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Abstract  

This document is a report of the activities carried out in WP3 during the second year of PACE, with main focus 

on liaisons and collaboration initiatives, education and dissemination, also including the organized workshops. 

 

PACE is actively supporting several FP7 projects in their PCE related activities, providing feedbacks and 

coordinating both research and standardization activities around new uses of PCE. PACE also organized two 

workshops, one on “Next steps for Path Computation Element (PCE): From Advanced Internet Technology, to 

future Systems and Applications including SDN and IoT”, focused on interaction with industrial key players, and 

one on ”Path Computation Element and beyond: innovating control and management plane towards fully 

reconfigurable software-centric networks” to discuss PCE role in future control and management architecture. 

PACE also conducted a wide set of education and training activities during its second year, including tutorials, 

training courses, thesis, and PhD direction. A PACE PCE software installation guide has been also produced. 

Finally, PACE was very active in disseminating PCE concepts and architectures during this second year, mostly 

by means of the Open Source PACE portal, the PACE public wiki and the project twitter feed. 
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0 Executive Summary 

This document describes the activities carried out in the second year of the PACE project concerning the 

promoted the liaisons and collaboration initiatives, the education and training produced material produced, and 

the dissemination of the PCE concepts at large. These actions are covered by Task 3.1 and Task 3.2 under work 

package 3 “Liaisons, Outreach and Education”. The main WP3 goal is to perform all the outreach activities in the 

project, spanning from collaborations with other research projects, production of education and training material 

for wider PCE understanding in the academic community, as well as dissemination of PCE concepts, new uses 

and latest research outcomes at large. 

The summary of these second year activities can be resumed as follows: 

 Liaisons and collaboration: PACE has provided inputs, feedback and guidelines to FP7 projects 

IDEALIST, STRAUSS, CONTENT, COSIGN, XIFI and to H2020 projects ORCHESTRA and 5G-

CROSSHAUL. The support actions have been mostly carried out around general know-how of concept, 

uses and extensions of the PCE. The feedbacks and inputs provided by PACE have been direct and 

streamlined, given the fact that several members of the PACE consortium are also members of such 

projects. While the direct support provided to FP7 IDEALIST, STRAUSS and CONTENT was a 

consolidation of activities started last year, for FP7 XIFI, COSIGN, H2020 ORCHESTRA and 5G-

CROSSHAUL the collaboration actions kicked-off this year. In addition, a collaboration with British 

Telecom has been carried out to support their deployment of PACE Open Source software 

 Education and training: following the trend of the first year, PACE continued to be very active in education 

and training actions, also producing teaching material and resources to assure a broader understanding 

of PCE concepts for a wide community, including students, software developers, as well as academic 

and industry members. As concrete outcomes, the PACE PCE tutorial has been consolidated including 

material for PCE architecture, use cases, and deployment scenarios to be used as a teaching support. 

Moreover, additional training and education activities have been carried out, including two PhD thesis – 

one on PCE and segment routing and the other one on PCE and IoT –, and training and tutorial courses 

for students. A PACE PCE software installation and quick start guide has been also prepared. 

 Dissemination activities: PACE carried out a solid dissemination of the PCE concepts, architectures and 

latest standardization efforts during this second report period. The open source PACE portal has been 

maintained up-to-date with all the activities and support actions performed in the project, including public 

material (available for download) from the PACE workshops as well as from education and training 

activities. Direct reference to all the open source software produced and supported by PACE was also 

included. Moreover, the PACE public wiki has been consolidated and populated with additional 
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information for PCE tools, new uses, publications, standardization activities and PACE events. The 

PACE twitter feed was also maintained, disseminating project activities, outcomes, as well as major 

initiatives around PCE in both the telecom industry and academic community. As a final dissemination 

outcome, PACE also contributed to a wide set of publications by supporting the research work carried 

out in other FP7 projects. 

This deliverable also includes a brief summary of the milestones achieved by WP3 during the second year. It is 

worth mentioning that all planned milestones (as per Description of Work) have been successfully achieved. 
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1 Second year liaisons and collaboration 
activities 

1.1 Collaborations with research projects 

PACE has provided inputs, feedback and guidelines to FP7 projects IDEALIST, STRAUSS, CONTENT, COSIGN, 

XIFI and to H2020 projects ORCHESTRA and 5G-CROSSHAUL, as well as general know-how around the 

concept, uses and extensions of the PCE. This feedback has been direct and streamlined, given the fact that 

several members of the PACE consortium are also members of such projects. 

1.1.1 FP7 IDEALIST  

As reported in D3.2, IDEALIST (Industry-Driven Elastic and Adaptive Lambda Infrastructure for Service and 

Transport Networks), [1] is a 36 month project funded by the EC, with 23 partners, and running from 1st November 

2012 to 31st October 2015.  

One of the main IDEALIST objectives is to research the flexi-grid optical technology to meet the demands of the 

next generation optical transport network. The IDEALIST elastic optical network architecture is based on the 

combination of new technologies such as Bandwidth Variable Transceivers (BVT) and flex-grid transmission & 

switching aspects, in view of potential standardization and industrialization. 

The core IDEALIST concept includes a control and management architecture for transport networks based on 

the Application Based Network Operations (ABNO) architecture, and allows carriers to operate the network in a 

dynamic way, and to reconfigure and re-optimise the network in near real time in response to changes like traffic 

elasticity or failures. 

The continuous feedback between IDEALIST and PACE, enabled not only by the partners in common in both 

projects, has been very fruitful. As stated, the role of PCE within IDEALIST is key: The hierarchical PCE, 

enhanced with active and stateful capabilities is at the core of the recently demonstrated IDEALIST global 

architecture. A Hierarchical Path Computation Element (H-PCE) is deployed for real-time path computation and 

provisioning, with the parent PCE (pPCE), under guidance from the ABNO controller, coordinating the procedures 

between child PCEs (cPCE) deployed at each domain with BGP Link-State (BGP-LS) speakers. The latter is 

used to disseminate, between the cPCEs and pPCE, an abstracted view of the intra-domain network along with 

the Traffic Engineering (TE) attributes of the inter-domain links. The interface between pPCE and domain cPCEs 

(based on PCEP protocol) is used to instantiate connections or Label Switched Paths (LSPs), since each domain 
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deploys a GMPLS control plane (OSPF-TE for routing and topology dissemination, RSVP-TE for signalling) and 

configures the underlying hardware (see Figure 1.1) 

 

Figure 1.1 IDEALIST final architecture with a hierarchical active stateful PCE 

Other outcomes coming from the projects synergies are related to YANG models and, in particular, YANG Data 

Model for Traffic Engineering Database and IGP TED. 

There have been scientific papers covering the aforementioned topics and ideas. For example, let us mention 

the papers:  

i) R. Casellas, R. Muñoz, R. Martínez, R. Vilalta, A. Mayoral, L. Liu, T. Tsuritani, I. Morita, Overarching 

Control of Flexi Grid Optical Networks: Interworking of GMPLS and OpenFlow Domains , IEEE/OSA 

Journal of Lightwave Technology, Vol. 33, No. 5, pp. 1054-1062, March 2015 

ii)  ii) R. Casellas, R. Muñoz, R. Martínez, R. Vilalta, L. Liu, T. Tsuritani, I. Morita, V. López, O. González 

de Dios, J.P. Fernández-Palacios, SDN Orchestration of OpenFlow and GMPLS Flexi-grid Networks 

with a Stateful Hierarchical PCE , Journal of Optical Communications and Networking, Vol. 7, No. 1, 

pp. A106-A117, January 2015 
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1.1.2 FP7 STRAUSS 

Likewise, the STRAUSS project (Scalable and efficient orchestration of Ethernet services using software-defined 

and flexible optical networks) [2] aims to define a highly efficient and global (multi-domain) optical infrastructure 

for Ethernet transport, covering heterogeneous transport and network control plane technologies.  

During this second year, the PCE architecture and protocols have been a core part of the STRAUSS architecture, 

completing the collaboration started during the first year, where the PCE concept was used in STRAUSS as 

either a standalone component or integrated in a SDN-like broader architecture as the one defined in ABNO. In 

particular, the role of the PCE has been focused on several main areas: 

 The orchestration of heterogeneous domains. Within STRAUSS, heterogeneous domains are 

orchestrated through a control orchestrator, based on ABNO, which drives the provisioning of network 

connectivity services across multiple (heterogeneous) domains. The orchestrator includes a PCE 

implementing some particular functions, such as domain sequence selection or paths computation in an 

abstracted topology. As a preliminary basis, STRAUSS has addressed the orchestration of 

heterogeneous control planes using a hierarchical PCE, focusing on such control orchestration, defining 

a SDN architecture and interfaces that addresses the considered DC-interconnection and 

GMPLS/OpenFlow interworking. 

 Demonstrations carried out in STRAUSS included the control of an optical network, “proxied” by an active 

stateful PCE all deployed within the CTTC ADRENALINE testbed. The PCE implemented the north 

bound interfaces required for the global end-to-end orchestration (see Figure 1.2) 

 

Figure 1.2 STRAUSS Use of PCE: Within control orchestration and for an optical transport domain. 
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N:1 relationship forming an inverse tree), augmented with active stateful capabilities and open and 

standard interfaces (PCEP/BGP-LS REST). The lowest layer is in direct control of a set of physical 

resources (a flexigrid optical network), with an Active Stateful PCE and a GMPLS CP. This PCE has 

persistent PCEP sessions with each head-end node in order to provisioning LSPs; acts as a network 

hypervisor exporting views of the physical topology based on tenant allocation policy (abstracted 

subgraphs), and enables controlled (isolated, secured and independent) access to the network. Such 

stacking turns into a hierarchy of topologies and virtualized, abstracted networks allowing a flexible and 

recursive partitioning up to virtual frequency slots. Generalizing, a PCE that behaves as a hypervisor for 

a given layer is referred to as lo-PCE (lower), and PCEs that consume exported slices and operate on 

the partitioned TED views are referred to as hi-PCE (for higher), up to Tenant PCEs and applications. 

The overall concept is shown in Figure 1.3. 

 

Figure 1.3 STRAUSS/PACE architecture for the virtualization of a flexi-grid optical network by using stackable AS-PCE 
supporting multi-tenancy 

The most relevant publications for this are the following: 

 R. Casellas, R. Muñoz, R. Vilalta, R. Martínez, Inter DC orchestration solutions and overarching control: 
towards a 5G integration , Symposium " Optical Communications and Networks for Datacenters" within 
the 41st European Conference on Optical Communications ECOC2015, September 2015, Valencia 
(Spain). 

 R. Casellas, R. Vilalta, R. Muñoz, R. Martínez, Dynamic and Virtualized Stackable Active Stateful PCEs 
with BGP-LS for Optical Network Virtualization and Multi Tenancy , in Proceedings of the 41st European 
Conference on Optical Communication (ECOC 2015), 27 September-1 October 2015, Valencia (Spain). 

 R. Vilalta, V. López, A. Mayoral, N. Yoshikane, M. Ruffini, D. Siracusa, R. Martínez, T. Szyrkowiec, A. 
Autenrieth, S. Peng, R. Casellas, R. Nejabati, D. Simeonidou, X. Cao, T. Tsuritani, I. Morita, J. P. 
Fernández-Palacios, R. Muñoz, The Need for a Control Orchestration Protocol in Research Projects on 
Optical Networking, in Proceedings of European Conference on Networks and Communications (EuCnC 
2015), 29-2 July 2015, Paris (France). 
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 R. Vilalta, A. Mayoral, R. Muñoz, R. Casellas, R. Martínez, SDN/NFV Cloud Computing and  
Transport Network Orchestration: a Research Perspective , in Proceedings of IIR VNF Management and 
Orchestration, 28-29 April 2015,Barcelona (Spain). 

 R. Vilalta, A. Mayoral, R. Muñoz, R. Casellas, R. Martínez, Experimental Demonstration of Virtual 
Network Controller for Abstraction and Control of Multi-tenant Multi-technology Transport Networks , in 
Proceedings of 1st IEEE Conference on Network Softwarization, 13-17 April 2015, London (UK). 

 R. Vilalta, A. Mayoral, R. Muñoz, R. Casellas, R. Martínez, The SDN/NFV Cloud Computing Platform 
and Transport Network of the ADRENALINE Testbed , in Proceedings of 1st IEEE Conference of Network 
Softwarization, 13-17 April 2015, London (UK). 

1.1.3 FP7 CONTENT  

FP7 CONTENT (Convergence of Wireless Optical Network and IT Resources in Support of Cloud) focuses on 

the design, delivery and operation of virtualized converged infrastructures composed of wireless access and 

optical metro network domains in support of cloud services for mobile users. The wireless access is based on a 

mix of Wi-Fi and LTE technologies, while the wireless backhaul network is composed of OpenFlow switches. The 

optical metro network, based on Time Shared Optical Network (TSON) technology, interconnects a number of 

data centres. CONTENT adopts an SDN control plane with a centralized controller, based on OpenDaylight, 

which operates the whole multi-domain and multi-technology network infrastructure in order to provide on-

demand optical circuits for inter-DC traffic in the metro network and multi-domain connections for user-to-DC 

traffic across the wireless access and the metro segments. 

The cooperation with PACE has focused on possible models to integrate path computation functions in the 

CONTENT SDN-based control plane, taking into account the specific characteristics of the CONTENT 

infrastructure (i.e., multiple domains and technologies) as well as the constraints introduced in the path 

computation by the characteristics of the optical technology. In particular, the optical WDM network with frame-

based sub-wavelength switching granularity requires the setup of paths with wavelength and timeslots continuity. 

For this reason, the path computation related to the TSON domain must operate over an extended topology 

which includes the availability of wavelengths and timeslots and must implement specific algorithms which are 

integrated through an internal Sub-wavelength Label Allocation Engine (SLAE) dedicated to the TSON (sub-

wavelength) resources assignment.  

The architecture selected for the path computation functions in CONTENT is shown in Figure 1-4 and follows a 

hierarchical approach, with an end-to-end multi-layer path computation service which acts as a sort of parent 

PCE specialized for the elaboration of multi-layer and multi-technology paths. The parent PCE is responsible of 

the computation the most efficient path from the source node attached to the wireless access network domain to 

the destination node attached to the metro network. This task is performed making use of the services provided 

by per-domain Path Computation Services (acting as child PCEs) which are implemented in the SDN controller 

and combining the local paths returned for each domain. The operation model is based on the PCE stateless 

approach, with resources that are not booked at the child PCEs, maintaining the ownership and the responsibility 

of configuring the resources on the path computation client side. In CONTENT the role of the PCC is covered by 

the local Connection Services, implemented as OpenDaylight plugins consuming the path computation services 

in the related domains. 

Beyond the support to the functional architecture specification, the interaction with PACE has  provided 

interesting inputs for the definition of suitable YANG models for the variety of path computation services 

implemented in the CONTENT OpenDaylight SDN controller. In this case, the focus has been on the alignment 

with existing YANG models under standardization in IETF which represent PCEP and topology structures. 
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Figure 1-4: Path computation services for intra-domain and cross-domain paths as OpenDaylight components in CONTENT 

architecture 

1.1.4 FP7 COSIGN  

COSIGN (Combining Optics and SDN In next Generation data centre Networks) is an FP7 IP project started on 

Jan 2014 and dealing with new data centre architectures empowered by advanced optical devices, controlled 

through SDN technologies in a fully integrated cloud management and orchestration solution. COSIGN Data 

Centre control plane extends the SDN paradigm to manage high performance optical elements in dynamic DC 

environments, introducing technology agnostic software components for user-defined network virtualization and 

connection provisioning. On top of the control plane, the COSIGN Data Centre management and orchestration 

plane provides a unified framework for joint virtualization of optical network and IT resources and end-to-end 

cloud service orchestration.  

COSIGN control plane is based on OpenDaylight Lithium release and integrates a set of OpenFlow drivers to 

enable the configuration and monitoring of several devices, including optical NICs, Ethernet and optical ToRs, 

optical large scale switches and fast switches supporting switching in time dimensions besides space dimensions. 

COSIGN network virtualization solution is based on the integration between overlay-based virtualization, and the 

dynamic configuration of the underlay optical infrastructure to provide QoS and service resiliency features. 

The interaction with PACE has been focused on two main thematic areas: 

 Requirements and mechanisms to integrate path computation functions for optical data centre networks 

in an OpenDaylight-based SDN controller. These functions are required to configure the COSIGN 
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underlay network in order to provide guaranteed and QoS-enabled connectivity to the overlay virtual 

infrastructures running on top.  

 Architectures and algorithms for joint computation of optical circuits and placement of VMs in a Data 

Centre, as a mechanism to optimize the utilization of the whole data centre while meeting the network 

requirements of the cloud applications. 

The integration of path computation functions in OpenDaylight has been solved through the development of a 

new internal plugin (see Figure 1-5) which acts as a consumer of the multi-layer Topology Manager (i.e., the 

equivalent of the TED) and provides a service to compute different kinds of network paths in the COSIGN optical 

data centre network. This service is typically consumed by other OpenDaylight modules which are in charge of 

establishing the optical circuits and act as PCC. The interaction is typically performed via java APIs, but REST 

APIs for communication with external applications are also supported.  

 

Figure 1-5: The OpenDaylight plugin for COSIGN path computation services  

The features implemented by the COSIGN path computation components include multiple algorithms for P2P, 

P2MP and anycast, multi-layer paths as well as support of objective functions, TE metrics, XROs and optical 

constraints as modelled in the topology view. The component operates in stateful mode and offers APIs to request 

the computation of a new path, its release, or the resolution of a path key for a path previously computed. The 

stateful capabilities are implemented making use of the MD-SAL operational data store. The YANG model, built 

taking into account the current standardization effort in IETF, defines the main data structures for the path 

resource and three remote procedure calls to compute and release path and resolve path keys.  
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On the other hand, the joint computation of network paths and computing resource allocation for VMs instantiation 

is implemented through dedicated algorithms running in an external application, following the model of an external 

and centralized PCE server. In this case, the computation algorithms receive as input the topology information 

provided by the SDN controller via RESTCONF APIs and the information about availability of computing 

resources provided by the cloud platform, still via REST APIs. The output of these algorithms is processed by 

the data centre OpenStack-based orchestrator which coordinates the allocation of the resources in the servers 

and the configuration of the network through the SDN controller itself. 

1.1.5  FP7 XIFI 

The XIFI [14] infrastructure consists of a pan-European open federation of computing resources hosted in 

datacentres accounting a total of 19 nodes spread across 12 countries. The XIFI federation is a compendium of 

test infrastructures, also known as nodes or regions, belonging to independent administrative organizations, 

which in a collaborative manner provide multi-domain cloud-based computing services.  

 
Figure 1-6: The XIFI federation 

In principle, the connectivity between the datacentres is provided by the NRENs (National Research and 

Education Networks) since the project instigation departs from the European research community. However other 

forms of connectivity are also feasible if new participants to the XIFI network are not connected to the NRENs. 

Each involved data centre makes available a number of servers and storage devices to the federation. The usage 

of these resources by the end users are requested by means of a central portal to the federation which will expose 

the available capabilities for being selected by the users according to their needs. Both the dataceter owners 

hosting the computing resources and the NRENs providing the inter-data centre capacity are running additional 

services to that offered by XIFI in their infrastructures. That is why service isolation is fundamental in order to 

avoid impacts from one service in the other.  
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The computing resources are attached to OpenFlow-enabled (OF) switches that constitute a demarcation point 

for the XIFI Network Controller. Those OF switches are the ones to be instructed by the XIFI Network Controller 

for implementing the end to end service. From the demarcation point to the WAN, a number of transport services 

are pre-provisioned in order to be dynamically selected by the XIFI Network Controller algorithms according to 

the end user requests. These pre-provisioned connections traversing the NRENs are dynamically stitched to the 

connectivity service created in the internals of the data centre, comprising the VM, the Open vSwitch and the 

OpenFlow switches up to the demarcation point. 

In particular, the selected management solution for the computing capabilities of each data centre is based on 

OpenStack. Current versions of OpenStack allow to create the L2 networks in a single data centre with a variety 

of technologies (GRE tunnels, VxLAN, VLANs, etc). However, the networking capabilities of an OpenStack 

instance nowadays are restricted to the directly managed devices, typically located in a single data centre. In 

order to allow the end to end service composition a XIFI Network Controller is defined to orchestrate the service 

by interacting with the local SDN controllers. The XIFI Network Controller is based on ABNO and PCE 

architectures. It is worth noting that the code used in XIFI for the network connectivity uses the netphony suite 

code, released under the auspices and support of PACE, and described in PACE D4.2. 

1.1.6 H2020 ORCHESTRA 

ORCHESTRA (Optical peRformanCe monitoring enabling dynamic networks using a Holistic cross-layEr, Self-

configurable Truly flexible appRoAch) [5] is a new H2020 EU project started in February 2015 aiming to develop 

a hierarchical and integrated performance monitoring and control architecture for new generation optical 

networks. In practice, ORCHESTRA closes the network control loop and makes an optical network observable 

before it becomes subject to optimization. Real monitoring data will be collected from coherent optical interfaces, 

deployed today in optical networks, which can be extended, almost for free, to also serve as software defined 

optical performance monitors (soft-OPM). To achieve this, novel digital signal processing (DSP) algorithms for 

real-time multi-impairment monitoring will be developed and will be combined with a novel hierarchical monitoring 

plane to handle monitoring information in an efficient and scalable manner. By using and correlating monitoring 

information, the ORCHESTRA’s control and management plane will optimize the network by acting in response 

to certain physical layer degradations and/or fault events. This process will run continuously in the background 

aiming to improve the reliability of delivered services while reducing provisioning costs and simplifying 

maintenance and operation procedures. 

PACE provided fundamental inputs to ORCHESTRA concerning the definition of the control and monitoring plane 

architecture. In particular, PACE advised and supported the adoption of the ABNO approach as the reference 

architecture, to be properly extended in its monitoring functionalities in support of ORCHESTRA concepts. ABNO 

builds on the premise that networks today integrate multiple technologies allowing network infrastructure to 

deliver a variety of services to support the different characteristics and demands of applications, and that there 

is an increasing demand to make the network responsive to both service requests issued directly from the 

application layer, as well as to degradation and failure conditions at the physical layer. This provides a new 

approach to network management and control that differs from the established model where services in the 

network are delivered in response to commands driven by a human user. In this direction, ORCHESTRA 

proposes to enhance the OAM functions and procedures within the ABNO architecture, as depicted Figure 1.7. 

In particular, a hierarchical monitoring architecture is introduced within ABNO, to distribute the monitoring 

information collection and correlation across a set of cooperating monitoring agents, as shown in Figure 1.8. 

Each layer of the hierarchy will be responsible for a specific portion of the network to be monitored, including 
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lightpaths (LPs), edge nodes and network regions. The root of the hierarchical monitoring architecture is the 

ABNO OAM Handler that interacts with the monitoring hierarchy and its agents, the ABNO controller and other 

ABNO modules, such as TED and LSP-DB, to actually close the loop of the network control. More important, 

since ORCHESTRA aims at closing the loop between the optical layer and the control and management 

functions, the proposed hierarchical monitoring architecture is also tightly integrated with enhanced PCE 

functions, able to implement dynamic actions and reactions to failures and degradations. Re-active and pro-

active re-optimization procedures will be implemented inside the ABNO PCE which, besides TED and LSP-DB, 

will exploit the OAM Handler to retrieve information about physical layer and provide active functionalities to react 

to degradations and failures. 

 

Figure 1.7 ORCHESTRA enhanced ABNO architecture with augmented OAM functionalities 
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Figure 1.8 ORCHESTRA hierarchical monitoring architecture 

1.1.7 H2020 5G-CROSSHAUL 

The 5G-CROSSHAUL (the integrated fronthaul/backhaul) is an H2020 PPP project co-funded by the European 

Commission under the ICT theme (call 14) that recently started in July 2015. The project aims at developing an 

adaptive, sharable and cost-efficient 5G transport network solution integrating the fronthaul and backhaul 

segments of the network. This transport network will flexibly interconnect distributed 5G radio access and core 

network functions, hosted on in-network cloud nodes, through the implementation of two novel building blocks: i) 

an SDN-based control infrastructure that uses a unified and abstract network model for control plane integration; 

ii) a unified data plane encompassing innovative high-capacity transmission technologies and novel deterministic-

latency switch architectures.  

PACE supported the initial 5G-CROSSHAUL architecture activities and provided fundamental inputs for the 

definition of an SDN-based control infrastructure for the integration of the fronthaul and backhaul segments of 

the network. In this context, PACE supported the investigation of architectures and procedures to integrate 

stateful path computation functions within its SDN framework, to be applied in a multi-domain, multi-technology 

and multi-tenancy environment in support of network configuration and VNF orchestration. The main architectural 

choices are currently related to the positioning of the path computation element (i.e. be it a internal component 

of the SDN controller or an external application), its interoperability with the topology services of the controller, 

its interaction with concurrent SDN applications acting as PCCs as well as the support of multiple algorithms and 

multiple per-tenant views of the network topology. Moreover, architectural discussions are in progress concerning 

multi-domain and multi-technology challenges and possible approaches based on hierarchical and east-west 

interfaces to enable the interaction with RAN and core domains. Solutions proposed in the IETF PCE WG around 

parent and child PCE interactions in stateless and stateful, passive and active mode may become relevant. 
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1.2 Organized workshops  

1.2.1 PACE Workshop on "Next steps for Path Computation Element (PCE): From 

Advanced Internet Technology, to future Systems and Applications including 

SDN and IoT" 

This workshop was help on February 17-18, 2015, at the Telefonica Premises in Madrid, Spain. The size of the 

workshop was kept at about 35 participants, and the attendance was per-invitation only. Experts of the networking 

community from Industry and academia, from Europe as well as the US had been invited to participate and 

contribute.  

Every participant was required to submit a 1-page position statement on PCE, before the workshop. All 

statements were published on the PACE public wiki, for participants to know each other before the workshop. 

The position statement was meant to achieve two goals: 

1. Enable participants prepare for the workshop so as to get the most out of it  

2. Enable all participants to get to know each other well before the workshop. The position statement gave 

everyone a chance to understand the mind-set and interests of all other participants. 

All submitted position statements can be found in [7]. 

The workshop proceedings have been made publicly available on the PACE public wiki [8]. 

All material, including slides, minutes and a final report to summarize findings and outcomes of the workshop is 

also available on the PACE public wiki [13]. 

Objectives: The workshop set the goal of concentrating researchers, developers, and standardization leaders in 

the area of Path Computation Element (PCE) architectures, an Internet Engineering Task Force standard 

framework. The purpose was to gather and establish a forum of world-leading thinkers, concentrated developers 

and all PCE enthusiasts, determined to rapidly facilitate the commercialization of advanced Internet technology, 

infrastructure and applications, and help software defined networking reach its full potential. Within the scope of 

the workshop was also an in-depth discussion on the value of open-source software, documentation and data 

repository. The workshop set to promote the culture of visionary research and technology innovation and high-

tech talent in Europe, as well as globally. The workshop was expected not only to gather, but also sustain a best-

of-breed think-tank of leaders in this field, and more importantly, a community-led platform for innovation in 

network engineering and science. While all elements of this workshop came from focused disciplinary areas of 

emphasis, i.e. from a range of perspectives in Internet architectures, protocols, software engineering, or security, 

we saw these perspectives as an opportunity that the resulting research vision will promote research across 

these disciplines with a whole-greater-than-sum-of-parts expectation. 

Agenda: The workshop agenda comprised of keynote talks, as well as of breakout sessions. The detailed agenda 

is as follows: 
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From To Tue, Feb 17, 2015 

09:00 09:30 Arrivals and Coffee 
09:30 10:00 Welcome 

 Introductions and Scope of Workshop (Admela Jukan)  
 Logistics (Oscar Gonzalez de Dios) 

10:00 11:15 Invited Position Papers and Panel Discussion (Moderator: Adrian Farrel) 
 Diego Lopez, "Adding PCE to the Software Network Equation" 
 Young Lee, "The Role of PCE in Cross-Stratum Optimized Open Source Environment" 
 Mohit Chamania, "Engineering the open-source PCE ecosystem" 
 Questions to speakers and panel discussion 

11:15 11:40 Coffee 
11:40 13:00 Invited Position Papers and Panel Discussion (Moderator: Admela Jukan) 

 Vassilis Prevelakis "Elements of Trust in Multidomain PCE" 
 Pascal Thubert, "(6TiSCH) Applying PCE to (IPv6-based) Deterministic Networks (in IoT)"  
 David Meyer, "A Very Brief Introduction to Machine Learning and its Application to PCE" 
 Questions to speakers and panel discussion 

13:00 14:30 Lunch 
14:30 14:45 Introduction to Break-out Session (Adrian Farrel) 

 Introduction and Guidance  
14:45 16:45 Parallel Break-out Groups on New Applications of PCE 

 IoT, mobile, and wireless (Moderator: Xavi Masip, Universitat Politecnica de Catalunya, Spain) 
 Guiding questions from the moderator 

 SDN, NFV, and SFC (Moderator: Daniel King, Old Dog Consulting, UK) 
 Guilding questions from the moderator 

 Flexible control of optical and transport networks (Moderator: Ramon Casellas, Centre 
Tecnològic de Telecomunicacions de Catalunya, Spain) 
 Guiding questions from the moderator 

16:45 17:15 Coffee 
17:15 18:15 Break-out Group Reporting and Conclusions (Moderated by Adrian Farrel) 

 Overview (Adrian Farrel) 
 IoT, mobile, and wireless (Xavi Masip and all participants) 
 SDN, NFV, and SFC (Daniel King and all participants) 
 Flexible control of optical and transport networks (Ramon Casellas and all participants) 
 Open discussion 
 Summary of common threads 

18:15 18:30 Planning for Day Two 
 Agenda and contributions (Admela Jukan) 
 Logistics (Oscar Gonzalez de Dios) 

20:00  Dinner 

 

From To Wed, Feb 18, 2015 

08:30 09:00 Arrivals and Coffee 
09:00 09:15 Welcome 

 Day Two Objectives (Admela Jukan) 
 Logistics (Oscar Gonzalez de Dios) 

09:15 11:45 Capturing Break-out Group Findings and Recommendations (Moderated by Admela Jukan) 
11:45 12:15 Coffee 
12:15 12:40 Grand Challenges for PCE - Open Discussion (Moderated by Adrian Farrel) 
12:40 12:55 Vision of the Future - Open Discussion (Moderated by Adrian Farrel) 
12:55 13:00 Workshop Summary (Admela Jukan) 
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Attendees: The following people attended the workshop. 

Name Affiliation 

Joe J Mambretti ICAIR 
Chris Meyer Ericsson, DE 
Mohit Chamania ADVA 
Ben Niven-Jenkins Alcatel-Lucent 
Jonathan Hardwick Metaswitch 
Young Lee Huawei 
Daniele Ceccarelli Ericsson 
David Meyer Brocade 
Pascal Thubert Cisco 
Pontus Sköldström Acreo 
Walter Haeffner Vodafone 
Ben Ward Love Hertz 
Adam Bishop JANET 
Paul Wright British Telecom 
Vitor Barbosa Universitat Politecnica de Catalunya 
Xavi Masip Universitat Politecnica de Catalunya 
Ramon Casellas Centre Tecnològic de Telecomunicacions de Catalunya 
Oscar Gonzalez de 
Dios 

Telefónica I+D 

Victor Lopez Telefónica I+D 
Diego Lopez Telefónica I+D 
Luis M. Contreras Telefónica I+D 
Admela Jukan Technische Universitaet Braunschweig 
Tamal Das Technische Universitaet Braunschweig 
Marcel Caria Technische Universitaet Braunschweig 
Vassilis Prevelakis Technische Universitaet Braunschweig 
Adrian Farrel Old Dog Consulting 
Daniel King Old Dog Consulting 
Francesco Paolucci Scuola Superiore Sant'Anna 
Andrea Sgambelluri Scuola Superiore Sant'Anna 
Gino Carrozzo Nextworks 
Olivier Dugeon Orange 
Julien Meuric Orange 

 

The PACE Madrid workshop objective was to create an opportunity for world-leading thinkers, concentrated 

developers and all PCE enthusiasts (included the blending of researchers, developers, and standardisation 

leaders), determined to rapidly facilitate the commercialization of advanced Internet technology, infrastructure 

and applications, and help software defined networking reach its full potential. The workshop findings and 

recommendations have been documented in the form of a report, that is available on the PACE public wiki [15]. 

That report encompasses a number of related subjects including the vision for future research and 

standardization activities. The intent was for the workshop to highlight research and technology innovation 

opportunities and emphases, i.e., from a range of perspectives in Internet architectures, protocols, software 

engineering, and security, in a wide range of applications, including: Software Defined Networks, Network 

Functions Virtualisation, Packet and Optical Transport and Internet of Things. The report provides detailed 

analysis of each of the aforementioned areas, missing aspects, detailed findings, conclusions and 

recommendations. A summary of the workshop findings is provided bellow. 
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1.2.1.1 PCE Applicability for transport Networks 

The fundamentals of PCE for Transport Networks are a stable and understood technology, with a wide consensus 

on a progression towards PCE adoption, Current deployments are still limited, but the possibility of deploying 

PCE with both T-SDN and GMPLS give a good perspective on future deployments.  

However, there still some open issues that need to be worked out by the networking (research and industrial) 

community. First, the standardization of the North Bound interfaces and Management interfaces has to be 

completed. There are ongoing efforts by ONF and by open source initiatives such as OpenDayLIght for the NBI 

APIs, while the IETF is putting a high degree of effort in Netconf/Yang models.  

The workshop identified the need of moving towards a push model. Also, the workshop identified the need for a 

provisioning interface that supports LSP establishment and client adaptation (such as FEC mapping). 

Considerations of abstraction on per-hop forwarding behaviour. 

Finally, the workshop looked at the practical deployments and detected that Multi-Domain (MD) ,Multi-Vendor 

(MV), and  Multi-Topology (MT) scenarios still need to  be addressed, and there is a need for orchestration and 

hierarchical solutions.  

1.2.1.2 Use of PCE in IOT Mobile Wireless. 

The IoT breakout session members proposed and discussed the feasibility of the employment of PCE in distinct 

IoT scenarios. In the Internet of Things, the vision of universally connected network of devices makes wireless 

networks a significant potential enabler. While the PCE concept has been studied and tested extensively in 

wireline network infrastructures and its use in wireless mesh networks has been studied theoretically, the 

application of PCE in the wireless domain is still in its infancy. 

Finally, the breakout also discussed the chances of extending PCE to become a strategy not only oriented to 

compute paths, but enriched with functionalities far beyond that. Specifically, the PCE-like service as an alter ego 

for PCE was introduced, with a strong focus on IoT services/resources discovery/selection and allocation. 

1.2.1.3 PCE in SDN and NFV 

As the network complexity increases, there is a need to use the PCE, especially for multi-domain and multi-layer 

scenarios. Also, it is considered that PCE and Traffic Engineering are key technologies for SDN based networks. 

The recently published ONF SDN architecture considers that the PCE can be: 

 a component of the controller, used by the controller itself, but externally invisible 

 A component of the controller, exposed as a service to be invoked by external applications 

 an application, that is an external service to be invoked by a controller. 

Other opportunities for PCE in developing technologies include:  
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 Segment Routing / Source Packet Routed Networking (SPRING) 

 Deterministic Wireless Networks with Central Control 

1.2.2 PACE Workshop on "Path Computation Element and beyond: innovating 

control and management plane towards fully reconfigurable software-centric 

networks" 

The PACE workshop “Path Computation Element and beyond: innovating control and management functions 

towards fully reconfigurable software-centric networks” took place in Pisa, Italy, on May, 13th 2015. The workshop 

was collocated with the 19th edition of the Optical Networks Design and Modelling (ONDM 2015) international 

conference held during May 11-14, 2015. The conference was organized by Scuola Superiore Sant'Anna (SSSA), 

and Consorzio Nazionale Interuniversitario per le Telecomunicazioni (CNIT). 

A survey was also prepared to get inputs from workshop attendees, on the applicability and uses of the PCE. 

Details, photos and slides can be found online [9]. 

1.2.2.1 Scope 

The workshop scope was defined taking into account the agreement that constraint-based path computation is 

recognized as one of the key enablers of effective resource utilization in transport networks. The Path 

Computation Element (PCE), defined as the functional element devoted to path computation, has opened the 

way to advanced traffic engineering solutions in (G)MPLS network scenarios. The adoption of the PCE 

architecture in multi-layer and multi-domain scenarios has been demonstrated to achieve a good compromise 

between scalability and effective traffic engineering performance. Stateful extensions allow path computation 

update/report on existing connections and direct instantiation. Standardization and support of PCE has been 

promoted by IETF.  

In such a context, most recent efforts have been dedicated to extend control functions towards the emerging 

network softwarisation vision, which includes the software-defined networking (SDN), network virtualization 

functions (NFV) approaches and the innovative converged fiber-wireless 5G networks. Path computation is then 

evolving to a more generalized service/resource computation. However, such extensions are enforced on control 

architectures natively designed to operate in fixed hardware-oriented network infrastructure, thus leading to 

potential inefficiencies and limitations.  

With respect to the previous editions of the PACE Workshop, focusing on new PCE uses and PCE positioning, 

respectively, the specific aim of this workshop was to re-think specific control/management functions fully 

enabling the software-defined paradigm in both existing and next generation network infrastructures, providing 

suitable inter-layer/domain/stratum architectures and interfaces able to support advanced network 

programmability/re-configurability including virtualization, and converged data models such as YANG to efficiently 

describe and handle generalized resources.  
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The point of view and the vision of ITC vendors, operators and research community was presented and 

discussed, and covered topics as: PCE and path computation applicability, PCE deployment scenarios, 

Innovative and advanced uses of PCE and PCE-related control/management tools and architectures, Open 

source platforms, path computation in flexgrid/gridless/space division multiplexing (SDM) Elastic Optical 

Networks (EON), path/resource/service computation in Inter/Intra Data Center architectures, path/flow/resource 

configuration in SDN, NFV and Service Chaining (SC), Segment Routing, Converged YANG data models,Control 

Confidentiality and Security and the PCE/SDN role in emerging 5G infrastructures. 

1.2.2.2 Workshop Program  

 9:15 - Introduction to the Workshop 

 9:20 - Optical Transport Scenarios for Future Radio Access Networks (invited) 

o Giulio Bottari (Ericsson Research, Italy) 

 9:45 - Building Content Distribution Platforms over Flexible Optical Networks (invited) 

o Paul Wright (British Telecom, United Kingdom) 

 10:05 - Evolution of path computation towards generalized resource computation 

o Adrian Farrel (Old Dog Consulting, United Kingdom) 

 10:25 - Experience with control applications and optical extensions in OpenDaylight: tips, tricks 
and...headaches 

o Giacomo Bernini (NextWorks, Italy) 

 10:45 - Segment Routing Perspectives in Software Defined Networking 

o Alessio Giorgetti (Scuola Superiore Sant'Anna, Italy) 

 11:00 - Coffee Break 

 11:30 - Software Defined and Virtualized Wireless Access: Open issues and Perspectives (invited) 

o Fabrizio Granelli (University of Trento, Italy) 

 11:55 - Cooking Service Chaining with PCE & ABNO 

o Oscar Gonzalez de Dios (Telefonica I+D, Spain) 

 12:10 - Towards the scalability of Service-oriented PCE in IoT scenarios 

o Vitor Barbosa (Universitat Politecnica de Catalunya, Spain) 

 12:30 - Panel Discussion 

o Moderators: Adrian Farrel (Old Dog Consulting, United Kingdom) and Ramon Casellas (CTTC, 
Spain) 
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1.2.2.3 Workshop Survey 

A survey was distributed to the Workshop participants in order to collect points of view, feelings and visions about 

the future of control and management plane of core/transport networks. The survey results were used as input 

for the panel discussion. The following pictures show the six survey questions and the answers given by the 

Workshop participants.  

 

Figure 1.9 Survey: question 1 on the future of control plane 

 

 
Figure 1.10 Survey question 2 on orchestration 
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Figure 1.11 Survey question 3 on expected interfaces 

 
Figure 1.12 Survey question 4 on current deployment   
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Figure 1.13 Survey question 5 on the PCE role 

 
Figure 1.14 Survey question 6 on physical modeling  

1.3 Other collaborations  

1.3.1 Deployment and testing of PACE Open Source software  

As part of the PACE project we deployed a testbed at British Telecom to create a set of test scenarios for the 

PACE Open Source software. The PCE was created over a multi-site network, interconnecting multiple test-bed 

domains from different PACE partners, as shown in the Figure below. The main testbed objective is to offer the 



Report of second year PACE liaison, education and dissemination activities 

 

 

Project: PACE 
Deliverable Id.: Deliverable D3.4 
Submission Date: Oct 31, 2015 

 
28 

capability to test PCE for a GMPLS network in a multi-domain hierarchical architecture involving the use of PACE 

open Source PCE. 

 

Figure 1.15 Network Topology for PACE PCE software testing 
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2 Second year education and training 
activities  

2.1 PhD Thesis Direction  

This section introduces the efforts carried to promote the PCE concepts at high educational level. Specifically, 

two PhD thesis are currently active, one at Orange and the other one at UPC, what undoubtedly highlights the 

strong interest PCE has for the industrial sector.  

2.1.1 Traffic Engineering support for Segment Routing 

Segment Routing (SR) is a recently introduced concept, received with strong enthusiasm by Network Service 

Providers (NSP), such as Orange, due to the simplification it brings to their IP/MPLS networks. At the current 

stage some use cases are well defined while others are not, such as the traffic engineering use case that is not 

mature enough. In this context, a PhD thesis entitled “Traffic Engineering support for Segment Routing” has 

recently started in December 2014. The PhD thesis work will mainly focus on the development of new Traffic 

Engineering mechanisms for Segment Routing and in particular on enhancing PCE through innovative 

algorithmic contributions. 

2.1.1.1 Segment Routing general overview 

In order to overcome the different challenges regarding MPLS-TE and in particular RSVP-TE (scalability, 

complexity, manageability) as well as to simplify its usage, the IETF has recently launched a new working group 

called Source Packet Routing in Networking (SPRING). SPRING works on the standardization of Segment 

Routing, through a new architecture that leverages the source routing paradigm where the path taken by the 

packet to reach its destination is encoded in its header. The Segment Routing architecture can be implemented 

over the MPLS data plane without any modification and routing protocols are used to broadcast segment 

identifiers (SID). Then, through combining one or more SIDs the expression of any path in the network is 

permitted. In short, Segment Routing over MPLS data plane simplifies the deployment and management of 

services, such as Fast ReRoute (link and node protection) and VPNs, by eliminating the need for deploying 

protocols like LDP and/or RSVP-TE. 

The most important concept in Segment Routing is the "Segment IDentifier (SID)". A SID can be assigned to 

different physical (node, link, etc.) or logical (service/application) components of the network. Its type and format 
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depend on the underlying data plane (MPLS labels or IPv6 addresses). In this PhD thesis, we mainly focus on 

Segment Routing (SR) over the MPLS data plane, where the ingress node encodes (PUSH) a sequence of SIDs 

(also referred as a stack of labels) on each packet header. Each individual SID (label) has a corresponding data 

plane forwarding instruction, and the interpretation of the label stack (sequence of segments) creates an end-to-

end path. For the sake of simplicity in this document we only focus on two types of SIDs: Node-SID and Adjacent-

SID (ADJ-SID), while also keeping in mind the existence of other SID types. 

 Node-SID: is a unique identifier (global SID) in the Segment Routing domain. It is assigned to a specific 

node. More precisely, it is attached to the router identifier (i.e. the loopback address), and it is interpreted 

by the intermediate node as a forwarding instruction: "forward this packet via the shortest path to the 

node that has this SID". 

 Adj-SID: it is an identifier that can have either a local or a global meaning. It is used to identify an 

adjacency between two nodes. When a node receives a packet with an Adj-SID on the top of the SID 

list, it executes the following instruction: "send this packet out of the interface X to reach the router 

neighbour designed by this SID". Of course, the interface X is known by the router as the interface that 

forms the adjacency to its neighbour. 

The simplification power of Segment Routing comes from its use of source-routed paths. Each packet carries in 

its header how the packet must be treated by the network nodes. Network nodes are lightened because they do 

not have to maintain per-flow state as done with LDP and RSVP-TE. A source-routed path is composed of a 

succession of segments identifiers (Node-SIDs and ADJ-SIDs) that the flow gets steered through. In the SR-

MPLS the list of segments is encoded in the packet header as a stack of labels. The main Segment Routing 

architectural concepts can be summarized in the following points: 

 avoid as possible deploying new protocols dedicated just for SR-MPLS, 

 extend already deployed protocols used by the IP network (OSPF, ISIS, BGP-LS), 

 per-flow states are only maintained at the network boundaries which considerably reduces the states 

maintained by the transited nodes.  

Thus, the Segment Identifiers are flood to all routers through the standard IGP routing protocol (ISIS or OSPF). 

The IETF SPRING working group is working on the definition of a new extension (currently as a draft) for the 

routing protocol to convey these new information. The main important concept, like in Link State routing protocol, 

is that, once converged, all routers have the same knowledge and populate a new Segment Routing forwarding 

table associating its SID with the forwarding instruction. 

2.1.1.2 Segment Routing with Traffic Engineering support 

Segment Routing is not defined as a resource reservation mechanism and there is no need either to maintain 

per-flow state at the intermediate nodes. This means that Traffic Engineering cannot be managed like in the 

MPLS-TE model with RSVP-TE. Up to now, only Tactical Traffic Engineering is envisaging within Segment 

Routing architecture. In fact, Segment Routing only allows enforcing a route different than the one computed by 

the routing algorithm (i.e. shortest path route by Djisktra). But, in any case, it is possible to reserve resources 

(e.g. bandwidth) in the network for a given segment path. In the current stage of IETF standards, the only 

considered solution is to extend the Path Computation Element with Segment Routing capabilities. This solution 

has gained momentum in the recent years and special with the emergence of the SDN paradigm. The active 
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development and the implication of the operators and equipment vendors in pushing this solution forward are 

very good signs that this solution has its place in the Wide Area Network (WAN) of NSPs. 

However, removing the usage of signalling, such as RSVP-TE, has a side effect on the network state and in 

particular on resource availability. Indeed, routers are not aware of segment path nor the resource it consumes. 

So, routers are not capable to maintain up-to-date the real resource availability on their respective interface, and 

consequently to advertise the new value through the routing protocol. For the PCE, the consequence is a freeze, 

outdated Traffic Engineering Database. If the PCE does nothing, it always find route in its TED and always give 

a positive answer, disregarding the reality. To overcome this problem, the PCE must update its TED with the 

segment path reported by the routers. If it is theoretically working, the reality of operational constraints will greatly 

temper this optimistic solution. Indeed, a PCE may crash, or need to be rebooted after maintenance or upgrade. 

Going back to a working state could be a compromise, in particular if manual operation on routers are performed 

or if a router failed to report a new or deleted segment path. In addition, if an NSPs could deploy several PCE in 

its network (for redundancy, load balancing, etc) with MPLS-TE without need to synchronise then, it is not the 

case with segment routing. In the first case, the synchronisation is performed by the network itself with the 

resource availability advertising through the routing protocol. In the second case, the network is no longer the 

reference. This behaviour implies that PCE must be synchronised which is not so easy, even if solutions exist. 

Assuming an stateful mode the PCE can compute a path while keeping state of the network in its TED or LSP-

DB even if the network did not update its resources availability. In addition, new extensions to PCEP have been 

drafted to take into account Segment Routing architecture and in particular to report segment paths in addition 

to MPLS-TE tunnels. 

2.1.1.3 Thesis work advancements 

The first step of the PhD thesis was devoted to perform a full state of the art that has been concluded with a 

detailed survey on Segment Routing. This survey will be submitted soon to the IEEE Network Magazine. 

In parallel, efforts were also devoted to analysing the proposed Traffic Engineering model for Segment Routing, 

identifying the weakness of the currents model and contributing in its improvement both in term of architecture 

and protocol. The work done by the SPRING members has been followed and discussions with authors of the 

drafts have been engaged to help fill some gaps in their proposition. In particular, deep inspection has been done 

on the recent draft to advertise RSVP-TE in BGP-LS protocol to distribute the instantiated segment paths in the 

network. This can be useful especially after a PCE recovers from a failure, instead of establishing a PCEP session 

with all the PCE routers to recover the Segment Routing tunnels, the PCE establish one BGP session with Route 

Reflector to recover all the instantiated segment paths in the network. Another proposition is to find a mechanism 

that allows the routers to determine that a TE segment path cross some of their interface with reserved resources 

in order to let them adjust resources availability and advertise them as done with standard RSVP-TE / IGP-TE 

mode. 

Finally, first optimized algorithms for Segment Routing that take into account the Maximum Stack Depth allowed 

by routers have been elaborated. Next steps will consist to simulate and implement these algorithms. 
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2.1.2 Extending PCE to be applied to Internet of Things (IoT) scenarios 

This subsection updates the challenges in investigating how PCE may contribute to address some of the IoT 

challenges, as preliminary introduced in D3.2. The activities linked to this work are supported by a PhD candidate 

at the Universitat Politecnica de Catalunya. 

The emerging and well-known IoT concept is currently demanding a new communication paradigm to cope with 

the high dynamicity brought by the large amount of network elements producing and consuming myriads of data 

while simultaneously requiring mobility and heterogeneous communication. On one hand, from the devices 

perspective, the use of traditional ILSA (Identifier Locator Separation Architecture) schemes may be useful to 

avoid communication disruptions by delegating to this architecture the burden of mapping one identifier (ID), 

which is statically assigned to each network element, to one locator (LOC), which is dynamically assigned 

according to the access domain it is located. On the other hand, the highly dynamic nature of IoT applications 

calls for a new paradigm able to cope with communication set-up and tear-down to distinct network elements in 

a short-term basis. Furthermore, the envisioned scenario requires large bandwidth capacity in the core network 

in order to enable the execution of a large number of services in the edge networks. Today, this requirement is 

being successfully addressed by network operators through the implementation of optical networks in the core 

network.  

Thus, since the traditional host-oriented PCE has proved to be a good alternative as a control mechanism in 

optical networks, we push for using PCE in IoT scenarios, by expanding the traditional PCE host-oriented 

architecture to a service-oriented architecture. Therefore, we envision a Service-oriented PCE (SPCE) where the 

destination of a PCReq, instead of a physical network element, is a service, which might be provided by distinct 

network elements over time. In fact, although the main rationale for applying PCE in IoT scenarios looks to be 

appropriate, the main disruption boils down to the need for “addressing” services, not just physical devices. While 

this seems obvious in IoT scenarios is pretty innovative for PCE. 

In order to enable service orchestration, SPCE should make use of context information for network elements, 

which may be provided by an enhanced ILSA scheme. Indeed, the foreseen novel architecture requires a two-

fold mapping system able to: 1) map a service ID (SID) to either one or a set of host IDs (HID), that is, it should 

efficiently select from a set of available endpoints those best suitable to provide the given service (e.g. map a 

service request to network elements able to provide this service); and 2) map each HID to its respective LOC, 

that is, each selected network element identifier should be resolved to the network address (e.g., IPv4 or IPv6) 

of the optical node it is currently associated. The described two-fold mapping strategy is shown in Figure 2.1 
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Figure 2.1. Enhanced ILSA mapping strategy. 

Besides the afore described concepts encompassing this service-oriented communication model, a preliminary 

representation of the proposed architecture is depicted in Figure 2.2,outlining the main SPCE building blocks as 

well as the association among them. As illustrated, SPCE receives, through the PCE Protocol Module (PCEPM), 

a PCReq message from the PCC containing the SID of the requested service, as well as the respective service 

parameters (step 1). The request is forwarded to the Service Orchestration Module (SOM) (step 2), which is 

responsible for selecting the best HIDs from a service layer perspective according to the requested parameters. 

In order to handle an efficient selection, the SOM makes use of a Device-Context Database (DCDB) (step 3), 

which may be pro-actively updated by an external ILSA scheme (step 4). Hence, after selecting a set of 

destination HIDs, the SOM sends it to the Path Computation Module (PCM) (step 5), which, instead of computing 

the path to the destination node as the traditional PCE, makes use of ILSA to map each HID into its current LOC 

(step 6) and, subsequently, selects the best path to each LOC based on the information available in the TED 

(step 7). 

 



Report of second year PACE liaison, education and dissemination activities 

 

 

Project: PACE 
Deliverable Id.: Deliverable D3.4 
Submission Date: Oct 31, 2015 

 
34 

 

Figure 2.2. SPCE architectural model. 

Shortly afterwards, the SOM receives the path computation reply for each selected HID and forwards them to the 

Decision Module (DM) (step 8). Each message received by the DM is composed by a set of tuples containing the 

HID of the destination node, a set of service layer and network layer constraints, and the path from source to 

destination LOCs, where the source is the PCC. Thus, the DM is in charge of selecting one or a set of destination 

HIDs, based on both service layer and network layer constraints. Moreover, the selected destination(s) is(are) 

sent to the PCEPM which is in charge of sending a PCRep to the PCC. 

The described service-oriented PCE presents several research opportunities. Future works in this topic include: 

1) definition of strategies aiming the discovery, description and publication of context information of network 

elements as well as the strategies for creating and updating the DCDB, providing updated NSI in conjunction with 

the TED; 2) definition of strategies for selecting HIDs based on the given SID parameters in an optimum or near-

optimum fashion, considering service and networks constraints; 3) proposal of updates to PCEP in order to 

improve and/or include new protocol messages according to the requirements of a service-oriented architecture, 

such as, the utilization of a service as destination in PCReq messages instead of a host, and incorporation of 

service layer parameters such as processing and energy capabilities of destination nodes, among others. 

2.2 PCE tutorial course at Telecom Bretagne 

The 10th of February 2015, Orange has given a PCE tutorial course at Telecom Bretagne Rennes, France, a 

telecommunication engineering school. The audience was composed by students from the last year (3rd year of 

engineering cycle) and PhD candidates at the Telecom Bretagne school. The goal was to present past and future 

of Network Resource Control in IP and Optical networks with a special focus on PCE technology. The material 

was taken from the different PCE tutorial made by PACE partners and completed by Orange. It is the enhanced 

and extended version of the tutorial done in SSSA by Orange at Pisa the year before. The tutorial outline is as 

below: 



Report of second year PACE liaison, education and dissemination activities 

 

 

Project: PACE 
Deliverable Id.: Deliverable D3.4 
Submission Date: Oct 31, 2015 

 
35 

: 

 Brief History of Network Resource Control: as a reminder of the long story of network resource control 
since end of 90’s 

 Introduction to Path Computation: again a reminder about path computation as a longer story start before 
telecommunication 

 PCE concept & basis: presents the Path Computation Element architecture and concept focusing on 
principle 

 PCE Protocol: exposes the detail of the PCEP protocol (all message composition and byte encoding 
were provided in annex of the presentation) 

 Traffic Engineering Database: one of the most important pieces of the PCE. We insist that without a fully 
synchronized TED, the PCE is useless. 

 State full PCE: presents the latest evolution of the on-going draft to add the stateful mode to the PCE 

 Evolution to SDN: and consequently, the natural evolution of the stateful PCE to SDN architecture 

 Operational constraints: presents the operator view regarding Network Resource Control a.k.a. SDN in 
general and PCE in particular 

The same presentation material was also re-used internally to give an internal course at Orange Labs with more 

than 50 attendees coming from 3 departments in March 2015. 

2.3 Training PCE concepts at UPC undergraduate courses  

PCE as a concept has been introduced in two different UPC undergraduate courses. Main PCE concepts, 

including its drivers, rationale, performance, current developments and a short initiation on the main research 

trends on PCE, were introduced in the subject “Future Internet” in the Computer Science degree. The main 

objective is to attract students to a highly relevant idea such PCE, giving them the concepts to get a clear 

knowledge on what PCE is, also focusing on what PCE might do, regarding its extension to be applied to new 

emerging scenarios. The lecture starts describing main PCE substances and evolves to show how PCE becomes 

the seed for developing software solutions nowadays applied to network control and management based on PCE 

foundations, i.e.., decoupling tasks from traditional network devices (such as the well-know SDN approach). The 

main rationale for the course is to engage students to a new network control and management paradigm, based 

on network functions decoupling and PCE is the right tool to start with. This approach paves the way to introduce 

SDN in different areas, such as backbone, cloud, etc., what is undeniably nearing students to the nowadays 

research directions in network control. 

The second course belongs to the Master degree in Automatic Systems and Electronic Engineering. The 

expected students are coming from a wide set of degrees, mainly from the industrial side and with a limited 

knowledge in future trends in the network arena. The subject is named “Internet Technologies” and its main goal 

is twofold: i) to introduce the students into the main challenges in the future “Internet”, and; ii) to introduce some 

communication aspects (standards, protocols, etc.) in the industrial sector. One of the main concepts related to 

the future research challenges and trends undoubtedly refers to the SDN concepts to be implemented to control 

the network. Since most of the students are not aware about this concept but even worse about the needs driving 

the decoupling strategy positioned by SDN, we start introducing the need for decoupling by analysing routing 

limitations in a single router. We put the focus on the efforts related to the data and control plane, showing the 

particular requirements on each side and so empowering the need for a “separate” management. PCE appears 
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as the natural solution for that. Once PCE concepts are set, then the next step focus on opening the window to 

include more scenarios (broader than routing) and keep on rising questions, such as what are the PCE limits?, 

may PCE be used beyond computing paths?, may PCE be extended to support industrial scenarios?. These 

questions drive a strong attention by the students and beyond the solid knowledge they get about PCE, they are 

open minded about using existing strategies on “their” industrial scenarios. 

The lectures were handled in the spring semester academic year 2014/15 and will be given again in spring 2016 

for next semester. 

 

2.4 PACE PCE software installation and quick start guide 

This section provides the PACE PCE software installation and set-up procedure. As the PACE PCE 

interoperability test was performed over physically separated multiple domain networks due to its nature and 

objective, establishing the secure connection between the networks was one of the prerequisites to run the PCE 

software, therefore this section will also include the procedure to set up secure IPsec connection. 

2.4.1 IPsec Tunnel Connection Configuration 

This section explains how to set up IPsec tools (Racoon) and configure the IPsec tunnel connection so as to 

establish a secure connection to the PACE PCE test bed. In our example the tunned interconnected British 

Telecom, TID and CTTC, as shown in section 1.3.1 (Deployment and testing of PACE Open Source software). 

2.4.1.1 Racoon Installation 

1. Download the ipsec-tool tar ball from IPsec-Tools webpage (ipsec-tools.sourceforge.net), onto the target 

machine.  

2. Then unzip the tar ball; 

$ tar zxvf ipsec-tools-0.8.2.tar.gz 

3. Install Racoon: 

$ sudo apt-get install racoon ipsec-tools 

4. Follow the instructions shown on the screen to finish the installation process. 
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2.4.1.2 Racoon Configuration 

2.4.1.2.1 IPsec Gateway Address  

Each participating network for the interoperability test bed must provide IPsec gateway address. It is required to 

configure each network firewall setting for the partner network’s IPsec gateway address so that partner IPsec 

gateway machines can exchange security keys and set up IPsec security associations. 

2.4.1.2.2 Racoon pre-share Key  

Partners’ networks need to agree to have a shared key (e.g., “pce-psk.pace”) as the racoon pre-shared key, 

which must be added to /etc/racoon/psk.txt file along with the partner networks’ IPsec gateway address. An 

example would be as follows: 

[partner network’s IPsec gateway address] pce-psk.pace 

When connecting to another network, a new entry with corresponding gateway address and a pre-shared key 

should be added. 

2.4.1.2.3 Security Associations (SAs) Configuration in Racoon Config 

Security configuration with IPsec gateway address for both ends of IPsec tunnel need to be set up in 

/etc/racoon/racoon.conf file. The example configuration for network A when connecting to network B is as follows. 

# network A – network B 

remote [network B’s IPsec gateway address] { 

        exchange_mode main, aggressive; 

        my_identifier address [network A’s IPsec gateway address] ; 

        initial_contact on; 

        proposal { 

                encryption_algorithm 3des; 

                hash_algorithm sha1; 

                authentication_method pre_shared_key; 

                dh_group 2; 

        } 

} 

sainfo anonymous { 

        pfs_group 2; 

        encryption_algorithm 3des; 

        authentication_algorithm hmac_sha1, hmac_md5 ; 

        compression_algorithm deflate; 

        lifetime time 28800 seconds;” 

} 
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The security associations (SAs) must be set for network B also. 

2.4.1.2.4 Set Up Security Policy Database (SPD)  

Each network hosts need to be set in the range, e.g., 172.16.130.0/24. Once a quasi-permanent host (e.g., 

172.16.130.1) is set up and running, the connectivity between the partner networks should be confirmed. Then 

the network IP address entries must be filled in /etc/ipsec-tools.conf file to set up security policy database (SPD). 

An example is as follows; 

spdadd 172.16.130.0/24 172.16.102.0/24 any -P out ipsec 

        esp/tunnel/194.113.58.18-81.88.62.99/unique; 

spdadd 172.16.102.0/24 172.16.130.0/24 any -P in ipsec 

        esp/tunnel/81.88.62.99-194.113.58.18/unique; 

This example config file specifies that all traffic between hosts 130.0/24 and 102.0/24 has to use IPsec tunnel 

between gateways 194.113.58.18 and 81.88.62.99. 

2.4.1.2.5 Run ipsec-tool   

Run the below commands to make the ipconfig-tool configurations effective. 

/etc/init.d/setkey restart 

/etc/init.d/racoon restart 

2.4.1.2.6 Configure static Routes   

Static routes need to be configured in each machine (e.g., VM), in network A for instance, in order to forward IP 

packets between network A’s hosts machine (e.g., 172.16.130.0/24) and the network to interop with (e.g., network 

B, 172.16.104.0) using the IPSec ESP tunnel.  

Firstly, specify the static IP address for a machine with the following command. In this example, IP address: 

172.16.130.3 is assigned for network adapter: eth1. 

$ ip addr add 172.16.130.3 dev eth1  

Secondly, run the below command to configure the static route from this machine so as to connect to IPSec 

tunnel between network A and B. The packets are to be forwarded from network A via IPsec-VM: 172.16.130.254 

for this example. 

$ ip route add 172.16.102.0/24 gw 172.16.130.254 dev eth1 scope link 

To save typing in the above commands every time a VM is launched, the following command lines can be stored 

in /etc/network/interfaces (specify the correct network adapter for each machine). 

# The primary network interface 

auto eth1 

iface eth1 inet static 
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 address 172.16.130.3 

 netmask 255.255.255.0 

  network 172.16.130.0 

 broadcast 172.16.130.255 

# Set up the static route to partner network 

up route add –net 172.16.102.0/24 gw 172.16.130.254 dev eth1 

up route add –net 172.16.104.0/24 gw 172.16.130.254 dev eth1 

2.4.1.2.7 Enable Forwarding: sysctl    

Run the below command in IPsec-VM so as to enable forwarding in sysctl. 

$ net.ipv4.ip_forward = 1 

2.4.1.2.8 Connectivity Check    

Once the connectivity to the partner network is confirmed by sending a ping, IPsec connection set up is complete.  

2.4.2 PACE PCE and GMPLS Emulated Topology 

The PACE PCE software is publically available from GitHub (refer section 2.4.2.2. This section describes how to 

install and set up the PACE PCE software and GMPLS Emulated Topology. It is assumed that virtual machine 

(VM) is used as the software development / test environment. 

2.4.2.1 Environment Set Up 

PACE PCE software is developed in JAVA. To compile the JAVA code, the following components need to be set 

up on VMs. 

 Ubuntu (Any LTS versions) 

 JAVA JDK (> version 1.7) 

 Apache Maven v.3.3.3 

2.4.2.1.1 Installing JAVA JDK 

The JAVA JDK is available from [18]. Follow the installation instruction described here [19]. After the installation, 

run the below command to validate JAVA version: 

$ java -version 
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2.4.2.1.2 Installing Apache Maven 

Run the below command to install Maven. The Maven configuration files are stored in /etc/maven. 

$ sudo apt-get install maven 

Validate the installation by checking the Maven version with the following command: 

$ mvn -version 

2.4.2.2 Open Source Code on GitHub 

Telefonica have developed a group of JAVA code which is publically available from GitHub: 

 Topology [20]  

 Network Protocols [21]  

 PCE [22]  

To obtain the copies, firstly install git: 

$ sudo apt-get install git 

Then obtain a copy for each project using git in a local folder, for instance; 

$ git clone https://github.com/telefonicaid/netphony-topology 

2.4.2.2.1 PCE.jar File 

PCE.jar file contains PCE code, located in: /usr/local/pce/PCE.jar. If the code is updated then PCE.jar file must 

be replaced to the new one and the scenario must be restarted. 

2.4.2.3  GMPLS Emulated Network and PCE 

This section provides a brief guide on how to create the GMPLS emulated network and the PCE using the PACE 

software obtained from GitHub.  

https://github.com/telefonicaid/netphony-topology


Report of second year PACE liaison, education and dissemination activities 

 

 

Project: PACE 
Deliverable Id.: Deliverable D3.4 
Submission Date: Oct 31, 2015 

 
41 

 

Figure 2.3 Network configuration example 

2.4.2.3.1 Scenario and Topology Configuration 

The test network comprised of two types of VMs: A VM that runs PACE PCE (“POPS” in the Figure 2.3) and VMS 

that comprises the emulated network (“TNx”). In the example network in Figure 2.3, the topology is comprised of 

three TNx-VMs to emulate a simple ring. A user can create any topology by setting up a required number of TNx-

VMs to represent the nodes, each correctly configured. 

To create a new scenario, a new folder under scenarios directory, such as “NewScenario” must be created. This 

folder should contain three folders gui - It is used to the graphic interface development to see the topology in a 

visual mode and test its configuration. 

o It contains NewScenario_gui.xml file that details the positions of the routers on the website, their 

ids, the images we use for each router.  

 nodeConfig - It specifies each node. This folder contains the following two files; 

o NewTopology.xml file: it details the number of nodes, their interfaces ids, how they 

connect/interconnect between them, noting the source and destination of each link. 

o defaultConfiguration.properties: this file details the parameters of the properties about default 

configuration. An example is shown in Figure 2.4 below. 
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Figure 2.4 Network configuration example 

 pce 

o It includes defaultConfiguration.properties file that details all the specifications about PCE, its 

protocol and the way in how proceed to configure the route for each link, using OSPF. 

The interface IDs must be specified when creating a new topology. This information is stored in, for instance, 

~/scenarios/TriangleSSON/nodeConfig/topología.xml file. The example of the topología.xml file is shown in 

Figure 2.6. To establish one LSP between tn1 and tn3 in the example topology shown in Figure 2.3, select the 

interface 2 from tn1 as a source and the interface 1 from tn3 as a destination, with a format:  <if_id> (inter. id.) 

</if_id>, as shown in Figure 2.5. 

 

Figure 2.5 Network interface ID assignment example 
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Figure 2.6 Network configuration example 

Please note that whenever this file is updated, PCE must be restarted (refer section 2.4.2.4) so as to automatically 

synchronise information stored in:  /user/local/nodeconfig/topología.xml.  

A test can be performed on POPS-VM by running a specified scenario and topology configuration is defined, for 

instance in /scenarios/TrianglsSSON/nodeConfig directory. Newtopology.xml file details of number of nodes, their 

interface IDs, and how they connect/interconnect between them, i.e., the source and destination nodes of each 

link. Any size or shape of topology can be specified by modifying this file. It must be noticed that the connection 

between nodes are defined with uni-directional connections; there must be two uni-directional connections 

defined to represent a bi-directional link. 

2.4.2.3.2 Update Hostname for TNx-VMs 

As the hostname of TNx-VM is used to launch ROADM CLI, the hostname of each TNx-Vm should be updated 

to, for instance, “TN1” where ‘x’ is index number for each node. 

To do so, two files  must be modified in each VM with the new hostname: 

 /etc/hostname 

 /etc/hosts 

After updating these files, restart each VM to reflect the change. 

2.4.2.4 Launch a Scenario  

After setting up the PCE and TNx-VMs with desired topology configuration, start a shell command to launch a 

scenario. For instance, to start a scenario with ring configuration (e.g., “TriangleSSON”) is as follows. 
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1. Log in to the POPS-VM (PCE) 

2. Move to execution directory, then run the below commands; 

$ ./start_emulation.sh TriangleSSON 

The scenario is now running in the background.  

If a scenario file is updated, PCE must be restarted with the following command: 

$ ./restart_emulation.sh TriangleSSON 

2.4.2.5 PCE CLI  

Run the below command to use PCE CLI. 

$ telnet [POPS-VM’s IP address] 6666 

The useful commands are as follows; 

 Help: shows all available commands. 

 Show topology: shows the nodes, and the interconnecting links between them. 

 Quit: exit from PCE CLI. 

2.4.2.6 Node (ROADM) CLI 

Run the below command on POPS-VM to enter the ROADM CLI on each TNx-VM. It can be run from POPS-VM. 

The name of TNx-VM is the host name specified for each VM (refer section 2.4.2.3.2). 

$ telnet [name of TNx-VM] 6666 

There are five options under the main menu. Type the number of the desired option and press return to execute. 

1. Configure ROADM (WSON) 

2. Configure ROADM (Flexigrid) 

3. Turn off the ROADM 

4. LSPs Management NODE 

5. Show Topology Node  

It is recommended to validate the connections between the nodes, by selecting option ‘5’. 
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2.4.2.6.1 Create LSPs 

LSPs can be created using ROADM CLI. Choose option ‘4’ under the main menu. The below options will appear: 

 show LSPs 

 set LSP 

 teardown LSP 

 help 

 set traces on 

 set traces off 

 back 

 print eros 

 quit 

Firstly it is recommended to check for any existing LSP with ‘show LSPs’ command. There may be no output 

when there are no existing LSPs. After typing ‘set LSP’ a user will be asked to specify the following values: 

 destination node ID – type the IP address of the target node, e.g., 192.168.1.1 

 bandwidth – specify the bandwidth (MB) required, e.g., 10000 

 If bidirectional link is required – answer yes or no 

An LSP will be established and the screen will return to the main menu. Check the created LSP by typing ‘show 

LSPs’. Repeat the process over the corresponding TNx-VM to set up LSPs if necessary. 

2.5 Updates on the PACE PCE Tutorial 

During this second year, the PACE team consolidated the first draft of the PACE PCE tutorial that was produced 

at the end of the previous reporting period. It has been prepared in the form of an extensive set of Power Point 

slides in order to ease the use of the material produced for training, teaching and tutorial purposes. The idea is 

to have a comprehensive set of slides related to PCE rationale, architectures, features, use cases, ready to be 

imported and adapted for any teaching purpose. 

The PACE PCE tutorial has been a joint work, all partners actively contributed on those topics where their 

expertise was considered strong. It has been released as an open and free resource for all the community; indeed 

it is available for download on both the PACE public wiki [10]. 
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The PACE PCE Tutorial covers most of the PCE main concepts and architectural solutions, from main PCE 

drivers and architectural aspects, to advanced features and usage scenarios. The structure has been kept similar 

to the first draft, and is as follows: 

 PCE rationale and main drivers 

o Storyline and relevant standards 

 Architecture overview 

o Models (centralized vs. distributed) and components  

o The PCEP protocol (basics and mechanisms)  

o Multi-domain path computation  

 Hierarchical  

 BRPC  

o The Traffic Engineering Database  

 Advanced features  

o Core PCEP extensions  

o Inter-layer path computation  

o Stateful PCE  

 Usage scenarios  

o PCE in optical networks  

o Global Concurrent Optimization  

o Deployment models in Software Defined Networks  

o PCE in ABNO  

o PCE for intra and inter Data centre orchestration  

o PCE role in Segment Routing  

o PCE in NFV  

o PCE in IoT 
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3 Second year dissemination activities 

3.1 Elsevier Optical Switching and Networking Special Issue  

The PACE project succeeded on setting the special issue “Special Issue on Advances in Path Computation 

Element” at the Optical Switching and Networking Journal (Elsevier). The SI was handled by Oscar González 

(TID) and Xavi Masip (UPC), both belonging to the PACE consortium and by Young Lee from Huawei and with 

a solid record of contributions in the PCE field.  

The SI received 13 full high-quality papers for revision, that after a thorough review process delivered an SI with 

six high quality papers. It must be also noticed that, once agreed with to the Journal EiCs and the authors, one 

paper was shifted from the regular journal submission to the SI. The rationale for that was the paper topic and 

the good reviews the paper got in the revision phase. The overall set of accepted papers bring an overall picture 

of PCE insights, addressing different PCE challenges as well as new opportunities for PCE to be developed in 

future envisioned scenarios, hence all as a whole positioning the SI as a mandatory reading for those willing to 

work on the PCE area. 

In particular, in “Design and Evaluation of a PCEP-based Topology Discovery Protocol for Stateful PCE”, Jin 

Seek Choi et al., propose an extended version of the PCE communication protocol (PCEP) called the Generalized 

Topology (G-TOP) protocol that allows the PCE to automatically construct the network topology as a controller 

without using a distributed routing protocol. With the G-TOP protocol, the centralized PCE controller proactively 

extracts neighbour information as well as link status information from switches when it starts. 

Another contribution, the one entitled “Cross Stratum Optimization for Software Defined Multi-domain and Multi-

layer Optical Transport Networks Deploying with Data Centers” by Hui Yang et al., presents a cross stratum 

optimization CSO-oriented software defined multi-domain and multi-layer optical transport networks (SDMOTN) 

architecture using the path computation element (PCE) deploying with data centers. The proposed architecture 

can enable joint optimization of optical networks and application stratum resources, and enhance the service 

accommodation and the data center responsiveness to end-to-end service demands. 

In the paper “A New Method for Providing Network Services: Service Function Chain”, Taixin Li et al., introduce 

a method that can not only maintain the network services in a flexible and scalable way, but also place services 

in a topology-independent way and steer traffic among different services. The proposed solution abstracts the 

service path selection problem as a grey system theory problem and propose an algorithm to give a proper 

service composition selection and traffic steering method. 

 Next, A.Mayoral et al., in “SDN Orchestration Architectures and their Integration with Cloud Computing 
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Applications”, present different orchestration architectures based on the SDN principles which use the Path 

Computation Element (PCE) as a fundamental component. In particular, a single SDN controller orchestration 

approach is compared with an orchestration architecture based on the Application Based Network Operations 

(ABNO) defined within the International Engineering Task Force (IETF), in order to find the potential benefits and 

drawbacks of both architectures. 

The paper “ABNO-driven Content Distribution in the Telecom Cloud” by L. Gifre et al., addresses the deployment 

of DCs in metro areas, aiming at reducing the impact of the traffic between users and DCs. In the paper, a 

hierarchical content distribution architecture for the telecom cloud is investigated. The proposed contribution 

includes workflows to implement the algorithms within the Applications-based Network Operations (ABNO) 

architecture as well as extensions for PCEP.  

Finally, the paper by W.Ramírez et al., “Exploring Potential Implementations of PCE in IoT World” investigates 

about potential applicability of PCE in new network paradigms. Specifically, this paper distils how the PCE may 

become a solution for agile service composition, handling the specific constraints and requirements found in IoT 

scenarios. The authors present an extension of the PCE referred to as Service-Oriented PCE (SPCE), which 

enables network-aware service composition in large heterogeneous IoT scenarios. 

The SI is now in the final publication phase, with all editors’ decisions sent to the authors and hence now on the 

publisher side waiting for final publication.  

3.2 Updates on the PACE open source portal  

The PACE open-source portal continues to be regularly updated, and has been integrated into the PACE website, 

currently available at [11]. It now consolidates the following resources, and will continue to be updated during the 

course of this project and beyond. 

1. Open-source PCE: This Path Computation Element Emulator (PCEe) is an open-source emulator of the 

Path Computation Element (PCE) architecture. Developed at TU Braunschweig, the PCE Emulator 

provides a framework for testing PCE capabilities in real network environments and is designed for 

extensibility in order to enhance PCE research. The PCE Emulator is a free software, licensed under the 

GNU GPL v3 license, and is publicly available for research, development and experimentation. 

2. CNE-tNetwork: A Javascript visualization library to create and draw network graphs. It is SVG-based 

and HTML 5 compatible. This is a free library publicly available on github, licensed under the GNU Afferro 

license. Detailed documentation on how to use this library and its capabilities can be found here. 

3. Netphony: This is a Java Library of Networking Protocols: PCEP, RSVP, OSPF, BGP-LS. It 

provides encoding and decoding of the mentioned protocols. 

4. Quagga-TE: This github repository is a clone of official quagga repository 

at http://git.savannah.gnu.org/r/quagga.git on which Traffic Engineering patches haves been applied. It 

aims at providing up to date TE support for Quagga OSPF as well as first TE support for ISIS. The full 

patches are too huge to be submitted on the quagga mailing list, thus, smaller one's have been proposed 

http://opensourcepce.org/
https://github.com/telefonicaid/cne-tnetwork
https://github.com/telefonicaid/cne-tnetwork/blob/master/README.md
https://github.com/telefonicaid/netphony-network-protocols
https://github.com/Orange-OpenSource/Quagga-TE
http://git.savannah.gnu.org/r/quagga.git
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on the mailing list. But the objective is to include it into the main stream. In addition to this master branch, 

Quagga version 0.99.23.1 could be patched. 

5. PCE Extensions in OPNET Simulator: An implementation of a PCE and GMPLS simulator based on 

the OPNET Modeler framework. The repository can be downloaded here, while its documentation can 

be viewed here. 

6. TED module and BGP-LS speaker: Java-based Traffic Engineering Database, BGP-LS peer, OSPF 

Listener, Connectors to RYU, TREMA, Floodlight. As part of the open-source efforts in PACE, we have 

released the Traffic Engineering Database Module and BGP-LS Speaker. This is the TED used by the 

PCE and parent PCE. The BGP-LS Speaker is used by the parent PCE to receive the topology. 

7. PCE as a Service (PCEaaS): a web application enabling third-party interactive performance evaluation 

of a real Path Computation Element (PCE) engine operating over an Elastic Optical Network (EON). 

PCEaaS is avaialble at [12]. 

The PACE experimental platform aims at deploying an experimental infrastructure to test and validate 

developments related to Path Computation Elements (PCE) as a wide concept as well as new uses and 

applicability scenarios. The experimental platform is based on the deployment of interconnections of existing 

testbeds and systems, via the public Internet, for the purposes of joint cross-project experimentation and 

validation. To join and use the PACE experimental platform, write to us at info@ict-pace.net. 

3.3 Updates on the PACE public wiki 

The PACE wiki is a core repository of PACE materials and contributions [16]. The wiki began as a limited 

repository of existing EC-funded projects and related IETF PCE RFCs and Internet Drafts. Over the life of the 

PACE project it has evolved to become an archive of useful information from all areas of the PACE project. The 

wiki site is now organised into the following key sections: 

 Welcome to the PACE Public Wiki 
o PACE Events 

An introduction to the PACE project and scope of work.  

 PACE Support Network 
o Technical Collaborations 

Hope to engage with PACE and useful contact information.  

 EU Projects Using PCE 
o To Propose a New PACE Project 

Summary of EC-funded projects user PCE and related technologies.  

 PCE Info and Tools 

PCE technology primer, handbooks and references related to the PCE architecture and technologies.  

 PACE Conference Presentations and Papers 

https://bitbucket.org/mattedallo/gmpls-opnet/
https://bitbucket.org/mattedallo/gmpls-opnet/get/3ad3966ade8f.zip
https://bitbucket.org/mattedallo/gmpls-opnet/downloads/Simulator%20Documentation.pdf
https://github.com/telefonicaid/netphony-topology
http://193.205.83.89/pace/
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Recent PCE presentations and papers, as well contributions supported directly or indirectly by the PACE project 

and its partners.  

 PCE Overview 
o IETF RFCs 
o PCE Technical Gaps and Discussions 

 IETF Internet Drafts 

 PCE for SDN and NFV 

 PCE relating technology development 
o PCE RFCs/I-Ds relationships 

Comprehensive list of PCE standards and technologies.  

 Open Source Implementations 

Our plan is to continue to host and develop the wiki beyond the life of the PACE project. It should serve as a 

community platform for ongoing PCE research and industrial activity.  

3.4 Updates on the PACE twitter feed 

During the PACE project we endeavoured to use Twitter to disseminate project achievements and output [17]. 

 

Figure 3.1: PACE Twitter feed 

When we started using PACE we identified existing European Commission funded projects that may already be 

using PCE, or had technologies that would be applicable to PCE. This provided an initial target list of Twitter 

accounts to follow.  

The next step was to investigate hashtags relevant to PACE and used to organise content on Twitter. We used 

tags that indicate to the PCE research community general information on PCE, including: 

 PACE Activity 

 PACE Content updates (Wiki, website, papers, etc.) 

 PCE Community Updates (Standards, EC projects) 

 PACE Dissemination (workshops, presentations) 
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 External PACE Workshop live blogging, highlights and findings 

 Industry news and reports on PCE  

 Open Source  Software Defined Network Controller developments 

Currently the PACE Twitter account has 86 followers, following 79 and has a total of 474 tweets (text and photos).  

3.5 Other dissemination activities 

Beyond the PACE specific events, a number of dissemination activities in the context of PCE-related research 

have been carried out to promote the PACE project, including scientific publications, invited talks and 

participations to Workshops and conferences, as listed below: 

 Vitor Barbosa C. Souza, Xavi Masip-Bruin, Eva Marin-Tordera, Wilson Ramírez, Sergio Sánchez-López, 
"Towards the scalability of a Service-oriented PCE architecture for IoT scenarios", presented at the 20th 
European Conference on Network and Optical Communications, NOC 2015, London, UK, June 2015 

 W. Ramírez, X. Masip-Bruin, E. Marín-Tordera, V. Barbosa, "Handling Outdated Information in Optical 
PCE Environments", presented at 19th International Conference on Optical Networks, Design & 
Modeling, ONDM 2015, Pisa, Italy, May 2015 

 R. Casellas, R. Muñoz, R. Vilalta, R. Martínez, Inter DC orchestration solutions and overarching control: 
towards a 5G integration , Symposium " Optical Communications and Networks for Datacenters" within 
the 41st European Conference on Optical Communications ECOC2015, September 2015, Valencia 
(Spain). 

 R. Casellas, R. Vilalta, R. Muñoz, R. Martínez, Dynamic and Virtualized Stackable Active Stateful PCEs 
with BGP-LS for Optical Network Virtualization and Multi Tenancy , in Proceedings of the 41st European 
Conference on Optical Communication (ECOC 2015), 27 September-1 October 2015, Valencia (Spain) 

 R. Vilalta, V. López, A. Mayoral, N. Yoshikane, M. Ruffini, D. Siracusa, R. Martínez, T. Szyrkowiec, A. 
Autenrieth, S. Peng, R. Casellas, R. Nejabati, D. Simeonidou, X. Cao, T. Tsuritani, I. Morita, J. P. 
Fernández-Palacios, R. Muñoz, The Need for a Control Orchestration Protocol in Research Projects on 
Optical Networking, in Proceedings of European Conference on Networks and Communications (EuCnC 
2015), 29-2 July 2015, Paris (France). 

 R. Vilalta, A. Mayoral, R. Muñoz, R. Casellas, R. Martínez, SDN/NFV Cloud Computing and  
Transport Network Orchestration: a Research Perspective , in Proceedings of IIR VNF Management and 
Orchestration, 28-29 April 2015,Barcelona (Spain). 

 R. Vilalta, A. Mayoral, R. Muñoz, R. Casellas, R. Martínez, Experimental Demonstration of Virtual 
Network Controller for Abstraction and Control of Multi-tenant Multi-technology Transport Networks , in 
Proceedings of 1st IEEE Conference on Network Softwarization, 13-17 April 2015, London (UK). 

 R. Vilalta, A. Mayoral, R. Muñoz, R. Casellas, R. Martínez, The SDN/NFV Cloud Computing Platform 
and Transport Network of the ADRENALINE Testbed , in Proceedings of 1st IEEE Conference of Network 
Softwarization, 13-17 April 2015, London (UK). 

 R. Casellas, R. Muñoz, R. Martínez, R. Vilalta, A. Mayoral, L. Liu, T. Tsuritani, I. Morita, Overarching 
Control of Flexi Grid Optical Networks: Interworking of GMPLS and OpenFlow Domains , IEEE/OSA 
Journal of Lightwave Technology, Vol. 33, No. 5, pp. 1054-1062, March 2015. 

 R. Casellas, R. Muñoz, R. Martínez, R. Vilalta, L. Liu, T. Tsuritani, I. Morita, V. López, O. González de 
Dios, J.P. Fernández-Palacios, SDN Orchestration of OpenFlow and GMPLS Flexi-grid Networks with a 
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Stateful Hierarchical PCE , Journal of Optical Communications and Networking, Vol. 7, No. 1, pp. A106-
A117, January 2015 

 Invited publication at RNDM2015 conference (Oct. 5-7, 2015, Munich, Germany): A. Giorgetti, A. 
Sgambelluri, F. Paolucci and P. Castoldi, "Reliable Segment Routing". 

 Invited talk and panelist at ECOC 2015 Workshop "SDN & NFV: Real value with new business 
opportunities or research hype with unmanageable complexity?" (Sept.27, 2015, Valencia, Spain): F. 
Paolucci and P. Castoldi, " Path determination as a key component of SDN and NFV for Access, Core, 
Transport and IoT". 

 Invited talk in the Nordunet technical workshop 2015 (NTW 2015) organized in Copenhagen (Denmark) 
from 15 to 17 September 2015. Indeed, Scuola Superiore Sant'Anna (SSSA) is part of the REACTION 
project financed within the GEANT's open calls. NTW is organized every two years by Nordunet inviting 
people from universities, industries and NRENs. During the 30 minutes talk several research activities at 
SSSA have been described including the PCEaaS tool developed by SSSA within the PACE project. 

 Participation at Photonic in Switching 2015 conference (Sept. 22-25, 2015, Florence, Italy) as Local 
Organizing Commitee and dissemination of the PACE activities within the conference. 

 

  



Report of second year PACE liaison, education and dissemination activities 

 

 

Project: PACE 
Deliverable Id.: Deliverable D3.4 
Submission Date: Oct 31, 2015 

 
53 

 

4 Achieved Milestones  

The following milestones were planned in the DoW for WP3 during this second year: 

 M12 (Month 22): 2nd international PACE workshop organized 

4.1 Milestone M12 “2nd International PACE workshop 

organized” 

According to the DoW, “This milestone refers to the organization of the second PACE workshop, planned during 

the second year of the project. The exact timing of this workshop might vary within the second year, depending 

on the schedule of international events that this workshop might be colocated with”. 

Milestone M12 has been successfully achieved with the organization of two PACE workshops in this second 

reporting period:  

 the PACE workshop "Next steps for Path Computation Element (PCE): From Advanced Internet 

Technology, to future Systems and Applications including SDN and IoT", in Madrid, Spain (February, 

17th-18th, 2015) 

 the PACE workshop “Path Computation Element and beyond: innovating control and management 

functions towards fully reconfigurable software-centric networks” in Pisa, Italy (May 13th, 2015). 

Further details concerning the above workshops can be found in section 1.2 of this document. 
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5 Conclusions  

This document has presented a summary of the activities carried out in PACE during the second year for liaisons 

and collaborations with research projects, education, training and also dissemination.  

Following the positive trend of the previous reporting period, PACE has been very active in its liaisons, outreach 

and education activities, producing the expected outcomes and addressing all the planned WP3 objectives. First, 

PACE has provided fundamental inputs, feedback and guidelines to an extensive set of European projects, 

covering both FP7 and H2020 programmes with IDEALIST, STRAUSS, CONTENT, COSIGN, XIFI, 

ORCHESTRA and 5G-CROSSHAUL. For these projects, PACE advised and supported PCE related research 

and above all the introduction of PCE functionalities in a diverse set of scenarios and environments. A 

collaboration with British Telecom has been also established to support the deployment of the PACE PCE open 

source software. 

Moreover PACE organized two successful workshops: "Next steps for Path Computation Element (PCE): From 

Advanced Internet Technology, to future Systems and Applications including SDN and IoT", in Madrid, Spain 

(February 17th-18th, 2015), and “Path Computation Element and beyond: innovating control and management 

functions towards fully reconfigurable software-centric networks” in Pisa, Italy (May 13th, 2015). While the first 

workshop was aimed to stimulate members from industry (operators, vendors and experts in general) to discuss 

on new PCE uses and PCE positioning, respectively, the second was organized co-located with the ONDM 2015 

conference to discuss strategies and roadmaps for re-thinking specific control/management functions fully 

enabling the software-defined paradigm. 

PACE has been also involved in a wide set of education and training initiatives, by supporting two PhD directions 

at UPC and Orange, by presenting tutorials and training courses and consolidating the PACE PCE tutorial started 

last year. Finally, PACE continued to widely disseminate its main activities (from workshops to production of open 

source tools and software) through its web portal and Twitter feed, and also consolidating the structure and 

content of the public wiki. 
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