachigher compared to hybrid approach due to laick
wavelength availability information during the reutomputation phase.
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Figure 4-9 Blocking probability vs. hop count foBRP-TE and hybrid approach (load = 60)
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Figure 4-10 Percentage of connections vs. hop dourt! approaches
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4.4. Performance study of signalling & hybrid approacheswith final Q-
tool

The final Q-tool from WP3 is integrated with sigia and hybrid control plane architectures. We éhav
conducted extensive simulation experiments aftegiration to study the performance of signalling agbrid
architecture. As the computation of Q-factor usiQeool takes longer time, we have run the simuiatio
experiments for the DTAG network described in Sewi 3 and 4 using 8 number of wavelengths, fitst-f
wavelength selection policy, and inter arrival tim@.0 msec. All other parameters are the sameswitded in
Section 3 and 4. In the following we compare theuation results for signalling and hybrid approeshising
simple Q-tool (Section. 3.4) and final Q-tool fraffP3 for comparison purposes though simple Q-toekdwot
take into account all real PLI models.

Blocking probability vs network load for both appahes using simple and real Q-tool is shown in feighi11.
The blocking probability for hybrid approach is lemthan the signalling based approach as expegtedhe
load increase the blocking probability of both agmhes increases.

Blocking Probability vs Network Load
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Figure 4-11Blocking probability vs. network load for RSVP-TBRdhybrid approach

Wavelength blocking vs network load for differerppaoaches is shown in Figure 4-12. As wavelength
availability information is disseminated using exded OSPF-TE in hybrid approach, the wavelengtikihg

is zero. However, as the load increases the wagtidsiocking of signalling approach increases shigtiue to
unavailability of common free wavelength along tbete.
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Average Wavelength Blocking vs Network Load
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Figure 4-12 Percentage blocking due to waveleng#vailability vs. network load for RSVP-TE and higbr
approach

Average blocking due to optical impairments vswuek load is shown in Figure 4-13. As PLIs are aattd at
the source node in case of hybrid approach, theklslg due to optical reasons is negligible. Whergas
signalling approach at source node PLIs informattonot available. Hence it computes the path withtbe

knowledge of PLIs. When the PATH message reacteddhtination node there are some failures duettoab

reasons.

Average Optical Failure vs Network Load
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Figure 4-13Percentage of optical failures (due to unfeasibditlightpath itself) vs. network load for RSVP-TE
and hybrid approach

Blocking due to affected LSP vs. network load iswh in Figure 4-14. In signalling approach, thisickiof
blocking is too high as establishment of new ligtitppotentially disrupts active LSPs. Whereas fifected
LSP blocking in case of hybrid approach is almasgligible due the feasibility evaluation at the m@unode
itself.
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Average Affected LSP Blocking vs Network Load
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Figure 4-14 Percentage of blocking due to activegptially affected) LSPs vs. network load for RSVP and
hybrid approach

The blocking due to route failures due to unavditgtof route is shown in Figure 4-15. In hybrigaroach this
kind of blocking is too high, as many requests faiked at the source node. As the wavelength aviitha

information and PLI information is available at theurce node, it computes the path on which fremncon
wavelength is available. If there is no free cambus available wavelength from source node to miztsbin
nodes the requests are blocked. Hence this kifdlozking is high. Whereas in signaling based apghp#&-

shortest paths are computed at the source nodeewmywavelength continuity constraint is checkadrd the
signaling phase and feasibility evaluation is dahthe destination node. Hence, blocking due tterfailures is
less in case of signaling approach. Note that divblacking is mainly due to the above four contiiions.

Apart from the there could also request failures thudeadlock mechanism implemented. However, dtherés
due to deadlocks are almost negligible in all cases
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Figure 4-15 Percentage of blocking due to routieifas vs. network load for RSVP-TE and hybrid ajggio
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Average setup time vs network load is shown in Fegd+16. As explained earlier average setup timalgna
depends on average number of hops and average nofrdaup attempts. Average setup time for hybase is
slightly lower than signalling case. In hybrid cabe average number of attempts is 1 and averagdberof
hops is slightly higher than that of signalling eggch due to longer routes because of using wagtien
availability information in route computation. Wieis in signalling approach average number of at®iisp
higher and average number of hops is lower thainahaybrid approach. See Figures 4-17 and 4-t1&verage
number of setup attempts and average number of. idpe that average setup time is computed only for
accepted connections. Though we did not show hbesfotal number of connections accepted and tte to

setup time in case of hybrid case higher thandhaignalling case.

Average setup time vs Network Load
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Figure 4-16 Average setup time vs. network loadR8iP-TE and hybrid approach
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Figure 4-17 Average number of setup attempts usvar& load for RSVP-TE and hybrid approach
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Average Number Hops vs Network Load
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Figure 4-18 Average number of hops vs. network loadRSVP-TE and hybrid approach

The average number of PATH messages vs. networkifoahown in Figure 4-19. It depends on the awerag
number of hops and average number of attempts. Pi&bbages are counted at each hop. Hence it abgsi
multiplication of both average number of hops anerage number of setup attempts. See Figures #d.4-48
for average number of attempts and average nunitherps.
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Figure 4-19 Average number of PATH messages vearktload for RSVP-TE and hybrid approach

Blocking probability vs. hop count for load=60 isosvn in Figure 4-20. It shows that blocking for d@n hops
LSPs is higher compared lower hop LSPs. This maihig to unavailability of wavelengths or affecte8R.
blocking. Blocking probability in case of hybrid slightly lower than that of signalling approach fo given
LSP length. This is mainly due to the limit on nuanlof shortest paths (K=3). In hybrid case eitlhdnids a
path with continuous wavelength or rejects the eotion. However, in signalling case the paths ceaddior
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wavelength continuity constraint during signallipgase and optical feasibility is evaluated at thetidation
nodes. So, the number of attempts required maydhehthan k=3 resulting in more blocking.

Hop Count vs Blocking Probability
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Figure 4-20 Blocking probability vs. hop count ®REVP-TE and hybrid approach (load = 60)
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5. PCE based architecture

The goal of this section is to study the PCE aeciiitres for considering physical layer impairmehtsSection
5.1, we first analyze the state of the art of P@&hitecture, and identify two possible approacteitiude
physical layer impairments by extending either OSBFor PCEP protocols. In Section 5.2 the protocol
extensions for these two approaches are given diogy. Section 5.3 defines the test cases andlation
objectives. Section 5.4 provides the simulationltes

5.1. Introduction and basic ar chitecture

The PCE is an entity which takes care of all raqgiiomputations inside an Autonomous System (AS¢. FGE

is described in RFC 4655. It can be located imglsinode, or distributed among multiple nodesstalability
and reliability. Typically, the PCE has a Traffingineering Database (TED) which it uses to stortevoek
information. All other elements, such as NMS, ndrn@des in the network, etc. can request PCE topciena
route. In such case, those elements can be call&l (Path Computation Client). Computation is doperu
request from the Path Computation Client (PCC)ausire PCE communication protocol (PCEP). PCEP eslus
for both PCE-PCE and PCE-PCC Communications. Theifspation of PCEP is detailed in RFC 5440[9]. The
progress of setting up a connection can be asaoilp (see Figure 5.1):

N

Figure 5-1The progress of setting up a connection

1) Head node (N1) receives a request to set um@ection to N3;

2) N1 plays PCC role, builds a PCReq (Path ComjmumtaRequest) message, and sends it to PCE to
request an available route from N1 to N3;

3) PCE receives the PCReq message, tries to conaputevailable route, and returns the computation
result to PCC with a PCRep (Path Computation Rapl3sage;

4) N1 receives the PCRep message, sets up a UBRifgd the route carried in this message.

PCEP is based on TCP. TCP port 4189 has been addigrhis protocol by IANA. PCE uses this portisten
to TCP connection request from PCCs. If the TCPeotion has been accepted and set up successfRIZEP
session can be set up based on this TCP connegtiitem.the PCEP session has been setup successh@ig
can request PCE to compute a route.

PCE functions can be added to a normal node, tizeelain a separate PC server. The basic PCE aothie is
shown in Figure 5.2.

Topalaoy
Collection
Interface

-«

-~

PiC-PCE
Communication
Interface

Figure 5-2 PCE basic architecture
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There are two main interfaces in PCE. One is TapplGollection Interface and the other one is PCE&PC
Communication Interface. PCE gets network topolaggrmation from Topology Collection Interface and
stores it to Traffic Engineering Database (TED)isTihterface can be realized through GMPLS OSPFTHe
TED, and the path attributes received from PCC-R@Enmunication Interface, can be provided to Path
Computation Module to compute an available routee functions of PCEP Message Processor are:

« Listening to TCP connection requests from PCCs;

e Processing PCEP session messages;

* Receiving and parsing PCReq messages coming RGOs, building and sending PCRep messages to

PCCs based on computation results.

A PCEP message processor module should be addi toodes that play PCC role. The functions of this
module are:

e Starting the progress of setting up a TCP conmeetith PCE;

e Processing PCEP session messages;

e Building and sending PCReq message to PCE base&® attributes

« Receiving and parsing PCRep message coming flok P

5.1.1. Approachesfor considering PLI information

According to the basic PCE architecture in Seclidn two protocols can be extended to include maydayer

impairments. One is the OSPF-TE routing protocal e other one is the PCEP protocol. In ordertdoes
impairment information there is a need for a newabase. PPD will be introduced in the nodes andhall

impairments-related information will be stored i Monitors will also report the detected impairrteen
parameters to PPD through the monitor-control platexface.

The PCE has to incorporate two engines. One folingu.SPs in the virtual topology using some caoaisir
based routing algorithms and using the OSPF-TE BEDinput for computations, and another for conmmuti
lightpath setup by means of Impairment Aware RWAha optical layer, using the PPD as input. Bothiress
may have some policy implemented. In the IP/MPL®tathe TED needs to be kept synchronized betvadlen
routers in the network and the PCE. The tacitlyaes] dissemination method is using OSPF-TE.

In order to enable IA-RWA, the PCE should be stdtefith regard to its optical layer component, niagrthat
all details on all lightpaths in use in the netwankst be maintained in this PPD database. This ésder to be
able to incorporate complex inter-channel effeatshsas four wave mixing (FWM) and Cross-Phase Matith
(XPM) into the IA-RWA computations. The IP/MPLS kyinformation can be stateless, keeping only tiafck
the total resource usage and other aggregatedcmétriorder to improve scalability. The number @bkl
Switched Paths in the IP/MPLS layer is typicallyahuarger than the number of lightpaths in theagitiayer.

5.1.2. OSPF-TE extension approach

Figure 5.3 shows the PCE architecture by extend@PF-TE protocol to disseminate the physical layer
impairments information. Each node floods the infation from TED and PPD by using the extended OBPF-
protocol. The TED and PPD in PCE are updated by#tended OSPF-TE protocol. Standard PCEP is wsed f
communications between PCC and PCE. PCE commusitatie network planning & operation tool (NPOT)
for routing and wavelength selection as well astjigth quality checking. If the lightpath can beéabshed,
standard RSVP-TE signaling protocol is used fdntpgth setting up.
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Figure 5-3 OSPF-TE Extension for Including Physlaapairments in PCE Architecture

5.1.3. PCEP extension approach

PCE-NPOT

Control
Plane
P/CC/ P Standard RSVP-TE PCC
Standard OSPF-TE Ay
TED PLID TED PLID
A 4 A 4
\ / Monitor-Control Plane \ / Monitor-Control Plane
Interface Interface
| [ \ [
Transport | OPM/OIM Fiber OPM/OIM
Plane Optical Node Optical Node

Figure 5-4 PCEP Extension for Including Physicab&inments in PCE Architecture

Figure 5.4 shows the PCE architecture byrekihg PCEP protocol to disseminate the physicgtrla
impairments information. PCC updates the PPD in&diom to PCE by using the extended PCEP protodulew
standard OSPF-TE protocol is used to flood the TiEdrmation. Standard RSVP-TE signaling protocalised

for lightpath setting up.

5.2. Protocol extensionsfor carrying PLI-information

In this sub-section, we define the protocol extemsifor carrying PLI-information for both OSPF-T&ension

and PCE extension approach.
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5.2.1. OSPF-TE extension

5211 10#LSA introduction

IETF RFC2370 defines enhancements to the OSPFqmioto support a new class of link-state advertiseis
(LSA) called Opaque LSAs. Opaque LSAs provide regalized mechanism to allow for the future exteitisy
of OSPF. Opaque LSAs consist of a standard LSA dretallowed by application-specific information. &h
information field may be used directly by OSPF grdiher applications. Standard OSPF link-state lueta
flooding mechanisms are used to distribute Opadbidsito all or some limited portion of the OSPF togg.
Opaque LSAs are types 9, 10 and 11 link-state éideerents. IETF RFC3630 defines the Traffic Engiimee
LSA using type 10 LSA. In our OSPF-TE extensiongmsal, we use this type 10 LSA to carry and diseatei
the impairment information. The header of Traffitgiheering LSA (a kind of 10# LSA, defined in RFGB§ is
as follows (Figure 5.5):

+ P
+ N
+ w
+ &

3
901
+- -+

1
012345 123456738
B T NS i T S
| | 10
B b ik ik i T S S i TR R e e e
I nst ance |
B I T i s e S S T ai i s ST SR S SR S S S
Advertising Router |
ko e e e i i e e S e T s I S S e e O O i o it o
LS sequence numnber |
i T S T st i S S T TR sl ol S S S
LS checksum | Lengt h |
i T S i s o i i e ik S i I N S

-+
|

+—+— +— +— +— + 0O
l_\

Figure 5-5 Traffic Engineering LSA header (The pedtions identify an LSA uniquely)

A Traffic Engineering LSA contains one top-level\I.LThere are two kinds of top TLVs defined in RFG86
i.e. router address top TLV and link top TLV. AptdLV contains a set of sub-TLVs. There are mamgdgiof
sub-TLVs defined in RFC3630/ RFC4203. The Lenggdfiof a TLV defines the length of the value partia
octets (thus a TLV with no value portion would haadength of zero). The TLV is padded to four-bcte
alignment; padding is not included in the leng#idi(so a three octet value would have a lengthrefe, but the
total size of the TLV would be eight octets). Nek{TLVs are also 32-bit aligned. Unrecognized $ypee
ignored.

The above rules also apply to the following extensi It is allowed that using multiple LSAs to d#ése one TE
link's different attributes. For example, we care @sLSA to describe a TE link’s local index, rematale id,
remote index, bandwidth .etc, and use another lc5describe the TE link’s impairment information.

52.1.2. TopTLV

We can use the current defined top-level TLV and saime new sub-TLV to carry impairment informatiand
new top TLV can also be defined to carry impairmafdrmation. In this document we adopt the lasiecce the
former may cause non-impairment information flogdimhen the impairment information updated. A new to
TLV is defined as follows (Figure 5.6):

0 1 2 3
01234567890123456789012345678901
B T i i o S S S Tk s i (T U YR Y S S S Y
| Type = | Length |
T i e S i S e ks e e S SN I S S S S S i S
| |

Sub- TLVs

s S S i i i i S S T T . 0 S i
Figure 5-6 Impairment TLV
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5213. Sub-TLVs

Impairment parameters may depend on a link, a vwaggh or a waveband, therefore we defines 3 SubsThY
Link ID Sub-TLV, Wavelength Sub-TLV, and WavebandbSTLV, and 2 Impairment Parameter Sub-TLVs.
These sub-TLVs are defined as follows: (as showFigares 5.7 to Figure 5.11).

1
-Ii-OI\)

1 3
0123456789 1 5678901
I S + S R S S S
| h =4 |
I Sl S S S S SR B A S
Link ID |
T S S T T S S S

Figure 5-7 Link ID Sub-TLV
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Figure 5-8 Wavelength Sub-TLV
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Figure 5-9 Waveband Sub-TLV
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Figure 5-10 Impairment Parameter Sub-TL
Each element of Impairment Parameter Lists is:
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Figure 5-11 Impairment Parameter Element
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Therein F = 0 denotes that the impairment’s vatua unique number, i.e. there is no Lower Limildfim this
element. F = 1 denotes that the impairment’s ve@erange, i.e. there is Lower Limit field in tlaement.

5.2.1.4. Flooding mechanism

Each node creates the impairment LSA based orotaé physical impairments information (e.g. fromnitors)
and flood the Impairment LSA to the whole netwdfkthe impairment parameters change, update tlatee!
LSA.

5.2.15. Usageof new sub-TLVs

We can use the combination of the above defined Ta\treate the Impairment LSA. There are ordering
requirements for these sub-TLVs:

> If there is no Link ID sub-TLV in an Impairment LSA means this LSA describes the node (node id is
the advertising router indicated in the LSA headelgted impairment information.

> If there is a Link ID sub-TLV in an Impairment LS#e sub-TLVs following it are related to the link.

> If there is a Wavelength sub-TLV in an Impairmen$A, the Impairment Parameter Sub-TLV
following it describes the wavelength related innpent information.

> If there is a Waveband sub-TLV in an Impairment L. 8#fe Impairment Parameter Sub-TLV following
it describes the waveband related impairment in&tion.

52.1.6. Examples

> If a node wants to flood the impairments relatethtonode, the Impairment LSA can be constructed as

follows:
< LSA Header | Impairment TLV header | Impairmentaaater Sub-TLV
> If a node wants to flood the impairments related tink, the Impairment LSA can be constructed as
follows:
< LSA Header | Impairment TLV header | Link ID subM LImpairment Parameter Sub-TLV

> If a node wants to flood the impairments relatec tink and a wavelength belonging to the link, the
Impairment LSA can be constructed as follows:
< LSA Header | Impairment TLV header | Link ID subM LImpairment Parameter Sub-TLV |
Wavelength sub-TLV | Impairment Parameter Sub-TLV
> If there are impairments relatd to multiple wavefis, repeat the combination of (Wavelength sub-
TLV | Impairment Parameter Sub-TLV).
> If a node wants to flood the impairments relatedttink and a waveband belonging to the link, the
Impairment LSA can be constructed as follows:
< LSA Header | Impairment TLV header | Link ID subM LImpairment Parameter Sub-TLV |
Waveband sub-TLV | Impairment Parameter Sub-TLV
> If there are impairment parameters related to mleltiwavebands, repeat the combination of
(Waveband sub-TLV | Impairment Parameter Sub-TLV).

5.2.2. PCEP extension

In the Path Computation Request (PCReq) messageR?@C must be able to request a lightpath with some
specific minimum signal parameters (e.g. OSNRdepending on its QoS requirements. In order tomplish

this, two additions can be made to the PCRe(q farRiedt, the Request Parameters (RP) Object, wépeltifies

the characteristics of the computation request,amanain a flag indicating a physical layer (PL)rgmutation
request. If the PCE is not capable of PL computatiaa PCEP Error (PCErr) Message should be returned
Second, the physical layer parameter bounds fopalie can be included in METRIC Objects (of a ngpet or
consider the them as TE metrics) containing thesitaimt values (e.g. minimum OSNR,. . . ) for thguested
path. Similar TLV formats as suggested for OSPFe@& be used. The same format can be used in tliReBI®
(PCRep) message to specify the computed paranfetafse connection.

OBJECT HEADER
Reserved | Flags | Typé Valug
optional TLV

D

DICONET Page: 42 of 49
http://www.diconet.eu



009

The Futare Core Network

optional TLV

optional TLV

Figure 5-12 PCEP Notification Object

The PCEP provides Notification (PCNtf) messagesciwican be PCE or PCC initiated, in order to notifg
receiver of certain events in the network, suclP@g overload conditions or cancelled PCReqs. PRIDge#s
could be sent using a new type of PCNtf messagegl@PPD database update notification (PPDNtfprier

to send the information from the local databasi¢oPCE, we added two new objecttypes (PCC IMPAIRNIE
SEND and PCE IMPAIRMENT REQUEST) in the pce notfion object for the PCE Notification message.
The impairment parameters are added as optionakTb\this object. Together with a path requestaitild be
advisable to send the latest monitor informatianmrfithe local PPD. In order to avoid overloading BeE with
PPD update events during multiple consecutive PEGRegolicy using a delay timer or some minimununes
PPD change before sending notifications can be.\A#eén the PCE receives a PCReq, it consults itb#d)
PPD for further impairment information needed tonpaite the requested path. If the connection hagla h
requirement for accurate information, entries ia ¢obal database may be too old. In this caseP@E must
query these nodes for their latest database infismasing a PCE IMPAIRMENT REQUEST. Furthermore, a

policy to notify the PCE in case of monitoring & can be implemented using PCC-initiated notificest
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Figure 5-13 Wireshark trace of the PCC-PCE comnaiitin
In Figure 5.13 we show a wireshark trace of a testof our PCE implementation, showing communiagatio
between the PCC (10.1.1.2) and the PCE server.(18)1 Wireshark contains filters for PCEP as ofsiegn
1.0.3, but the IANA specified TCP port for PCEP &8} is not yet recognized. There are 3 subwindowthé
wireshark display. The top window shows the recdrgackets, the center window shows the analysihef
selected packet and the bottom window shows thepaaket data. There are 2 sessions displayed. ifdte? f
packets are the Ethernet ARP request and replkepm8-5 are the establishment of the TCP connedd€EP
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specifies that the connection between PCE and R8f@ins established even when no PCEP sessionstae a
Each PCEP session starts with an OPEN messagee{pa&land 14). This OPEN message specifies th@sess
ID (incremented each session) and parameters ssitheakeepalive (defaults to 30 seconds) and deadti
(defaults to 4 times the keepalive) timing. In fhiest PCEP session, the client requests a path wtipn
through a PATH COMPUTATION REQUEST message (pa8eaind the PATH COMPUTATION REPLY is
sent (packet 10). The client then closes the cdimreasing a CLOSE message (packet 12). The sesesgion
sends a NOTIFICATION message (Message Type 5)dsé¢hver with a PPD update. This message is shown i
detail in the center subwindow. The message containNOTIFICATION object (ObjectClass 12) with
Notification Type 3. This is our PCC IMPAIRMENT SENobject. This object carries the impairment TLVs,
where TLV with type 101 (specifying the Q-factos)shown. The wavelength ID is 1, the value is O.8EEE-
754 floating point notation

5.3. Test casesand ssimulation objectives

In this deliverable, we will only evaluate the merhance of the PCEP extension approach, while BRFOTE
extension approach will be studied in T5.2.

In order to evaluate the proposed disseminatiorreehbased on the PCEP extension, we implemente@iGke
server and PCC client in C++. Most of the functidpacontained in RFC 5440 was implemented, althoug
some messages and objects were simplified. Oursétsp consists of 3 linux (Debian Lenny) PCs etmgda
one PCE server (10.1.1.4) and 2 clients (10.1.hc ¥0.1.1.3) connected through an ethernet swiichktar
topology. The database system used is MySQL 5.0.

We ran an experiment to measure the database updeiess. The PCC at 10.1.1.2 requests new patimstfre
PCE at 10.1.1.4 with a poisson distributed arrtirae normalized to 1 (In the experiment the arritiade is 1
second). The monitor update arrivals are also poiskstributed from 1 to 0.01 (1 second to 10 selionds).
The client at 10.1.1.3 compares the client PPDbdsta and the PCE PPD database at regular interf/dls
second. Note that network delay barely influenbesdatabase polling, since it was well below lisgttond.

|\ |\|
by M
t t ts
—

ts fh Time
h G G G -G - #
Figure 5-14: Timing Diagram

£ - —

Figure5-14 shows the timing diagram of our studiie Tarrows above the horizontal time axis represaat
monitor updates/registration in the local datak@seguisition time, short dashed line) at timgg,t; and § and
the update messages/registration in the global @81y continuous line) at times &nd . The lines for the
update messages are slanted to indicate the prtipagkelay of these messages in the network. Nudé the
global PPD stores its registration time of the eaftior t;), and not the monitor acquisition time of the walu
(which would be ¢t or t5 respectively). In operation it would of course makore sense to store the acquisition
times of the monitored values. If we compare bbthlbcal and global database at timethe global database
will be up-to-date and the value registration timeacquisition time =,t— t; will be positive (continuous
horizontal line). If we compare both databasesna¢ t; the database will be outdated, and registratioe t-
acquisition time =;t— 5 will be negative (dashed horizontal line).
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5.4. Performance study
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Figure 5-15 Database delay between server and clien

Figure 5.15 shows the measured database delayedretine PCC and the PCE. The times displayed in the
labels are the monitor interval times. The vertiagis is the delay in ms, the horizontal axis i thme in
seconds, where roughly 3 minutes of monitored #gtis shown. The delay in the vertical axis is thifference
between the timestamp in the server database antintestamp in the client database. If this vatupdsitive,

the server database is up-to-date. Note that tipgest timing puts a limit on the maximum time dég@ancy
between both databases.
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Figure 5-16: Statistical analysis of timing data
Figure 5-16 shows the probabilities (in percent)hef database delay being in specific intervalselviboth the
monitor updates and the path requests are distdbwith 1 second intervals, the average delay vé@snts,
with 62% of monitored values positive. When the itamupdate speed is increased to 0.5 secondsviiirage
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delay drops to -180 ms and only 34% of values asitipe. When the monitor delay drops to 0.01,dlierage
delay equals -469 ms, with 99.4% of values negdtiveaning the PCE database is practically alwaydabed).
These figures all agree with what would be expedtedn analytical statistical analysis of two Poisso
distributed processes. The faster the arrival dfatg messages with regard to the monitor upddtesnore up-
to-date the PCE database will be. In DICONET, highgile networks are considered with very frequent
lightpath requests and teardowns. We have now coihgsidered the age of the database entries. Whtther
scheme of updating the PCE database solely wheatharpquests is sent will be sufficient will depesdthe
monitor update speed, the dynamicity of the patjuests and the allowed age of the database eintiles PCE.
The more dynamic the network, the more up-to-dageRCE database will need to be, since the paresnete
heavily depend on the lightpaths set up in the agtwThe presented solution scales with this dyc#ynof the
traffic, and will update the PCE PPD faster if tregwork is more dynamic.

6. Conclusions

Table 6.1 Comparison of various control plane dehiires

! . Routing .
e Sopang e g | MO | POE o
app approach app app
% Blocking probability High Medium Low Low
£ | Average number of attempts High Medium Low Low
‘% LSP set-up time High Medium Low Low
a | Path computational complexity Low High Very high Very high
Control Plane Load Low Medium High Medium
_Robust_n%s to TED High Low Medium Low
inconsistency
RSVP-TE and
Protocolsto modify P .| OSPF-TE TE & | PCEP
handling possible
\ ! OSPF-TE
active  lightpath
= disruption
% Communica
< ting  PLls
@ | Digtribution of PLI information Local ]E|3I0bally Globally information
(0 ooded flooded
to PCE
server
Impact on control overhead Low High Very high Medium
Impact on existing protocol High Low Very high Medium
modules
Initial efforts S)c:irsr:ien
Standardization Efforts started in IETF in effortsg No Initial stages
recent years S
inside IETF

Table 6.1 provides a qualitative comparison of aagi approaches w.r.t. to both engineering and pegoce
metrics. Theperformance metrics refer to the metrics useful to verify how good ata@i@ solution performs
compared to others, while tleegineering metrics refers to the metrics that gives a measure oathkitectural
impact of the solution on the overall network.

Based on the qualitative comparison presented lleThand considering the resources allocatedptoerg all
possible control plane architectures with the resesj the DICONET consortium decided (during Trento
meeting in February 2009) to explore three posgibletrol plane architectures further: 1) signalbased, 2)
hybrid, and 3) PCE based. The stand alone routasgd approach is not studied in detail in DICONEE tb
various reasons pointed out in Section. 2. Theadiigm based architecture will be implemented analeated
separately with modification to RSVP-TE protocoldarry both linear and non-linear impairments reggiiby
Q-tool to evaluate Q-factor of a) the new lightpatiquest and b) the existing active lightpaths twatld be
affected by the establishment of new lightpath. Neechanism (as explained in Section. 3) to deteet t
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possible disruption of existing active lightpath® also be implemented. The hybrid architecturd tw
implemented by considering the changes made to REVProtocol in signaling based architecture togeth
with the introduction of few minimal changes to @SPE (e.g. wavelength availability information, gtthat
will help to improve the overall performance of thetwork without affecting too much the complexitf/the
overall system. The PCE based architecture is etswidered as the emerging architecture which regui
changes to OSPF-TE and PCEP to compare and cotfteaatlvantages of centralized control plane achite
with the other two distributed architectures. Hiahote that this report (D2.3) will be updatedJualy/Aug
based on extensive studies and feedback from wihie packages to provide a quantitative conclustons
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