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Abstract:   
This deliverable reports the experimental tests carried out to evaluate the feasibility of the 
DICONET approaches to perform impairment-aware optical networking. Firstly, the proper 
interworking among the different software and hardware modules developed in DICONET 
has been experimentally tested. Secondly, from the experimental evaluation, both centralised 
and distributed approaches for IA-RWA are suitable to be deployed in all-optical transparent 
networks. More specifically, by using a hardware accelerator for Q value computation, an 
overall lightpaths setup time of hundreds of milliseconds is achieved. 
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Executive Summary 

The main purpose of the DICONET project has been the design and evaluation of a dynamic 
on-demand connection provisioning process for all-optical transparent networks. In such 
networks, the optical signal experiences the impact of various phenomena (both linear and 
non-linear effects) that degrade its quality. In order to alleviate such effects derived from the 
optical transparency, physical impairment-aware Routing and Wavelength Assignment (IA-
RWA) algorithms must be designed to guarantee the proper Quality of Transmission (QoT). 
In line with that, DICONET developed a dynamic Network Planning and Operation Tool 
(NPOT) that incorporates real-time assessments of the optical layer performance into IA-
RWA algorithms. On the other hand, current GMPLS protocols lack of the proper 
functionalities/extensions to take into account the Physical Layer Impairments (PLI) 
information. The developments of the NPOT as well as the extensions to current protocols 
defined in DICONET have been discussed in previous deliverables, such as D3.3 and D5.2.  
This deliverable reports the experimental tests and results performed to validate the different 
software and hardware modules integrated in the DICONET testbed, built at the UPC 
premises. 
The experimental results have shown the feasibility of the DICONET approaches, as well as 
the proper interworking among the different modules developed inside the project.  
However, the algorithmic calculations to be performed by the NPOT for Q-values estimation 
are quite complex; such complexity dramatically increase the overall lightpath setup time. To 
further decrease the lightpath setup time, DICONET considered a hardware-based approach. 
Specifically, a hardware-accelerated Q-tool has been developed, evaluated and then integrated 
in the testbed. The experimental results discussed in this deliverable show that the FPGA-
based computation of the Q factor value can significantly decrease the time required for 
lightpath provisioning. By using the hardware-based accelerator, the average lightpaths setup 
time was experimentally evaluated to be hundreds of milliseconds, which means that the 
DICONET approaches for IA-RWA are suitable to be deployed in all-optical transparent 
networks. 
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1. Introduction 

The evolution trend of optical networks is a transformation towards high capacity and low-
cost core optical networks. The promise of future optical networks is the elimination of a 
significant amount of electronic equipment (lower CAPEX and OPEX), as well as added 
capabilities, such as the ability to transport any type of data format (modulation and bit rate 
independence) through the network and support for dynamic demands [1]. As one of recent 
efforts toward this goal, the key outcome of the DICONET project [2] is the design and 
development of an intelligent Network Planning and Operation Tool (NPOT), which 
considers the impact of physical layer impairments (PLIs) in planning and operation phase of 
optical networking. Network planning is more focused on the details of how to accommodate 
the traffic that will be carried by the network. In this phase, which typically occurs before a 
network is deployed, there is generally a large set of demands to be processed at one time. 
Therefore the main emphasis of network planning is on finding the optimal strategy for 
accommodating the whole demand set (traffic matrix) [3], [4]. In the network operation phase, 
the demands are generally processed upon their arrival and one at a time. It is assumed that 
the traffic must be accommodated using whatever equipment already deployed in the network. 
Therefore the operation process must take into account any constraint posed by the current 
state of the deployed equipment, which, for instance, may force a demand to be routed over a 
sub-optimal path [5], [6]. The impact of PLIs on transparent [7] and highly dynamic optical 
networks [8] has received much attention recently [9], [10]. Specifically, the work in [7] 
reported the result of a centralized integration scheme for transparent networks considering 
various PLIs, while [11] investigated a distributed Generalized Multi-Protocol Label 
Switching (GMPLS) integration for translucent networks. 

2. DICONET approaches for IA-RWA 

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

2.1. Hybrid (distributed) approach 

In the distributed hybrid approach (Figure 1), both RSVP-TE and OSPF-TE protocols have 
been extended to consider PLIs, providing a compromise between network performance, 
control overhead, and complexity. The detailed protocol extensions and their architectures are 
discussed in earlier DICONET deliverables, namely D2.3, D5.2, and D5.3.  
In this section, we briefly explain the overall working procedure of the hybrid approach. For 
specific details on extensions and complete design refer to the related deliverables mentioned 
above. The OSPF-TE protocol has been extended to disseminate the wavelength availability 
information. CSPF algorithm uses the wavelength availability information in computing k-
shortest paths. Note that as OSPF-TE is not extended to carry PLIs information, the routes 
computed are without PLIs knowledge. The RSVP-TE signalling protocol has been extended 
to collect real-time information of the PLIs during the PATH message traversal from source 
to destination. When the PATH message reaches an intermediate node, it updates label-set 
and updates several objects related PLIs information only for the wavelengths available on the 
outgoing link. If at an intermediate node, there is no free/available outgoing wavelength, then 
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it sends a PATH_ERR message to the source node. When the destination node receives the 
PATH message, it has all the information about the PLIs along the route and is used for 
feasibility evaluation purposes. The detailed working procedure of hybrid approach is 
explained below. 
In distributed approach, each node in the network runs an instance of NPOT, which is 
connected to the OCC via the NPOT-OCC communication protocol. Upon receiving a new 
connection request, the source OCC requests the online IA-RWA module of the NPOT to 
compute k-shortest routes from source to destination without the PLIs knowledge. However, 
the wavelength availability information stored in the global Traffic Engineering Database 
(gTED) is used in route computation. Once these k-routes are computed, the source OCC 
triggers the extended RSVP-TE protocol to initiate the RSVP-TE signalling on the first 
candidate route. The RSVP-TE PATH message collects the PLIs information from source to 
destination along the path. Upon the reception of PATH message, the destination node 
requests its NPOT for QoT estimation. If the QoT of the lightpath is acceptable, then the 
destination nodes of the potentially affected lightpaths (i.e., those lightpaths that share at least 
one optical section with the candidate one) are notified to request for QoT estimation from 
their respective NPOTs. This verification step makes sure that the Q-factor of the affected 
active lightpaths remains above the required threshold in spite of the establishment of the new 
lightpath. If there is no violation, the destination nodes of these affected active lightpaths 
update their local databases with the new lightpath information and respond back to the 
destination node of the candidate one. If the re-computed Q-factor values of all affected active 
lightpaths are above the threshold, an RSVP-TE RESV message is sent back to the source 
node and the actual cross-connections are properly configured. Otherwise, an RSVP-TE 
PATH ERR is sent to the source node, which tries lightpath establishment on the next 
candidate route. The source node tries on the next candidate route by sending a new PATH 
message and follows the same procedure as described above. If none of the k-candidate routes 
meet the required QoT the request is finally blocked.  
 
For the purpose of re-evaluation of QoT of potentially affected lightpaths, a protocol called Q-
Check protocol was defined with several messages. The details of Q-Check protocol can be 
found in deliverables D2.3, D5.2, and D5.3 together with protocol messages. The Q-check 
protocol avoids potential unwanted disruption of active lightpaths. 
 

 
Figure 1: Distributed hybrid approach and control plane integration scheme 

2.2. Centralised case 

In the centralized approach (Figure 2), the NPOT carries out the impairment-aware routing 
and wavelength assignment and failure handling functionalities, while the OCCs execute the 



�

��������	
���
����	���
���������������������������� �
��������� ��
������������������ !��"�# #�$���% &#�

�

� ������ �
��'�(����(�)*�� ���+ �

� �,�-�  � �
/� .� �

�

extended GMPLS protocols and interface to the actual optical nodes in the test-bed. A TCP-
based messaging protocol has been developed to facilitate the communication between OCCs 
and the centralized NPOT. Upon the arrival of a new connection request, the source OCC 
contacts the online IA-RWA module of the centralized NPOT to request impairment-aware 
lightpath computation. During the lightpath computation, the online IA-RWA module utilizes 
the QoT estimator (NPOT Q-Tool) and the information of the gPPD and gTED (global PDD 
and global TED), which describe the network topology and the physical layer characteristics 
completely. In particular, Q-Tool is the module within NPOT that quantifies the impact of the 
PLIs on the lightpaths’ QoT. Note that the same QoT estimator is also used in the distributed 
scheme. 

 
Figure 2: Centralized control plane integration scheme 

When the NPOT finds a lightpath with guaranteed QoT (Q-factor value above a pre-defined 
threshold), the lightpath is returned back to the source OCC which triggers the standard 
RSVP-TE signalling protocol. Upon successful establishment of a lightpath, the global PPD 
and TED in the NPOT and the local PPDs and gTEDs in every OCC in the network are 
updated using the extended OSPF-TE protocol. Finally, the source OCC updates the Network 
Management System (NMS). In case of lack of resources/wavelengths or unacceptable QoT, 
the demand is blocked and the source OCC informs the NMS accordingly. When a link failure 
occurs, the downstream optical nodes detect it and send alarms to their OCCs, which forward 
the failure notification to the centralized NPOT. In order to restore the failed lightpaths and to 
avoid using the failed network resources, the centralized NPOT localizes the failure, updates 
both gTED and gPPD, and computes the backup paths. Then, the source OCCs trigger the 
signalling protocol for the actual lightpath establishment as explained in Section 2.3.4. 

2.3. NPOT description 

The anatomy of the DICONET NPOT is depicted in Figure 3. Since the control plane of the 
DICONET test-bed will be developed in ANSI C language and over Linux operating system, 
and in order to streamline the later integration of NPOT in the control plane and test-bed, the 
NPOT is also developed using ANSI C language. In this section the key building blocks of 
DICONET NPOT is presented. 
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Figure 3: Anatomy of the DICONET NPOT 

2.3.1. Network description repositories 

The network description (both in physical layer level and topology level) is included in two 
main data repositories that are kept as external files to NPOT. These two repositories are 
named PPD.XML and TED.XML. The Physical Parameters Database (PPD) is the master 
repository, which includes the lower-level XML files that define the physical characteristics 
of the links, nodes and components on the network links. More specifically, physical nodes, 
amplifiers, attenuators, fibres (both transmission fibres and DCF modules), transmitters and 
their related parameters, receivers and their related parameters and attributes and finally the 
definition of physical links are kept in various XML files and all of them are referenced in the 
PPD.XML. In fact PPD.XML plays the role of a master repository with pointers to other 
XML files.  
The other global data repository to NPOT is the Traffic Engineering Database (TED), which 
is implemented as another master repository name TED.XML. This repository includes the 
Nodes and Topology XMLs. These two repositories (i.e. Nodes and Topology) describe the 
network in more abstract and higher level. In fact the connectivity of the nodes and the 
definitions of network nodes (nodeID, node names,) are kept in Topology.XML and Nodes. 
XML repositories.  
In order to facilitate the generation of PPD and TED related repositories, we have developed 
another module (external to NPOT), which receives two main inputs (Topology.txt and 
Parameters) and generates the TED and PPD related XML files. This utility module is 
developed in MATLAB as presented in upper part of Figure 3. The “Parameters” is a 
MATLAB data structure that also controls the generation of PPD related XMLs.  
The “topology.TXT” is another input to the XML generator module that includes the 
definition of physical links, source and destination node and the components (mainly DCF 
fibres and transmission fibres) in the links. The XML Generator utility (developed in 
MATLAB) receives these two inputs and generates the various XML files that are defined in 
PPD.XML and TED.XML master repositories. The NPOT_XML_Parser is the NPOT internal 
module that is responsible to parse the XML repositories and transform the network 
description (physical specification and network topology) in to the internal data structures, 
which are kept inside the NPOT memory pool. 
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The NPOT_PPD_TED_Manager is the module, which is responsible to manage the PPD and 
TED data structures as they are kept in the global memory of NPOT. This module also 
provides the interface to the first NPOT messaging protocol (indicated by star 1 in Figure 3). 
The NPOT messaging protocol layer is responsible for bridging the communication of NPOT 
to the outside entities. This messaging protocol layer is built on top of standard TCP socket 
interface. The first messaging protocol paves the way for communication of the NPOT with 
outside entities, which are requesting to access (mainly update the PPD and/or TED) data 
structures. In addition to participating in this messaging protocol, the 
NPOT_PPD_TED_Manager provides the required input for other internal modules in the 
NPOT, so the other modules have access to the PPD and TED (i.e. topology related) related 
data. 

2.3.2. NPOT Q-Tool 

The NPOT_QTool is one of the key building blocks of the NPOT. This module provides the 
required access to the Q-Tool functionality as the physical layer performance evaluator. The 
NPOT_QTool receives a set of lightpaths (at least one lightpath) and then computes the Q 
value of those lightpaths and return them back to the calling module. The communication of 
NPOT_QTool with other entities outside the NPOT is performed through messaging protocol 
2. The general signature of NPOT_QTool is as follows: 
 

int NPOT_QTool(Lightpaths *LP, unsigned int LPCount, QType* Q), 
 
in which the LP is a pointer to the Lightpaths structure, LPCount determines the number of 
lightpaths that will be passed to NPOT_QTool and Q is a pointer to the returned value (the 
corresponding Q values of the lightpaths). 

2.3.3. Online IA-RWA 

The entities outside the NPOT invoke the NPOT_Online_IARWA module in order to get a 
lightpath (route or route and wavelength). The behaviour of NPOT_Online_IARWA is 
different in distributed and centralized control plane integration schemes. 
 

·  In the distributed integration scheme the NPOT_Online_IARWA upon receiving a 
demand, computes “K” routes from source to destination. In case of demand with 
(1+1) protection requirement, the NPOT_Online_IARWA computes “K” diverse pairs 
of primary and backup paths between source and destination. Then it responds back 
with the number of found routes (which is not necessarily “K”, if finding “K” paths 
was not feasible) and also returns the paths in the form of LPSElements data structure. 
Note that LPSElements includes both the primary and backup lightpaths. If demand is 
for a primary path only, then the backup lightpath related fields will be initialized to 
zero. The routes are expressed in node sequence (not linked sequence). The value of 
lightpath_id field is not finalized at this step (initialized to zero). The caller (i.e. 
Optical Communication Controller, OCC) tries to establish the lightpath from source 
to destination using the extended signalling protocol. If a lightpath (or a pair of 
lightpaths in case of 1+1 protection) is (are) established the OCC informs the 
NPOT_Online_IARWA of established lightpath (indicated by proper identification 
number assigned for lightpath_id). Then NPOT updates the LPSElements global data 
structure (via TED & PPD manager) by adding the established lightpath to the list of 
active lightpaths and also updates the Topology global data structure by removing the 
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assigned channels from the occupancy field of “Topology” data structure to indicate 
that assigned channel is no more available. If none of the “K” candidate routes are 
feasible, the caller (i.e. OCC) sends the proper status code back to the NPOT. 
 

·  In the centralized integration scheme the NPOT_Online_IARWA computes the 
lightpath(s) from source to destination and assigns a wavelength for them and returns 
it back to the caller (i.e. OCC). OCC tries to establish the lightpath using the signalling 
protocol and returns the result of lightpath establishment back to the 
NPOT_Online_IARWA. If the establishment is successful, NPOT updates the active 
(established) lightpaths in the network via LPSElements and also updates the 
Topology global data structure. The assigned wavelengths will be removed from the 
occupancy field of topology for all links that are residing along the lightpath. If the 
lightpath establishment was not successful, OCC sends the status back to 
NPOT_Online_IARWA. 

2.3.4. NPOT Failure localization 

The failure localization engine, which is integrated in the DICONET NPOT is designed and 
developed based on a novel heuristic algorithm called MeMoTA for “Meta-heuristic for 
Monitoring Trail Assignment” as explained in detailed in  [16]. This algorithm aims at 
designing an m-trail solution, which is able to exactly localize the broken link in the network 
with a low monitoring deployment CAPEX. This section will briefly present the functionality 
and building blocks of NPOT Failure localization module. Two costs are considered in the 
MeMoTA algorithm: 1) A cost value that measures the detection efficiency of the m-trails 
solution (considered as the ambiguity cost) and 2) the monitoring cost of the solution. 
The MeMoTa engine determines the optimum placement of monitors in order to make the 
failure localization and detection possible. Therefore this heuristic algorithm will both 
function as the NPOT monitor placement and NPOT failure localization module. After 
constructing the Alarm code table, according to the actual monitor placement, the failure 
detection will be a simple lookup table operation from the alarm code table. When a failure is 
occurring in the network, each monitor reports its individual code to the NPOT failure 
localization module. The failure localization module looks up the alarm code from the alarm 
code table and localizes the exact failed link. This process is depicted in Figure 4 and the 
following example. 

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

Figure 4(a) gives an m-trail solution (t2, t1 and t0) for the network topology that is also 
depicted in the Figure 4(a), and Figure 4(b) shows the alarm code table. We can see that only 
3 m-trails (each with a dedicated monitor) are required to detect (localize) all the link failures. 
For example if the alarm code is 6, the by looking up the decimal code from the alarm code 
table, we can locate the failure on link (1, 3). 
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For this particular network topology the monitor placement algorithm (MeMoTA) has found 
three m-trails (t0, t1, and t2) to localize the failures without ambiguity. Therefore the alarm 
code length is three (3). The alarm code length is network topology dependent. The 
theoretical number of m-trails for failure localization is log2(number of links). This means that 
the NPOT failure localization engine should wait enough to construct a valid alarm code and 
then identify the failed link by looking up the alarm code from the alarm code table. This is 
detailed in protocol design section below. The failure localization algorithm considers the 
network links as a bundle of wavelengths per link and therefore the failures that are occurred 
due to a degradation of QoT of a single channel are not considered in this failure localization 
mechanism. The failure handling use-case in centralized approach can be explained as follows 
(see Figure 5): 

 
1. The optical node detects the failure and communicate the failure to the OCC. CCI is 

the interface between optical node and open protocols (e.g SNMP or XML) can be 
used for communication between OCC and optical node. 

2. OCCs send Alarms to the NPOT module of EPCE. Please note that due to 
transparency, many OCC nodes will send the alarms to the EPCE and the failure 
localization component inside NPOT (located inside EPCE) is responsible to perform 
the “Root-cause” analysis to figure out the source of failure. 

3. NPOT utilizes the failure localization component and EPCE updates the gTED and 
gPPD databases. 

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

5. EPCE floods the failure information using OSPF-TE that will update the gTED and 
gPPD databases of OCCs in the network. 

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

The failure localization process based on the MeMoTA algorithm is developed based on the 
following assumptions and detailed implementations: 
 
a) Assumptions: 

1. The monitor placement phase, which generates the m-trails are done in the planning 
mode. Therefore all OCCs have a picture of m-trails. The information of m-trails are 
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coded in the following XML file. During the network boot-up, all OCC nodes know 
the m-trial IDs and the corresponding route for each m-trail. 
 

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

 
2. In order to detect the failure there is no need for all nodes to participate in the failure 

localization protocol. In fact only the m-trails end nodes (Nodes 1, 3, and 4 in the 
above XML or nodes 0 and 2 in Figure 4) should report the alarm (in the form of m-
trails ID) to the NPOT.  

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

4. The OCCs include a listener process. When the NPOT identifies the source node(s) of 
the affected lightpath(s), it (the NPOT) contacts each source node with the information 
about the affected lightpath(s) (in the form of LPSElement data structure). The 
contacted source node(s) initiate the new lightpath establishment using the IA-RWA 
engine of NPOT. 

 
b) Detailed implementation: 
 

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

2. The optical nodes detect the failure (e.g. lack of light) and communicate it to its 
corresponding OCC node (via CCI). 

3. The OCC node, checks the m-trails repository. If its node id is at the end of any of the 
m-trails, then it looks up the m-trails ID, otherwise it simply ignores the alarm and 
performs nothing more. 
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a. Important note: It is possible that an OCC node is located at the end of more 
than one m-trails. Therefore the CCI interface should clearly indicate the m-
trail ID  which corresponds to the failed link. This information will help the 
OCC to correctly identify the m-trail ID. 

4. The OCC sends the m-trail ID to the NPOT and NPOT simply acknowledge it. 
5. The NPOT starts a timer and waits for other m-trail IDs during a given time frame 

(TDetection). The TDetection parameter is in the range of few milliseconds and will be 
considered as an implementation parameter. 

6. Upon the expiration of TDetection, the NPOT constructs the alarm code and consults its 
alarm code look up table (Figure 4.b) to localize the failed link. 

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

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

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

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

 
Therefore the MeMoTa algorithm and framework not only provides the failure localization 
functionality to the DICONET NPOT through its alarm table, but also performs the optimum 
monitor placement. The MeMoTa algorithm and its performance are documented in 
DICONET deliverable D4.4. 

2.3.5. NPOT Offline IA-RWA 

The NPOT Offline IA-RWA is a module that is functional in offline mode (the offline mode 
or planning mode will be explained in the sequel). This module receives a demand set (or 
traffic matrix), in the form of (source, destination, Protection level, and # of LPs) and 
computes corresponding lightpath(s) for the given demand set. The protection level attribute 
of a demand determines whether the Offline IA-RWA module should compute a primary and 
backup (1+1 protection scheme) for the give demand (in case that Protection Level=1) or a 
single lightpath between source and destination node is sufficient (Protection level =0). The # 
of LPs determines the required capacity that should be allocated in terms of number of 
lightpaths between the given source and destination nodes. The detailed behaviour and 
functionality of NPOT_Offline_IARWA is presented in DICONET deliverable D4.1. The 
algorithm which is utilized and implemented in this module is the outcome of task 4.1 of 
WP4. This algorithm utilizes the DICONET Q-Tool as a physical layer performance 
evaluator. The output of this planning module is the lightpaths (routes and assigned 
wavelengths) and for cases that regenerator is required, the number of required regenerators 
for some demands and also the whole demand set is reported as the output of 
Offline_IARWA module. This interaction is denoted as star number 5 in Figure 3. 
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2.3.6. NPOT Regenerator Placement 

The assumption in much of all-optical network design is that the network is truly transparent 
(all-optical), where all intermediate O-E-O conversion is eliminated. However, recently that 
“all-optical” technology is finally being deployed in carrier backbone networks, the reality is 
that these systems are only “mostly all-optical,” as defined in  [17]. Compared to the 500 km 
optical reach of traditional systems, the optical reach of long-haul systems currently being 
deployed is on the order of 2000 to 4000 km. This increased reach, in combination with 
transparent network elements, eliminates a significant amount of the regeneration in a 
backbone network. However, given that the longest connections for instance in a North 
American backbone network are on the order of 8000 km, clearly some regeneration is still 
required. Therefore there are still some amount of intermediate regenerators (O-E-O 
conversions), which are deployed in these networks for purposes of regenerating the signal.  
The NPOT Regenerator Placement module is responsible to optimize the number of 
regeneration sites and modules that are going to be deployed in the network. This module is 
developed according to the algorithm specification, which is developed in WP4 (Task 4.3). 
The code name of the algorithm is COR2P (Cross Optimization for RWA and Regenerator 
placement)  [12]. The Regenerator placement module receives a demand set (traffic matrix) 
along with the network description and network topology and then optimizes the regeneration 
sites and ports in the network. The interaction of this module with outside entities is done via 
messaging protocol that is indicated by star number 6 in Figure 3. The COR2P algorithm 
requires invoking the NPOT_QTool in order to evaluate the performance of the optical layer. 

2.3.7. NPOT Monitor placement 

In addition to the regenerator placement algorithm, the NPOT exploits a special purpose 
monitor placement algorithm, which deploys optical impairment/performance monitors 
(OIM/OPM) in an optimized fashion on the network links. The main goal of Monitor 
placement algorithm is to facilitate the failure localization procedure. 
The monitor placement algorithm that is integrated in the NPOT is one of the outcomes of 
task 4.4 (WP4). The monitor placement algorithm is part of the failure localization engine 
(MeMoTA algorithm), which was earlier presented in Section 2.3.4. 

2.3.8. NPOT messaging protocol 

In order to realize the communication of the NPOT with the other entities in the DICONET 
control plane integration scheme, a messaging protocol layer is designed and implemented on 
top of standard TCP/IP socket interface. Depending on the integration scheme (i.e. distributed 
or centralized) the actual implementation of this messaging protocol will be different. In 
particular the IA-RWA algorithm and its functionality are quite different in centralized and 
distributed integration schemes. In the centralized and distributed integration schemes, three 
important messaging protocols are involved. The first one is responsible to update the PPD 
and TED data structures in the NPOT. By using this messaging protocol the OCCs (clients) 
can request the NPOT to update the value of a particular PPD or TED element inside the 
NPOT memory. The second messaging protocol is responsible for lightpath computation. The 
core engine behind the lightpath computation is generally called IA-RWA engine and its 
behaviour is different in centralized and distributed integration. The last messaging protocol is 
failure localization and handling protocol, which is designed and implemented, based on 
MeMoTA algorithm and its operation detained was presented in Section 2.3.4. 
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2.4. Path Computation Element 

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

2.4.1. PCE High-Level Architecture 

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

 
Figure 6: PCE based architecture implemented in DRAGON 

Additionally, both OSPF-TE and PCEP protocols have been extended. Specifically: 
 

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

-  PCEP extension: The PCEP is extended for the following functions: a) PCC to request 
the PCE for path computation using PCEReq message; b) PCE to reply the 
computation result to the PCC using PCERep message; c) PCC to report the 
LSP/lightpath information to PCE after the LSP is created successfully using a brand-
new PCEP message. 

2.4.2. Final Protocol Extensions and Enhancements 

OSPF-TE Extensions 
 
A new LSA, defined as PLI LSA, is used to distribute the PLI information. Two top-TLVs are 
defined to describe PLI, the Link PLI TLV and the Node PLI TLV, each of which is 
composed of several sub-TLVs. Each PLI LSA instance can only contain one top-TLV. 
 
The Link PLI TLV: The Link PLI TLV describes the physical layer impairments related 
to the link. Each link in the network may have its own Link PLI TLV and it will be 
flooded into the network. It is stored in the PPD of each node as a composition of the 
PLI LSA. The Link PLI TLV is composed of Link ID su b-TLV, Local Interface IP sub-
TLV, Remote Interface IP sub-TLV and Component Impairment sub-TLV . 
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The Node PLI TLV: The Node PLI TLV describes the physical layer impairments related 
to the node. Each node in the network may have its own Node PLI TLV and it will be 
flooded into the network. It is also stored in the PPD of each node as a composition of 
the PLI LSA. The Node PLI TLV is composed of Node IP sub-TLV and Component 
Impairment sub-TLV . 
 
The detailed definitions of the top-TLVs, sub-TLVs, and sub-sub-TLVs can be found in D5.3. 
 
PCEP Extensions 
 
The PCE Protocol is used to communicate between the Connection Controller module of the 
control plane and the PCE. We have proposed several extensions for the PCEP in order to 
satisfy the requirements of the PCE-based architecture: 
 

-  Extensions for Wavelength Assignment Requirement: In PCE-based architecture, 
both the route calculation and the wavelength assignment are conducted by the PCE 
module. A Wavelength Object is introduced to contain the wavelength (or set of 
wavelengths) that can be used for an ERO object. In this way, the high wavelength 
contention due to resource reservation can be avoided.  

-  Extensions for Established Lightpaths: Once a lightpath is successfully established, 
the Control Plane has to notify it to the PCE. This way the PCE can keep track of the 
established LSP's information which is needed by the NPOT in order to conduct its 
tasks. 

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

2.4.3. Enhanced PCE 

In the centralized integration scheme of DICONET the enhanced path computation element 
(EPCE) is the main entity to play the role of centralized path computation element (engine). 
The main building blocks of EPCE are depicted in Figure 7. 
 

 
Figure 7: The anatomy of enhanced PCE (EPCE) 
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The PCE-NPOT interface is designed and developed using customized TCP/IP based 
messaging protocol. The PCE is able to update the gPPD and gTED structures inside the 
NPOT using the Update_PPD and Update_TED messaging protocols. The NPOT has a 
listening process, which expects these two messages and when it receives them, it updates the 
PPD and TED data structures accordingly. NPOT also provides the PCE with the impairment 
aware lightpath computation (i.e., IA-RWA engine). The multi parametric IA-RWA 
algorithm  [15] in NPOT is responsible to compute the lightpath upon receiving a request from 
PCE. Therefore, the PCE engine inside the EPCE depends on NPOT for actual path 
computation. The PCE participate in OSPF-TE and PCEP communications with the OCCs. 
The NPOT participate in failure handling procedure in case that OXCs and then OCCs detect 
a failure. The failure handling procedure is explained in detail in Section 2.3.4. 

2.5. Hardware Accelerated Q-tool  

The original implementation of the NPOT Q-Tool is purely software based, which is 
reasonable for the preliminary module development stage. However, the complex algorithmic 
calculations performed for Q-Tool dramatically increases the overall lightpath setup time, 
making it unsuitable for real time dynamic lightpath provisioning, which should be performed 
in the range of tens (hundreds) of milliseconds. To overcome the long time computation delay 
in scalable optical networks, a hardware-accelerated Q-tool was consequently proposed and 
evaluated. Preliminary results were reported in the deliverable D6.1. 
For the sake of module reusability and compatibility, the existing communication method 
between NPOT and pure software based Q-tool remains. The best way to keep the same 
communication protocol in FPGA is to deploy the embedded PowerPC processor which is 
manufactured in the FPGA fabric. The communication part software and/or partial software 
based Q-tool do/does not have to be modified. The rest computing intensive (or the whole) Q-
tool is off-loaded into the FPGA for acceleration. Then the Q computed by the FPGA is 
returned to the PowerPC, afterwards, to the NPOT over TCP/IP socket via gigabit Ethernet. 
(The details are depicted in section 2.5.5.) Coherently, the PowerPC behaves like an agent 
between FPGA and NPOT. The data exchange between PowerPC and FPGA affects the 
overall system performance considerably. Thus, different PowerPC/FPGA integration 
solutions have been explored in D6.1.  
 

 
Figure 8: Different solutions for integrating an embedded processor with the FPGA logic 

2.5.1. Review of the previous accelerated Q-tool architecture 

There are different solutions for deploying processors embedded inside the FPGA fabrics as 
shown in Figure 8. In D6.1, the combination of the extended instruction set approach and 
embedded processor bus connected approach shown in Figure 8 (a) and (c) had been chosen 
for the hardware accelerated Q-tool which receives commands and returns status through a 
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fast, low latency interface (i.e. Auxiliary Processor Unit (APU)) while operating on blocks of 
data located in bus connected memory. The hardware accelerated Q-tool proposed in D6.1 is 
as follows (Figure 9):  

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

2. While the embedded processor performs Q calculation, some computational intensive 
instructions are bypassed by and forwarded them to the APU for handling.  

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

4. During the calculation, all the intermediate data is stored in the processor bus 
connected memory, i.e. the external DDR (Double Data Rate) memory. 

 
�

 
Figure 9: Hardware Accelerated QoT estimation tool 

Although this approach provides reasonable performance, e.g. constantly two times speedup 
over pure software solution, it has a few potential drawbacks described in the following 
section 2.5.2. A new approach has been deployed to achieve even better result as described in 
the section 2.5.3. 

2.5.2. Motivation for a New Approach 

Along the development and evaluation of hardware accelerated Q-tool, a few problems when 
using an APU based interface were identified. First of all, APU introduces extra overhead 
when decoding the extended instructions, sending operands to FPGA logic and getting back 
the results then forwarding them to embedded processor for every extended instruction. In our 
case, the overhead can accumulate to distinct level while the network size increases. Also the 
Q calculation inherits the pure software data flow which means that the unique hardware 
advantage, such as parallelism is not utilized in system level. It can only be used in individual 
pieces of small functions. 
Another problem is that the interrupt when waiting APU response will break the hardware 
pipeline which is the key technique broadly used by hardware acceleration applications. This 
will have a big impact on the overall throughput. 
Also, the data exchange between the embedded processor and the FPGA logic is one of the 
main overhead in the implementation. The APU’s complexity and relatively slow speed for 
our application appeal faster and more efficient software/hardware acceleration architecture. 
Another motivation for the need of a new architecture is the aim of achieving a faster Q 
calculation, which is the ultimate objective. Deploying APU, only part of the calculation is 
done by the FPGA logic and still need to pay the substantial overhead. If off-loading the 
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whole Q calculation on the FPGA, the performance can be vastly increased. Although this 
dramatically increases development effort, the performance gained (see Section 2.5.4) is 
extremely satisfactory. 

2.5.3. The new architecture 

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

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

As shown in the upper part of Figure 10, the hardware accelerated Q-tool serves the NPOT 
and replies back with the Q estimation results. In order to make the implementation of the Q-
tool algorithm independent from the NPOT and to enable performance improvements from 
task-specific operation, a C/S model is devised. In this case, the client is referred as the Q-tool 
Client and resides close to the NPOT, from which it receives lightpath QoT estimation 
requests, while the server consists of the Q-tool Engine (QE) (deployed in a Xilinx Virtex IV 
field programmable gate array (FPGA)) and the Q-tool Agent (QA) (running on a 300MHz 
IBM PowerPC 405 hard core embedded inside the FPGA fabric, in conjunction with 1GB 
DDR2 memory). The modularity of the Q-tool server firstly, improves the performance for 
specific intensive applications, and secondly, enables the reusability of the server 
implementation for other network planning operations.  
The lower part of Figure 10 is the zoom-in vision of the Q-tool server. The new OCM 
interface based approach proposed holds all the estimation algorithms inputs data in a Dual 
Port Block RAM (DPBRAM) and gives the FPGA logic the opportunity to access the input 
data without any interrupt waiting time, and consequently smoothing the pipelining. The 
working flow between the Q-tool server and NPOT, and also the software part and the 
hardware part is depicted as below:  
 

1. Upon the NPOT’s lightpath request (or a set of lightpaths), the Q-tool inputs which 
mainly consist of five data types lightpath routing, lightpath wavelength usage, 
transmission and reception data and, finally, the data of the physical components that 
conform the link spans are transmitted through a socket connection to the QA. 

2. QA will do the initial processing of the received data and present to QE in a suitable 
format for hardware processing. 
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a. The QA running on the FPGA embedded processor stores the input data in 
DPBRAM following a word-aligned data format recognisable by the hardware 
algorithm logic. This feature is enabled by memory mapping the physical 
DPBRAM addresses onto the operating system running in the embedded 
processor. 

b. Then, the software program explicitly triggers the start signal over General 
Purpose IO (GPIO) in order to initialise the computation of the Q factor in 
FPGA. 

c. After receiving the start signal, the hardware retrieves the data from the 
DPBRAM to compute the set of fields taken into account by the Q-tool 
algorithm. Meanwhile, the software part waits over GPIO for the end 
interruption signal eventually set by the hardware when the Q factor 
computation finishes. 

3. After calculating the Q inside the QE, the results are delivered back to QA. 
a. The QE transmits back the Q results into the DPBRAM. 
b. Then it drives the done signal over GPIO to interrupt the software program that 

the Q is ready for fetch from the DPBRAM. 
c. The server software part reads the Q values from the DPBRAM. 

4. QA sends the Q to the Q-tool client module in the NPOT over the network. 
 
The main advantage of the new approach is the improved Q-tool calculation time. This is due 
to the following factors: 
 

1. The whole Q-tool calculation has been ported to hardware which enables us to 
optimize the implementation with hardware design techniques like pipelining and 
parallelism. Since the whole calculation is done in hardware, it does not suffer from 
pipeline stalls caused by interrupts in the case of the APU approach. 

2. The communication between the embedded processor and the FPGA logic via the 
OCM is much faster than the one using the APU.  This is because both the embedded 
processor and the FPGA logic can directly access the OCM with minimum latency. 
The interaction is simple and efficient with the help of a simple handshaking 
mechanism. Once the data required have been written to the OCM by the embedded 
processor, the FPGA logic can start the calculation on its own without worrying about 
data synchronization. 
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2.5.4. Performance Evaluation of the new hardware architecture 

 
Figure 11: multi-bitrate optical network testbed with real-time PLI information monitoring 

In order to evaluate the hardware accelerated Q-tool from the performance point of view, 
UESSEX built a complete real-time different transmission rates (2.5 GB/s, 10 GB/s and 40 
GB/s) optical network testbed. Based on the setup, three DICONET acknowledged ECOC 
2010 papers are generated and published out of different research interests [24][25][26]. 
Particularly, [24] focuses on the hardware accelerated Q-tool performance evaluation, i.e. 
average execution time which will be emphasised in this section as well.  
The UESSEX testbed used to evaluate Q-tool is shown in Figure 11. A proprietary module in 
simplified NPOT monitors real-time PLI measurements (OSNR and optical power 
measurements in this case) captured from PLI monitors (steps (1) and (2) in Figure 11) and 
updates the Q-tool inputs with the latest PLI information. All this information is transmitted 
through a socket connection to the Q-tool (step 3). After making the Q estimation the results 
are delivered back to simplified NPOT (step 4) over the same network connection. A novel 
feature of the present testbed is the use of a Bitrate Selection Engine connected to NPOT (step 
5) and capable of deciding to reduce to lower bit rate in order to meet the QoT constraints 
from the Q values calculated on previous steps (6) and (7).  
The transport optical network in this testbed serves 32 lightpaths, with 8 available 
wavelengths per link. In order to evaluate the Q-tool performance against different network 
scenarios in terms of number of lightpath (LP={5, 10, 25, 50, 100}) established in the 
network and number of wavelength per link, varying from 8 to 32 with a step of 8, and for the 
scalability, an offline experiment is carried out as well. The non-accelerated Q-tool is 
evaluated in a (currently) very fast general purpose computer which is populated with an Intel 
Quad Core Extreme 3.2GHz CPU and 4GB DDR3 memory, while the accelerated version 
runs in the FPGA evaluation board. 
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Figure 12: Q-tool average executing time v.s. (a) the number of lighpaths for 32 wavelengths per link (b) 

the number of available channels per link. 

Figure 12 (a) shows the Q-tool performance for a set of number of lightpath for a fixed 
number of wavelengths per link (32). As shown in the figure, the accelerated Q-tool 
outperforms the non-accelerated one by a factor of 28, in the order of milliseconds at the 
worst case 100 lightpaths. According to the trend of the curve, for more lightpath (200, 400 
lightpaths), the acceleration performance is expected to be better. This benefits from the 
hardware pipeline and parallelism. Figure 12 (b) shows the Q-tool performance for 100 
existing lightpaths and variable number of wavelength per link. The non-accelerated Q-tool 
execution time is ranging from 18.3s to 27.28s; the corresponding accelerated computation is 
constantly 0.97s, again below 1 second. The performance improvement is more than 28 times. 
The Q-tool includes single channel effects (ASE noise, PMD, SPM and chromatic dispersion) 
and multichannel effects (XPM and FWM), such that in theory all channels and established 
lightpaths impact on its running time. However, in this enhanced hardware accelerated 
version, the executing time is not associated with the number of wavelength per link. The 
reason is that in this hardware implementation, the functions in the Q-tool algorithm which 
take the number of wavelength per link as a parameter run in parallel along with other 
functions which do not take it as a parameter. These other functions have the longest 
executing time (longest delay line), and since the final executing time is determined by the 
longest delay line, the number of wavelength per link does not affect the total execution time. 
This gives hardware accelerated Q-tool extra scalability.  
When compared to the APU approach, this new approach improved the performance of the 
QoT estimation tool significantly. The best case QoT estimation tool execution time is around 
9s for the APU approach, while the worst case for the new approach is around 1s.  
Thus the new HW/SW co-design accelerated Q-tool achieves significant performance 
improvement. The executing time is in the order of millisecond for the worst case (100 
ligthpaths) and remains constant as number of wavelength per link increases. This test is 
dedicated for pure Q-tool executing time benchmarking; the final system level tests and 
results are given in Section 4. 
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2.5.5. Communication protocols/integration with the NPOT 

In order to exploit the performance gain, which is obtained by use of FPGA Q-Tool 
acceleration, the NPOT is interfaced to the FPGA acceleration platform using a customized 
TCP/IP based messaging protocol. There are other modules in NPOT (e.g. offline IA-RWA, 
regenerator placement, online IA-RWA modules), which utilize the NPOT Q-Tool as the 
physical layer performance evaluator. Therefore, it was crucial from design and architectural 
point of view of NPOT to provide the same API interface for the FGPA-based Q-Tool. The 
API of Q-Tool is not changed and therefore these two variations of Q-Tool look transparent to 
the other internal modules. The integration of FGPA accelerated Q-Tool into the NPOT is 
depicted in Figure 13. 
 

 
Figure 13: Integration of FPGA accelerated Q-Tool in NPOT 

As depicted in Figure 13, the FPGA_QTool_C plays the role of a TCP/IP-based client module 
in NPOT and the role of the server module in the FPGA acceleration platform. The client part 
of the FPGA_QTool_C provides the well-defined interface to the internal modules of NPOT. 
In other words, any modules in NPOT, which require performing the QoT estimation of 
lightpaths using the NPOT Q-Tool, will pass the candidate lightpath(s) to the Q-Tool and then 
the FPGA_QTool_C prepares the required data for Q-factor computation. These parameters 
as indicated in Figure 13 define the receivers (RxData), transmitters (TxData), span-related 
data along each lightpath (SpanData), allocated channels for each lightpath (W), and the 
information of allocated channels per each link between all pair of nodes in the network (i.e., 
ChannelUtilization). These parameters are passed to the FPGA acceleration platform using a 
TCP/IP based communication interface running over a gigabit Ethernet physical interface. 
On the FPGA acceleration platform the FPGA_QTool_C server process receives these 
parameters and using the FPGA engine, computes the Q-Factor of each lightpath and return 
them back to the calling process using the TCP/IP-based messaging protocol (Figure 13). The 
internal modules of NPOT typically pass the lightpath(s) to the NPOT Q-Tool. The NPOT Q-
Tool transforms the parameter that are suitable for FPGA accelerated Q-Tool engine (, which 
is running on FPGA platform). The client side of the NPOT FPGA accelerated Q-Tool 
invokes a function with the following signature: 
 
request_fpga_qtool(socket, params, TxData, RxData, SpanData, W, ChannelUtilization, 
Qvalues); 
 
This requester passes the parameters that are required for Q-Factor computation by FPGA 
server. The ‘socket’ is the TCP/IP communication socket, which is opened for this parameter 
passing. The ‘params’ data structure carries the general parameters, which are required for 
FPGA server engine. These parameters are: 

 
1. Number of nodes in the network 
2. Number of channels per fibre 
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3. Number of lightpaths, which are passed to the Q-Tool 
4. Maximum number of elements per lightpath 
5. Reference wavelength 

 
The server side module of FPGA accelerated Q-Tool received these parameters, invokes the 
FPGA Q-Tool engine to compute the Q-factor values and sends the ‘Qvalues’ back to the 
client process.  
The mentioned design and integration of FPGA accelerated Q-Tool engine to the NPOT has 
two main benefits. The first one is the transparency, by which the change of NPOT Q-Tool 
from software based module to an FPGA accelerated one is transparent to the internal NPOT 
modules by keeping the original signature of NPOT Q-Tool invocation signature intact. The 
second benefit is decoupling the NPOT FPGA client process from the FPGA server platform, 
which enabled us to perform the separate development and easy integration using a common 
TCP/IP-based communication library and common messaging protocol.  

 

 
 
 
 
 
 
 
 
 
 



�

��������	
���
����	���
���������������������������� �
��������� ��
������������������ !��"�# #�$���% &#�

�

� ������ �
��'�(����(�)*�� ���+ �

� �,�-� � �
/� .� �

�

3. Evaluation of the NPOT 

In the framework of DICONET project and in particular in WP6 (Network Planning Tool 
Evaluation and Experimentation) the complete evaluation of the NPOT with full integration 
according to the centralized and distributed scheme is performed. The experiments in WP6 
have been conducted on top of an impairment aware GMPLS-based test-bed.  
This section presents the results of the evaluation of the NPOT. To do that, a standalone 
version of NPOT was used. In the standalone mode, the NPOT will be executed as a console 
application and will interact with the end user using a command line interface (CLI), which 
convey the input parameters to the NPOT and receives the outputs and results from it. The 
NPOT evaluation is divided into two parts: a) The evaluation of planning mode modules and 
b) the evaluation of operation mode module. In the following sub sections of this deliverable 
the outcomes and evaluation results of each modules will be presented. 

3.1. Evaluation of NPOT planning mode 

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

 
The main goal of this evaluation is to check the performance of the NPOT Component 
placement  [12] and NPOT_Offline_IARWA  [3] modules. In the evaluation study, a demand 
set (traffic matrix) will be fed to the NPOT and the NPOT Component placement module and 
NPOT_Offline_IARWA will perform the regenerator placement planning with corresponding 
RWA solution and the NPOT_Offline_IARWA will also perform the planning of the demand 
set. The Network Description Generator (‘XML_generator module’) in this setup facilitates 
the generation of the required XML files for the operation of standalone NPOT. The 
interaction of the evaluator (end user) and NPOT for this study is based on the console CLI. 
The offline IA-RWA module of NPOT is able to perform dimensioning of off-line networks 
with and without dedicated protection. Bidirectional demands are also taken into account, by 
doubling the number of demands in the traffic matrices and inversing the source and 
destination nodes of the doubled part. The routing of bi-directional demands is done 
independently for both demands. The drawback of this method is the possibility to have two 
different paths associated to the two directions and also to have different regenerator 
placements. NPOT contains also a tool enabling the regenerator placement (COR2P), to 
reduce the global number of nodes in the network performing regeneration. This tool is able 
to consider the bi-directional constraints of regenerator placements. For each demand set, it 
performs a routing considering the k-shortest paths (k is a user defined parameter). The 
regenerator placement depends on two options: the value of “k” and the number of nodes with 
regenerator pools. 

3.1.1. Evaluation of NPOT offline IA-RWA engine 

Considering the physical layer impairments in the network planning phase gives rise to a set 
of offline Impairments Aware Routing and Wavelength Assignment (IA-RWA)  [9]  and 
regenerator placement algorithms. During the planning phase, the traffic demand is already 
known, enabling the network designer to perform the resource allocation task upfront. To the 
best of our knowledge this is the first comparative study, in which two different network 
planning tools (DICONET NPOT and DIAMOND  [14]) with different approaches regarding 
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the consideration of the physical impairments are quantitatively compared using a common 
network scenario and physical constraints framework. 
With NPOT it is possible to test various optical networks; we dimensioned in this evaluation 
study small networks, such as the national wide DT network, and bigger ones, such as the 
core GEANT network. The characteristics of these two networks can be found in deliverable 
D2.1; in summary the DT network is made of 14 nodes and 23 bi-directional links, while the 
GEANT network comprises 34 nodes and 54 links. 
Thanks to the use of a specific program (‘XML_generator.p’), it is possible to create the 
various files that the NPOT uses as input as a text file describing the topology of the network. 
The file describing the topology associates per each couple of nodes the series of spans 
(transmission fibre and dispersion compensation module in amplifier).   
When XML_generator.p is launched, the user has to specify the number of wavelengths per 
fibre, the signal transmission power and compensation fibres, and the amplifier noise factor. 
With NPOT we have the option to use two different dimensioning programs: the first option 
calls an off-line IA-RWA module called Offline Rahyab++ and the second calls a tool 
allowing the optimization of the regeneration placement by the means of COR2P 
algorithm [12].  
The Rahyab module [3] receives the traffic demand with which the network has to be 
dimensioned along with the network descriptor (giving the topology and physical constraints 
of the network). Routing in this tool is performed as follows: for a given traffic matrix the 
routing and wavelength assignment is carried out for each demand, then the quality of 
transmission of the obtained connection is checked. Whenever the quality of transmission of a 
connection is below the required threshold, one or more regenerations are placed in-between 
the connections in a transparent way. To ensure the new solution still gives optimum results, a 
new traffic matrix is created with connections arranged in the following manner: connections 
not requiring regeneration are kept in the traffic matrix, while demands corresponding to 
connections not transparently feasible are replaced with two demands coming from the 
original source to the regeneration point and from the regeneration point to the original 
destination. A new dimensioning is so performed with the new traffic matrix and again a 
check on the physical feasibility of all connections is performed. The split of demands is done 
until all connections routed in the network are physically feasible. Thanks to this artifice, it is 
possible to perform a wavelength conversion during regeneration if it gives a better solution. 
On the other hand, the wavelength conversion to cope with wavelength continuity constraints 
is not performed, and in case where this constraint appears the demand is blocked. This is a 
drawback of the dimensioning tool because the required capacity to avoid demand blocking 
could be higher than the one really needed.  
This tool does not set any constraint on the regenerator placement or in which nodes the 
regenerators have to be placed; on the other hand, it gives an idea of the minimum number of 
required regenerators. In fact, with the introduction of the constraint about the regenerator 
placement, the number of required regenerators in a network can increase because it is not 
always permitted to use the shortest path to perform regeneration and sometimes the number 
of required regenerators to join the destination node is higher than when the shortest path is 
computed.  
Another interesting feature of the NPOT is its capability to perform network dimensioning 
with and without dedicated protection. In fact today when a network is designed an operator 
asks for the resilience of the network to any kind of failure (node or link failure). To ensure 
such resilience two sorts of recovery are possible: 1+1 protection, using dedicated resources 
and recovering the failure in less than 50 ms; the other resilience strategy is called restoration 
and the path is often computed once the failure arises. This strategy is less reactive than the 
1+1 protection, but its advantage is the possibility of using less resources. Since NPOT is 
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conceived for off-line dimensioning, the 1+1 protection is enabled making such tool more 
compliant with vendors and operators dimensioning requirements. 
Bidirectional demands are also taken into account by simply doubling the number of demands 
in the traffic matrices and inversing the source and destination nodes of the doubled part. The 
routing of bi-directional demands is done by routing independently both demands. The 
drawback of this method is the possibility to have two different paths associated to the two 
directions and also to have different regenerator placement. Presently, operators prefers to 
place (in case of bi-directional routing) regenerators for both directions in same nodes, 
because devices are bi-directional and it is easier to manage (in fact, only one set of 
information related to the two directions is required).  
With evolution of traffic profiles, there are less and less bi-directional demands, so it is 
conceivable to have uni-directional routing. Anyway, we suggested creating an option to 
enable bi-directional routing and be compliant with operator requirements. 
To estimate the advantages of the use of NPOT using Rahyab option, we dimension the DT 
network with another dimensioning tool existing in the literature: the DIAMOND tool, 
developed in Bell Labs laboratory  [14].  
Both dimensioning tools are structured into two paths: there is a path search tool (Rahyab and 
A*, respectively for NPOT and DIAMOND) and both evaluate the Q-factor of the computed 
connections by means of a proprietary Q-tool estimator, the one developed inside DICONET 
project and one proper to Alcatel-Lucent Bell-Labs. The structural blocks of both 
dimensioning tools are represented in Figure 14. 
 

 
Figure 14: Building blocks of dimensioning tools 

Compared to NPOT (where an optimal solution is looked for) DIAMOND is a planning tool 
based on a heuristic approach and that searches for a lightpath between two nodes in a 
network by means of a layered network graph  [14]. The path search is iterative and places a 
regenerator or wavelength converter whenever it is required (due to QoT or wavelength 
continuity constraints, respectively). The chosen path is the one having the lesser cost, which 
is obtained considering the link lengths and the eventual cost associated to intermediary opto-
electronic devices. The traffic demands are considered in the arrival order and they are routed 
sequentially. A demand is blocked whenever there is no available resource, or in terms of 
wavelengths in the fibre either in terms of opto-electronic devices in an intermediate node. 
Both Q-tools estimates the distortion-induced eye closure that defines the impact of the 
combined effect of Self Phase Modulation (SPM), Chromatic Dispersion (CD) Filter 
Concatenation (FC) and Polarization Mode Dispersion (PMD). They also consider the 
impairments that introduce degradations at the amplitude levels, i.e. Amplified Spontaneous 
Emission noise (ASE), Cross Phase Modulation (XPM), and Four Wave Mixing (FWM). To 
make a fair comparison on the Q-threshold, no uncertainties are considered and the same 
margin on the estimation is taken into account. The main difference between the two Q-tool 
estimators is that the one used by DIAMOND does not account for QoT degradation due to lit 
neighbouring lightpaths, in fact it is considered a worst case were all neighbours of the 
considered channel are present and it is not always the case. Hence, in DIAMOND, the 
wavelength assignment does not account for the physical degradations and the first fit 
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wavelength is assign to the selected path. In order to guarantee the feasibility of a candidate 
lightpath, the Q-tool in DIAMOND considers the worst case scenario for all connection, i.e. 
all neighbour channels are present, contrarily to DICONET approach where to avoid it and 
optimize on the number of regenerators required by the network planning the actual physical 
degradation due to neighbours are calculated.  
The main advantage of DIAMOND is its computation speed, while DICONET NPOT 
requires more time to compute the optimum solution. 
 
The physical characteristics of DT-Net are shown in Table 1. We define the offered load in 
the network as the ratio between the number of lightpath demands divided by the number of 
pairs of nodes in the network. The unit traffic load corresponds to the demand set where there 
is a lightpath request between each pair of (distinct) source-destination. We studied three 
traffic load values (i.e. 0.3, 0.6 and 0.8), corresponding here to the establishment of 56, 110 
and 146 lightpaths. Unidirectional routing is performed and per each fibre there are 16 
wavelengths and there is no possibility to add further fibres per link. 
DICONET NPOT and DIAMOND served all demands without any blocking for all loads. 
NPOT served all demands without any regenerators and there was no need to transform the 
demand set. However DIAMOND computed a need for 2 and 6 regenerators for load values 
of 0.6 and 0.8 respectively; this is mainly due to wavelength contention. Indeed DIAMOND 
utilizes the first-fit wavelength assignment and due to sequential path search, wavelength 
blocking can occur, which is alleviated by wavelength conversion using opto-electronic 
regeneration. 

Table 1: Physical characteristics of the DT network for evaluation studies 

 
 

The Rahyab module of NPOT intensively invokes the Q-Tool to evaluate the performance of 
each candidate lightpath in order to guarantee the minimum QoT impact of the new lightpath 
on the currently established ones. Therefore the computation time of NPOT is very high 
compared to DIAMOND. The computation time of NPOT for load 0.3 was 9 hours while 
DIAMOND computes the results in 563 milliseconds. The computation time in planning 
phase is not critical, while the computation time of NPOT in online mode is acceptable. As 
announced before, the DICONET approach prefer to be time greedy if it is possible to 
minimize the number of required devices associated to a network dimensioning and for the 
given example, for the bigger traffic matrix it is possible to save up to 4% of regenerators.  
If we want to compare the dimensioning results, we have now to observe the path-length 
distributions and the Q-factors obtained with both planning tools. The cumulative distribution 
function of the lightpath length for different loads is depicted in Figure 15; the distribution of 
the lightpaths length is presented in Figure 16 for all 3 demand sets combined. 
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Figure 15: CDF of lightpath length for different loads 

 
Figure 16: Distribution of lighpaths length 

We can observe that the routing engine of NPOT could find longer feasible lightpaths 
compared to DIAMOND. The average length of the lightpaths in DIAMOND is 419 km and 
572 km for NPOT. Almost all computed lightpaths by DIAMOND have a length lower that 
900 km. NPOT only considers the active lightpaths in order to admit or reject a demand, 
while DIAMOND considers a worst case scenario, in which all neighbouring lightpaths are 
active. Figure 17 presents the distribution of wavelength usage by DIAMOND and NPOT for 
a particular demand set (i.e. Load=0.3). Rahyab utilizes an adaptive wavelength assignment 
approach, in which the wavelength of the candidate lightpath is selected in a way that it 
introduces the minimum impact on the currently established lightpaths. The A* engine of 
DIAMOND follows the first fit wavelength assignment on available path with fewer 
regeneration cost. The Rahyab wavelength usage pattern is adaptive along the available 
channels per links depending on network state and some channels are not assigned to any 
lightpath. We also observed that for the given demand sets on average the first 10 channels on 
the links were sufficient for both planning tools to serve 80% of the demands. NPOT and 
DIAMOND rely on different QoT estimators. In order to evaluate the quality of the solutions 
of these tools, we fed the solution of each tool for each demand set to the NPOT’s Q-Tool. 
The average Q-factor value of DIAMOND’s solutions is 4% better than NPOT. The average 
Q-factor of DIAMOND’s solution (over three demand sets) is 28 dB. This is mainly due to 
the fact that DIAMOND routing module selects shortest paths in general to admit or reject a 
lightpath. 
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Figure 17: Frequency of channel usage (Load=0.3) 

3.1.2. Evaluation of NPOT regenerator placement module 

NPOT also contains a tool enabling the regenerator placement (COR2P  [12]), to reduce the 
global number of nodes in the network performing regeneration. Also in this block, the traffic 
is routed in a uni-directional way. For each list of uni-directional demands, it performs a 
routing considering k-shortest paths (k is a user parameter). The regenerator placement 
depends on two options: the value of k and the number of nodes with regenerator pools.  
With the increase of k we observe an important increase of the simulation time, above all 
when the GEANT network is studied. The computation time increase is due to the definition 
of the Q-factor done by the Q-tool. GEANT network is bigger than DT-one and few paths can 
be done transparently and to optimize the regenerator placement the NPOT Q-Tool has to be 
run many times. However, simulation times are still compatible with network planning 
requirements.  
Before starting the routing, the user chooses the number of nodes where regeneration can be 
performed and the maximum number of regenerators per each node; if with this number of 
regeneration sites it is not possible to route all connection with a Q-factor higher than the 
threshold, more regeneration sites can be added. 
Another user-defined parameter is the Alpha parameter (ranging between 0 and 1). The Alpha 
parameter gives a weight on the k-shortest paths associated to each possible connection. The 
higher Alpha is the shortest path (among the k-shortest ones) is selected; the choice of 
shortest paths enables a less network occupation and so we’ll expect a lower blocking ration 
with the increase of the number of connections. 
During the routing the demands are sorted following an increased order of their Q-factor 
parameters. As for each path we research for k-shortest paths, the best Q-factor over the k-
path is used for the sort. Demands that do not have a Q-factor higher than the required 
threshold are then treated randomly and different regeneration node locations are tested, 
always in a random way. For this reason the planning results can be different when the routing 
relative to one scenario is performed several times. The difference between results can be on 
the global number of required regenerators and on the number of blocked demands. We 
performed a certain number of simulations and we observed that the discrepancy is about 3% 
for the blocking ratio and up to 22% for the number of required regenerators among all 
possible draws. The discrepancy on the number of regenerators decreases with the increase of 
traffic load and with the increase of the network size (in fact is up to 5% with the GEANT 
network.  
This means that when we dimension a network, we can suppose a certain uncertainty on the 
obtained results; concerning the number of regenerators this discrepancy also impacts the 



�

��������	
���
����	���
���������������������������� �
��������� ��
������������������ !��"�# #�$���% &#�

�

� ������ �
��'�(����(�)*�� ���+ �

� �,�-� �' �
/� .� �

�

global cost of the network and so influencing the choice of a vendor solution. Observing 
general results in terms of regenerators and blocking ratio, we do not observe an improvement 
on the blocking ratio or regenerator number when the Alpha parameter changes. 
The wavelength conversion is possible only if regeneration is performed at the same time. 
Hence a demand that blocks not because of the Q-factor but for wavelength contention is 
blocked. From an industrial point of view this is a negative planning tool constraint. In fact, 
when we dimension the networks for the same scenarios (matrix traffics and number of 
wavelength per fibre) with the DIAMOND tool (that accounts for wavelength conversion 
independently on the regeneration requirements), the blocking ratio decrease from 30% to 
10%, just because of the capability of performing wavelength conversion independently of 
regeneration requirements. 
As conclusion, the proposed NPOT has all potential to be used as planning tool by an operator 
to have an idea of the number of opto-electronic devices required for a given network and 
traffic matrix. The main drawback of the actual DICONET NPOT is its lack of wavelength 
converters and then the possibility to make a bi-directional routing where the two directions 
associated to a bi-directional demand are routed on the same path with opto-electronic 
conversions operated at the same nodes for management facilities. 

3.2. Evaluation of NPOT operation mode 

The main goal of this evaluation is to check the performance of the NPOT Online IA-RWA. 
In the evaluation study, an online demand (source, destination and protection requirement for 
the lightpath) will be fed to the NPOT_Online_IARWA engine and this module computes a 
lightpath and reports it back via the CLI. The Network Description Generator in this setup (as 
an add-on utility) facilitates the generation of the required XML files for the operation of 
standalone NPOT. The interaction of the evaluator (end user) and NPOT for this study is 
based on the console CLI and a graphical user interface (GUI). The main engine for this 
standalone version of NPOT is the online_MP_IARWA [15]. This module receives a demand 
(consisting of source, destination, if the demand is asking for a protected (1+1 protection) 
lightpath or not, and whether to use regenerators or not) and computes a lightpath for each 
demand in a one by one fashion. In addition to interactive mode, in which the NPOT operator 
can define a demand interactively and get the response back, in the batch mode, the tool is 
able to receive a demand set file, read the demands from the file and process them in the given 
order (sequential ordering). In addition to these two main options, the NPOT operator has the 
access to the network summary and also a list of already established lightpaths. 

The main functionality of NPOT evaluation version for operation mode is to receive a 
connection request for a given source-destination pair, and to return a lightpath (i.e., route and 
wavelength/channel) for serving the request, considering the network topology and physical 
layer performance.  

The IA-RWA algorithm, which is incorporated in NPOT is named Multi-Parametric 
(MP) IA-RWA Engine  [15]. It receives a demand request, in the form of a (source, 
destination, protection level) tuple and computes the lightpath for serving this request. In the 
Multi-Parametric approach, a vector of cost parameters is assigned to each link, from which 
the cost vectors of candidate lightpaths are calculated. The cost vector includes impairment 
generating source parameters, such as the path length, the number of hops, the number of 
crosstalk sources and other inter-lightpath interfering parameters, so as to indirectly account 
for the physical layer effects. For a requested connection the algorithm calculates a set of 
candidate lightpaths, whose QoT is approximated using a function that combines the 
impairment generating parameters. A lightpath is rejected if the value produced by the 
function is larger than a predefined threshold, which characterizes the lightpaths with 
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acceptable QoT. For selecting the lightpath various optimization functions can be used. In the 
end, the decided lightpath is also evaluated using the actual Q-Tool. In addition, the Q-factor 
of the already established lightpaths are also evaluated so as to check whether the 
establishment of the new lightpath will turn infeasible some of the existing ones, in which 
case the new lightpath is blocked. 
We selected Deutsche Telekom’s national network (DT) for our simulation studies. This 
network has 14 nodes and 23 bidirectional links, with an average node degree of 3.29. The 
physical characteristics of DT are summarized in Figure 18. In our tests we assume an 
”arrivals only” scenario, were connection requests, each having infinite duration, arrive one 
by one and have to be served efficiently and fast upon their arrival. Under this scenario the 
exact arrival process of the requests does not affect network performance; instead, their 
characteristics (source, destination nodes) are important. In our tests the number of requested 
connections varies. 

 
Figure 18: Physical characteristics of the DT network 

The characteristics of these demands were based on the traffic of the DT for 2009, by 
escalating it by a factor L (0.2, 0.4, 0.6, 0.8, 1, 1.2). In what follows we refer to this factor L 
as the network load. Figure 19 shows the GUI of NPOT and in particular the visualized 
results of the MP IA-RWA algorithm. Though in our tests NPOT operates in a standalone 
mode, it can also be installed in an actual optical network, cooperating with a control plane 
mechanism for network information collection, dissemination and lightpath establishment. 

 
Figure 19: The established lightpaths on NPOT GUI 
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Figure 20 shows the ratio of successfully established connections as a function of the number 
of available channels (W) per fibre, for various network loads. The load in the network affects 
the success ratio, since when more connections request service the ratio of successfully served 
connections decreases, even if there are many available channels. 

 
Figure 20: The success rate versus the number of available channels (W) per fibre 

Figure 21 illustrates the average execution time (in seconds) per connection request of NPOT, 
for different number of available channels and traffic demands. A large number of available 
channels increases NPOT’s execution time, since in this case more candidate lightpaths are 
calculated by the MP algorithm. In addition, when the number of established lightpaths is 
large, then the Q-factor value of many of these (affected) lightpaths has to be evaluated before 
a new/candidate lightpath is established; increasing in this way the total execution time. In 
any case, as illustrated in Figure 21, NPOT’s execution time is acceptable and appropriate for 
online mode. 

 
Figure 21: The average execution time per connection request versus the number of available channels W 

per fibre 

In our tests we also observed that the average length of the lightpaths is decreased from 457 
km to 415 km, when the load L is increased from 0.2 to 1.2. This is because when the load 
offered to the network is increased, then the impact of physical impairments (and in 
particular, that of the interference among lightpaths) becomes more severe and therefore the 
IA-RWA algorithm tends towards selecting shorter feasible lightpaths. Figure 22 depicts the 
distribution of channel usage for traffic load of 0.2 and 1.2. We can observe that the IARWA 
engine uniformly utilizes the available channels per fibre (i.e., W=10). Additionally, in order 
to quantitatively evaluate the performance of MP IA-RWA engine, we fed the RWA solutions 
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produced for different load values to the Q-Tool. The distribution of the Q-factor values for 
traffic loads 0.2 and 1.2 and 10 available channels per fibre (W=10) are shown in Figure 23. 
The average Q value of the active lightpaths is 27.2 and 25.7 dB for loads 0.2 and 1.2, 
respectively. We can also observe that by increasing the traffic volume the distribution of the 
Q-factor values is skewed towards lower quality. However all the active lightpaths have a 
guaranteed Q value, above the 15.5 dB threshold. 

 
Figure 22: Distribution of channel usage 

 
Figure 23: Distribution of Q-factor (W=10) 

3.2.1. Remarks on NPOT evaluation 

Evaluating all details of NPOT on the physical layer, especially the physical layer impairment 
aware RWA is practically impossible. In fact, it is the intention of the GUI and the NPOT tool 
itself to unload the user from the burden of modelling and checking all physical impairments. 
This is basically considered as the great advantage and uniqueness of NPOT from a network 
operator’s perspective. Therefore, the validation tests reported here are aiming at plausibility 
checks of the physical modelling. Furthermore, the tests serve to evaluate the runtime of the 
tool which is an important parameter especially when NPOT is applied as an online tool 
within a network management system environment. Finally, the operability and intuitive 
usability is to be studied here. Whenever it seemed to be appropriate recommendations are 
given how to improve this unique tool even further. All tests have been done in the interactive 
mode for the online IA-RWA operation. The batch mode is indeed beneficial from a network 
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operation perspective; for the tool evaluation purpose itself no more critical insight is 
expected from a batch more. 
A full coverage of all possible validations of NPOT can hardly be achieved. However there 
are several indications giving reason to trust the NPOT results and believe in the correct 
termination of this tool: 
 

1. Route selection:  
In general, the selected routes tested for validation met the expectations. By a separate 
software tool written in MATLAB, all routes have been double-checked and turned 
out to be reasonable. In case of unprotected connections, no inconsistencies could be 
found. The only two exceptions refer to the protection case and are elaborated in the 
next item. 

 
2. Specific route calculations:  

The following two calculations revealed some more insight into the modelling 
approach NPOT follows: 
 

a. When a protected connection between Berlin and Nürnberg is to be chosen, 
then a somewhat spurious behaviour of NPOT seemed to be detected: the two 
lightpaths, primary and backup, are established via Berlin-Hannover-Leipzig-
Nürnberg and Berlin-Leipzig-Frankfurt-Nürnberg. At first glance, this seems 
to be strange. Both lightpaths contain the Leipzig node which might be a 
single-point-of-failure from the network survivability perspective. Typically 
such a situation has to be avoided when planning a reliable network. One could 
conclude NPOT’s internal modelling strategy of the protection scheme to 
support link disjointness rather than node disjointness. The routing engine 
considers the node disjointness and link disjointness. However if the quality of 
a node disjoint primary and backup path is lower than the one of the link 
disjoint, the latter primary and backup path will be selected. 
 
Furthermore, the physical distance of these two proposed paths is 750 km and 
826.7 km, i.e. 1576.6 km in total. The classically expected MATLAB solution 
for a protected connection between Berlin and Nürnberg is one primary path 
via Berlin-Leipzig-Nürnberg (447.9 km) and a backup path via Berlin- 
Hannover-Frankfurt-Nürnberg (832.9 km). This is an interesting finding. It 
shows that the backup path of the classical solution is slightly longer than the 
backup path of the NPOT solution. That means the NPOT solution prefers a 
longer primary path as long as the longer of both paths, usually assigned to the 
backup path, can be reduced by this approach. Therefore, this protection 
concept provides a higher Q-factor of the backup path and can be considered as 
an advantageous solution. In the end, by this approach NPOT guarantees the 
highest possible quality of the delivered signal.  
 

b. In order to affirm this argumentation chain, a second check was done which is 
basically equivalent with the first specific check. Now, a protected connection 
between Leipzig and Munich has to be established. The NPOT solution was 
Leipzig-Nürnberg-Munich (455,4 km) and Leipzig-Frankfurt-Stuttgart-Ulm-
Munich (792,7 km) as also suggested by the MATLAB routine. However, the 
MATLAB routine follows the stricter node-disjoint protection of lightpaths. 
Therefore, it was investigated whether there exists also a link-disjoint pair of 
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lightpaths with a shorter distance of the backup path. And indeed, the lightpath 
pairs Leipzig-Nürnberg-Stuttgart-Ulm-Munich (696.1 km) and Leipzig-
Frankfurt-Nürnberg-Munich (757.4 km) exhibits a roughly 35 km shorter 
backup path. Thus, the later pair of lightpaths is supposed to provide the better 
backup signal quality as long as link disjointness is considered to be enough 
for a reliable network design.  

 
In summary, this is still an open issue. It is unclear why two different solutions are obtained 
here while the setting is basically quite comparable. Maybe, the reason is that for the first 
example the distances are longer and consequently the lightpaths are closer to their physical 
boundaries. In this case even a slightly improved Q-factor decides whether a pair of lightpaths 
is feasible or not. Since the IA-RWA engine considers the impact of physical layer 
impairments not only on the candidate lightpath, but also the currently established lightpaths, 
it is possible to find longer lightpaths with better quality of transmission indicator. From an 
end user perspective, a dedicated selection button, which disjointness strategy (node or link 
disjointness) to follow, would be beneficial for a future NPOT release. 
 

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

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

b) Should the second connection have the same source and destination nodes, 
NPOT makes use of wavelength 3. With the concept to make use of the next 
but one wavelength, the linear and nonlinear cross-talk contributions are 
successfully tried to be minimized.  

c) Generally, when the network load is comparably low and a further lightpath is 
to be established on an already populated link, NPOT makes use of the next 
but one wavelength within the WDM channel grid. This concept keeping a gap 
of one unused channel between any two lightpaths whenever it is possible, 
again aims to achieve the optimum transmission quality. 

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

4. Computation speed:  
The computation time of NPOT is pretty excellent. It ranges from a fraction of a second 
up to a few seconds for the DT network. The maximum calculation time observed was 
about 4 seconds for a feasible protected connection calculated by an Intel Core 2 Duo 
CPU, P8400 @ 2,26 GHz, 1,93 GB RAM stand-alone engine. From an end user 
perspective, a flag indicating the successful termination of NPOT even in the “Network 
Graph” view would be helpful. 
5. Calibration: 
Generally, it is the NPOT methodology, the NPOT algorithms and the software 
architecture which make NPOT a unique tool rather than the underlying engineering rules 
taking into account physical layer impairment aware RWA algorithms. Nevertheless, the 
question must be raised whether the calculations do not only find the optimum ligthpaths’ 
settings, but also whether the optimum value itself is correct, i.e. whether the lightpaths 
are physically feasible or not.  For checking this property, the ultimate reach was 
investigated. The classical example on a German landscape is to consider a protected 
connection between Hamburg and Munich. The MATLAB routine derived the lightpaths’ 
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distances to be 915 km (primary: Hamburg-Hannover-Frankfurt-Stuttgart-Ulm-Munich) 
and 935 km (backup: Hamburg-Berlin-Leipzig-Nürnberg-Munich), respectively. The 
number of transparent hops is 5 for the primary and 4 for the backup path. Both numbers 
are within the typically specifications of the achievable distances and hop numbers for up-
to-date 10G transmission technology. However, the NPOT claims these paths to be 
infeasible even when the network was completely unloaded. 

 
Assuming a correct impairment modelling inside the NPOT software, the Q-factor threshold 
applied within the NPOT is obviously somewhat too conservative compared with 
commercially available technology. Maybe, commercial systems today can tackle higher 
OSNR penalties and achieve longer transmission distance only due to forward error correction 
(FEC) capabilities, either standard or enhanced, proprietary implementations. If this is the 
case, then NPOT’s associated pre-FEC Q-factor threshold has to be modified and updated 
accordingly. 

6. Further requirements: 
Improved GUI functionalities would be highly appreciated. For instance when moving the 
mouse arrow over a certain link, it is helpful to get all available information about 
traversing lightpaths, their source destination pairs etc. It is mainly such a kind of 
information that makes a software tool intuitive and user-friendly. Furthermore, it is 
desirable to predefine some intermediate node to be optically bypassed by a given 
connection. This reflects the fact that sometimes a network site is already at overload (lack 
of floor, electricity etc.) while others offer some free capacities and should be used 
preferentially. On the other hand, it was never the first-order goal of DICONET to 
manufacture an intuitive and user-friendly GUI. Therefore, this cannot be expected from 
the release 0.97 version of the software. 
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4. Experimental Evaluation of the DICONET approaches 

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

4.1. Network scenario 

This subsection details the main characteristics of the network test-bed that has been used for 
the validation of DICONET centralized and distributed approaches. This network test-bed 
(hereafter referred as the DICONET test-bed) has been based the CARISMA network [18], 
located at the UPC premises in Barcelona, which has been accordingly upgraded to 
implement any functionality required to implement the contributions of the project. It is worth 
mentioning that a significant part of this upgrade has been achieved through the integration of 
the hardware and software modules developed in the framework of the project and delivered 
by the other partners, namely, the NPOT provided by AIT, the PCE provided by HUAWEI 
and the FPGA Q-tool hardware accelerator provided by University of Essex. 
The DICONET test-bed consists of a configurable Signalling Communications Network 
(SCN) running over Optical Cross-Connect (OXC) emulators (Figure 24). In this configurable 
SCN, Optical Connection Controllers (OCCs) are interconnected by 100 Mbps full-duplex 
Ethernet links, describing the same topology than the underlying transport plane. OCCs are 
deployed by means of Pentium IV Linux-based routers at 2~GHz, so that each OCC 
implements the full GMPLS protocol set: RSVP-TE for signalling [19], OSPF-TE for routing 
purposes [20] and Link Management Protocol (LMP) for resource discovery and failure 
management [21].  
As depicted in Figure 24, each OCC is composed of three different modules, namely, the Link 
Resource Manager (LRM), the Routing Controller (RC) and the Connection Controller (CC). 
Essentially, the LRM module is responsible for the management of the resources available at 
the optical node through the Connection Controller Interface (CCI). Moreover, it implements 
the GMPLS LMP (RFC 4204 [21]). Next, the RC module implements the OSPF-TE protocol 
(RFCs 3630, 4203 [20], [22]) used to advertise the state of the local output data-links to the 
rest of control plane OCCs. This information is contained in the Opaque Link State 
Advertisements (OLSAs) that the OSPF-TE daemons in all OCCs exchange among them 
every time that a data link is allocated or released, and is used to populate the TED and PPD 
databases maintained by the NPOT. Finally, the CC is responsible for the lightpath set-up and 
tear-down. The CC module includes the RSVP module which implements the RSVP-TE 
protocol (RFC 3473, 3477 [19], [23]). As introduced before in section 2, OCCs are interfaced 
to the local or centralized NPOT, depending on whether the distributed or the centralized 
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approach is implemented. Moreover, the centralized NPOT is also interfaced with the NMS in 
order to inform the latter of possible failure situations. 

�
NMS

NPOT 
(Centralized)

NMI-A
OCC-NPOT

NMS-NPOT

OCC1

OCC2

OCC3 OCC4

OCC5 OCC6

OCC7

OCC8

OCC9
OCC10

OCC11OCC12

OCC13

OCC14

OXC 
Emulator

EMULATED                            
TRANSPORT PLANE

I-NNI

CCI

100Mbps Ethernet

Connection 
Controller (CC)

Link Resource 
Manager (LRM)

Routing 
Controller (RC)

OCC

Number of nodes 14

Number of fiber links 23

Mean nodal degree 3.29

Wavelengths per link 10

Mean link length (km) 186

Mean path length (km) 410

NPOT 
(Distributed)

OCC-NPOT

OUT-OF-FIBER
SCN

 
Figure 24: 14-Node DICONET test-bed. The main characteristics of the emulated transport plane are 

shown in the table beside 

For the results presented below, a 14-Node emulated transport plane describing the same 
topology as the DT network has been considered. The topological characteristics of the 
emulated transport plane are depicted in Figure 24. 

4.1.1. Network Management System 

The Network Management System (NMS) used in the DICONET test-bed was implemented 
separately and then integrated in the UPC test-bed. In DICONET, we focused on Soft 
Permanent connection establishment. For this kind of connection, the NMS contacts the OCC 
for lightpath establishment request and therefore, an interface between OCC and the Network 
Management System is required (NMI-A). Apart from the implementation of the different 
interfaces among NMS, Transport Plane (optical nodes) and Control Plane (OCCs), the NMS 
was provided with some additional functionalities, such as the network topology drawing, 
representation of detailed information about the current established lightpaths (e.g., LSP_id, 
route, Q-values of the optical connections, etc.). To the purpose of having a picture of the 
current status of the network, a Graphical User Interface (GUI) for the NMS has been 
implemented. Some pictures of the GUI are reported in Figure 25. 

  
Figure 25: DICONET NMS Graphical User Interface 
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4.2. Experimental evaluation of distributed and centralized approaches 

This section presents the outcome from the experimental evaluation of the distributed and 
centralized approaches in the DICONET test-bed. Throughout the evaluation, the lightpath 
setup time and the network blocking probability have been taken as the main performance 
criteria. Furthermore, the NPOT failure management capabilities have been also evaluated for 
the centralized approach. 
To this goal, we initially offer bidirectional lightpath requests to the network following a 
Poisson process. Moreover, lightpath Holding Times (HTs) are considered exponentially 
distributed with mean 600 seconds. Hence, different traffic loads are easily generated by 
modifying the lightpath Inter-Arrival Times (IATs) accordingly (i.e., offered load = HT/IAT). 
The experimental results presented along the section are obtained as the average of 10000 
incoming lightpath requests, unless otherwise stated. 
Figure 26 depicts the setup time experienced by the incoming requests, depending on whether 
the distributed or centralized approaches are deployed in the network. Note that the FPGA-
based hardware acceleration is still not implemented in the centralized approach at this point. 
As seen in the figure, the distributed approach yields lower setup times in all experimented 
situations, increasing these differences with the offered load to the network. To explain this, 
note that in the centralized scheme only one route computation is allowed at the same time. 
Furthermore, a sufficient amount of time must be left between two consecutive route 
computations in order to let the centralized NPOT be fed with the new wavelength availability 
and PLI information. Otherwise, subsequent routes might be computed with inaccurate link 
state information. Therefore, the centralized NPOT scheduler must delay new incoming 
requests until the signalling and the respective flooding of the previous connection 
establishment has been completed (around 2 seconds in the test-bed). In contrast, the 
distributed approach can benefit from parallel lightpath establishments, as the Q-factor values 
of the new LSP and the involved active ones are computed during the signalling process. 

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

This eventually results into very attractive connection setup times, around 1,8 seconds, five-
times lower than the 10 seconds’ setup delay values reported in previous works [7]. 
An important contribution inside the DICONET project has been the implementation on 
FPGA hardware (Figure 27) of the Q-tool inside the centralized NPOT (i.e., the actual 
bottleneck in the NPOT response time), which should enable fast impairment-aware route 
computations.  
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Figure 27: FPGA board integrated into the DICONET testbed 

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

Figure 28 illustrates the performance in terms of lightpath setup time that has been finally 
achieved with such FPGA hardware acceleration. For an easier comparison, the lightpath 
setup times achieved in the centralized approach without acceleration, as well as those in the 
distributed approach, are also plotted in the figure.  
As shown, by implementing the Q-tool on FPGA hardware significantly lower lightpath setup 
times can be achieved. Interestingly, almost the same performance as in the distributed 
approach can be reached, especially for low offered loads to the network. Moreover, even 
though the lightpath setup times are increased with the offered load, their dependence on the 
latter is not as pronounced as in the case without acceleration. This is due to the fact that the 
new hardware succeeds in reducing the lightpath route computation times, which also impacts 
on the waiting times in the scheduler for subsequent requests. 
In order to better appreciate the improvements provided by the FPGA hardware acceleration, 
we have additionally broken-down the different contributions to the lightpath setup time, 
separating the waiting time at the NPOT scheduler, the NPOT processing time, the Q-factor 
computation time and the control plane signalling time. In particular, the NPOT processing 
time comprises the total amount of time needed to process the route request, trigger the IA-
RWA algorithm and send the ERO object back to the source node OCC. Note that the time 
required by the Q-tool for the computation of the feasibility of the potentially disrupted 
lightpaths is not counted here but as a separate contribution. In turn, the lightpath signalling 
time contains the time spent on the communication with the NPOT and the RSVP-TE 
signalling process. The obtained results are depicted in Figure 29 without (left) and with 
FPGA hardware acceleration (right). 
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Figure 29: Lightpath setup time break-down as a function of the offered load: without FPGA hardware 

acceleration (left); with FPGA hardware acceleration (right) 

Looking at Figure 29 (left), we can observe, leaving the waiting time at the NPOT scheduler 
apart, that the Q-factor computation time arises as the bottleneck in the impairment-aware 
route computation.  Moreover, such a time grows with the offered load to the network, since 
the number of potentially disrupted lightpaths that should be checked also augments. For 
instance, the average Q-factor computation time for an offered load of 90 Erlang becomes 
1.91 seconds, compared to the 570 and 30 milliseconds (almost imperceptible in the graph) 
required by the NPOT and the GMPLS control plane, respectively.  
Nevertheless, this average Q-factor computation time can be reduced from 1160 milliseconds 
to 207 milliseconds using the FPGA hardware acceleration (Figure 29, right), representing a 
reduction around 82%. Moreover, we can see in the figure that the Q-tool also scales better 
with the offered load to the network, which becomes of crucial importance. For example, 
when increasing the offered load from 50 to 90 Erlang, the average Q-factor computation time 
raises from 874 to 1433 milliseconds without acceleration. Conversely, it is only increased 
from 190 to 218 milliseconds with the FPGA (15% increment).  
Once the lightpath setup time obtained with the distributed and centralized approaches has 
been characterized, the next figure that has been experimentally quantified has been the 
network blocking probability. In particular, k=2 disjoint routes are allowed in the distributed 
case. The obtained results are illustrated in Figure 30. 

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

As shown, a centralized approach leads to lower blocking probability than the distributed 
solution. In fact, end-to-end routes in the latter are computed only with wavelength 
availability information. These routes lead in some occasions to unacceptable Q-factor values 
at destination, even potentially disrupting overlapping active lightpaths. In contrast, route 
computation in the centralized approach relies on complete and updated wavelength 
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availability and PLI information (recall that the centralized NPOT waits the flooding time 
between successive route computations), making the computed routes satisfy the requested Q-
factor values. 
In addition, we have conducted experiments to assess the performance of the centralized 
lightpath restoration supported by the NPOT. Recall that the centralized NPOT implements a 
failure management module that, based on the failure detection alarms coming from the 
control plane, is able to localize the link where the failure has occurred. As soon as the failure 
is localized, the NPOT informs the source node OCC of each affected (restorable) lightpath in 
order to initiate the restoration procedures. For the evaluation of this centralized restoration, 
we have independently loaded the network with 10, 20, 30, 40 and 50 active lightpaths 
between randomly selected node pairs. These connections have been considered to be 
restorable or 1+1 protected following a 70-30% restorable-protected ratio (i.e., for the 1+1 
protected lightpaths, working and backup lightpaths are directly established). Then, on each 
deployed network scenario, 10 independent failures are caused in randomly selected links 
(only those links carrying restorable traffic are considered), which makes restoration actions 
for each affected restorable lightpath to be triggered. 

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

Figure 31 shows the Restoration Blocking Probability (RBP) on each deployed network 
scenario. These values are defined as the total number of rejected restorations over the total 
number of restorable lightpaths affected by the 10 independent failures. As expected, the RBP 
increases with the number of active lightpaths in the network. This can be explained both by 
the greater number of active and affected lightpaths per failure, which leads to lack of 
resources, and the longer backup lightpaths that are rejected due to the QoT constraint. As 
shown, for 10 and 50 active lightpaths, the average number of affected ones per failure is 1.3 
and 4.3, and the resulting RBP is around 0.1 and 0.6, respectively. 

 
Figure 32: Physical end-to-end distances in Km of the primary and restored lightpaths 
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Figure 33: CCDF of the measured lightpath restoration time in the network 

From the figure, 72% of the lightpath restorations are performed within promising 5 seconds, 
which could be further decreased by means accelerating the Q-tool with the FPGA, as 
reported before in Figure 29. In fact, the sequential processing behaviour of NPOT may 
occasionally lead to increased restoration times (e.g., 10 seconds in 2% of the cases), 
especially when a high number of lightpaths are affected. In fact, all lightpath restorations are 
equally treated in this work. Although not considered here, different restoration priority 
classes could be defined in the centralized NPOT scheduler. This would allow serving the 
lightpaths with the highest priority first, thus ensuring low restoration times for them. 

4.3. Transport Plane experiments 

The transport plane of the test-bed provided by UPC is composed by three optical nodes. 
Specifically, the three optical nodes are 2-degree Reconfigurable Optical Add & Drop 
Multiplexers (ROADMs) based on the Wavelength Selective Switching (WSS) technology 
(Figure 34).  
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Figure 34: WSS-based 2 degree ROADMs 

The three optical nodes are connected among them to form an optical ring through G.652-
based optical fibres. The corresponding optical ring is depicted in Figure 35. The total length 
of the fibre links (L1+L2+L3) will be around 80 km, in order to face the requirements of the 
transceivers. 

DWDM Transponders :
1 x 10Gb/s & 2 x 2.5Gb/s per node

L1 L2

L3

 
Figure 35: DICONET testbed: the Transport Plane configuration 
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To run the experiments over the real transport plane, the Optical Connection Controllers 
(OCC) at the control plane have been connected through an Ethernet switch. At the 
management plane, the Network Management System (NMS) is connected to every OCC and 
ROADM (Figure 36).  

NMS NPOT

NMI-A
OCC-NPOT

NMS-NPOT

OCC1

ROADM-2

TRANSPORT PLANE

CCI

Connection 
Controller (CC)

Link Resource 
Manager (LRM)

Routing 
Controller (RC)

OCC

OCC2

OCC3
CONTROL PLANE

ROADM-1

ROADM-3  
Figure 36: Configuration of the demonstration scenario with real transport plane 

Figure 37 (a) shows a general view of the physical test-bed, where the first rack contains the 
OCCs and the Ethernet switch, the second and third racks contains the ROADMs, optical 
amplifiers and optical coils with about 30 km each. Figure 37 (b) shows a frontal view of one 
of the ROADMs and one optical coil. Each ROADM has been equipped and with one optical 
performance monitor, able to perform optical power measurements as well as Optical Signal-
Noise Ratio (OSNR) measures. 
 

(a) (b) 
Figure 37: (a) Racks with OCCS and ROADMs, (b) ROADM cards 

4.3.1. Experimental study 

The aim of the experimental studies conducted with the real optical nodes (transport plane) 
was to demonstrate the proper interworking/interoperability among the different hardware and 
software modules developed during the project. Due to the limited availability in the project 
of the optical components for the transport plane, for such experimental studies a network 
topology composed by three ROADMs (composing an optical ring) and three OCCs 
(composing the control plane) was considered. Specifically, we have experimentally 
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evaluated the time required to recover an already established lightpath from the degradation 
suffered by the optical signal along the propagation over the optical fibre and sub-systems.  
Figure 38 shows the details of the conducted experimental test. 

NPOT

OCC1

ROADM-2

OCC2

OCC3

ROADM-1

ROADM-3

�

�

��

�

�

�

 
Figure 38: Recovery process from degradation of the optical signal 

Firstly, two connections triggered by the control plane are established on the optical ring from 
ROADM-1 to ROADM-2, using wavelength 1543.73nm and 1546.91 nm (the one provided 
by the centralised NPOT). Figure 39 shows the capture from an Optical Spectrum Analyzer 
(OSA) the wavelengths used for the two lightpaths between ROADM-1 and ROADM-2. 

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

At the ROADM-1, the available OSNR monitor triggers a SNMP-based trap when the OSNR 
value falls below the required threshold, guaranteeing therefore that the optical signal is 
received with the proper quality. In the test, we emulated (increasing the optical attenuation 
through a Variable Optical Attenuator (VOA)) a degradation of the signal quality, forcing to 
have the measured OSNR below the threshold. As a consequence, a trap is sent to the local 
OCC (step 1 in Figure 38). Upon the reception of the trap, the OCC analyzes the received 
information and sends a notification to the NPOT through the NPOT-OCC interface (step 2). 



�

��������	
���
����	���
���������������������������� �
��������� ��
������������������ !��"�# #�$���% &#�

�

� ������ �
��'�(����(�)*�� ���+ �

� �,�-� .� �
/� .� �

�

Moreover, a RSVP-TE Notify message is sent to the source node of the affected lightpath 
(step 3). Once the corresponding alarm is received, the NPOT computes a new feasible route 
and wavelength matching the desired Q-factor level and using the updated information (step 
4).  As result of the NPOT IA-RWA online module, the route for the lightpath is still the same 
as the original one, but the chosen wavelength is now 1542.93nm (step 5). The ERO of the 
new path is sent by the NPOT to the source OCC which initiate the lightpath signalling (step 
6). Every OCC sends the corresponding commands to perform the modification to the local 
ROADM through the CCI interface (7). 
Figure 40 shows the capture from the OSA highlighting that the affected lightpath was 
restored using a different wavelength.  

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

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

 
Figure 41: ROADM switching time  

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

A key contribution of DICONET project has been the design and development of a physical 
layer impairments aware network planning and operation tool (NPOT) that resides in the core 
network nodes and that incorporates the performance of the physical layer in both planning 
and operation network decisions. It relies on different key building blocks, such as network 
description repositories, QoT estimator, IA-RWA engines, component placement algorithms, 
and failure localization modules. In order to realise the vision of dynamic impairment-aware 
networking, an integrated scheme spanning from the optical transport plane up to the 
management plane was considered essential. With such purposes in mind, the DICONET 
project designed and implemented an impairment-aware GMPLS-based control plane to be 
incorporated into the network, which enhances the operation with dynamic connection 
provisioning and recovery capabilities. Specifically, both a centralised (based on PCE and 
routing protocols extensions) and distributed (based on signalling protocol extensions) control 
plane integration approaches for impairment-aware transparent optical networks have been 
defined.  
The different software and hardware modules developed in DICONET, have been finally 
integrated in the GMPLS-based testbed available at UPC premises. Through the experimental 
tests carried out in the DICONET testbed, the validation of the integration of the software 
modules (i.e., NPOT, PCE, Control Plane extensions) has been performed as well as the 
evaluation of the performance of DICONET approaches to deal with impairment-aware 
optical networking. 
From the experimental evaluation, it can be concluded that the distributed approach provides 
one fifth of the lightpath setup time than that of previously reported (centralised) alternatives, 
also outperforming the DICONET centralised approach especially for high traffic loads. For 
low traffic loads, however, the centralised approach results in reduced lightpath blocking ratio 
and similar setup time delays than the distributed solution, thus being more appropriate in 
such scenarios.  
To further decrease the lightpath setup time, DICONET developed a hardware-accelerated Q-
tool and then integrated in the testbed. From the experimental evaluation, the FPGA-based 
computation of the Q factor values can significantly decrease the time required for lightpath 
provisioning. In fact, by using the hardware-based accelerator, the average lightpaths setup 
time was experimentally evaluated to be hundreds of milliseconds. More specifically, the 
experimental tests allow concluding that by using the hardware accelerator, the time required 
to compute the lightpath Q value is decreased by one order of magnitude. 
As a consequence, the DICONET approaches for IA-RWA are suitable to be deployed in all-
optical transparent networks. 
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