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Abstract

The dissertation is focused on optical wavelength routed networks with dynamic
provisioning of lightpaths. The possibility of differentiating Grade of Service
among different classes of lightpath requests is thoroughly investigated through-
out this work. As a result, a set of mechanisms and routing strategies that
allow an optical network operator to achieve differentiated lightpath blocking
probability is proposed. Detailed algorithms are presented in two versions, one
suitable for networks with the centralised computation model, and the other for
networks with the distributed computation model. The performance of the pro-
posed mechanisms and strategies is investigated using discrete-event computer
simulation in two network topologies. Simulation results show that all proposed
mechanisms and strategies managed to achieve the stated goals in assumed net-
work conditions and successfully delivered GoS-differentiated services. However,
the costs of implementing those strategies, being the decreased performance of
low priority requests and increased complexity of control procedures, were quite
different. Based on the obtained performance results, two candidates, the global
capacity threshold and the path capacity threshold, have been identified as the
preferred mechanisms to be implemented in future optical networks, due to their
superiority in performance.






Streszczenie

Niniejsza rozprawa doktorska jest poswiecona zagadnieniu jakosci obstugi zgto-
szen w komutowanych sieciach optycznych. W pracy przedstawiono mechanizmy
pozwalajace na zréznicowanie prawdopodobiefistwa blokady zadan zestawienia
$ciezki optycznej nalezacych do réznych klas. Przedstawiono takze strategie zbu-
dowane przy uzyciu opisanych mechanizméw. Szczegdlowe algorytmy zostaly
przedstawione w dwoéch wersjach: dla sieci, w ktérych dobér trasy i przydziat
dlugoséci fali odbywa si¢ w sposéb scentralizowany oraz dla sieci ze sterowaniem
rozproszonym. Wydajno$é zaproponowanych mechanizméw i strategii zostata
przebadana za pomoca symulacji komputerowej w dwoch topologiach sieciowych.
Uzyskane wyniki pozwalaja na stwierdzenie, ze wszystkie zaproponowane me-
chanizmy osiagnely zadany cel, jakim jest zréznicowanie prawdopodobienstwa
blokady zadan zestawienia $ciezki optycznej nalezacych do réznych klas w zalozo-
nych warunkach sieciowych. Dane uzyskane w czasie symulacji pokazuja réwniez,
ze koszty zastosowania opisanych mechanizméw, takie jak: zwigkszenie prawdo-
podobienstwa blokady zadan niskiego priorytetu oraz wzrost ztozonosci procedur
sterowania siecia, sa rézne. Wskazano dwa mechanizmy, ktére sg preferowane
do zastosowania w przysztych komutowanych sieciach optycznych ze wzgledu na
wydajnosé. Sa to: mechanizm weryfikacji liczby ciaglych nosnych optycznych
dostepnych w sieci (global capacity threshold mechanism) oraz mechanizm wery-
fikacji liczby ciaglych no$nych optycznych dostepnych w Sciezce (path capacity
threshold mechanism).
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Il [ntroduction

The groundbreaking invention of laser [B9], [E5] and subsequent works by Kao
and Hockham on low loss optical fibres opened up a significant chapter in the
history of telecommunications. In a short time, in 1962, an idea of multiplex-
ing independent data streams using different optical wavelengths appeared [BI].
However, this concept, currently known as Wavelength Division Multiplexing
(WDM), had to wait till the early 1990’s before its widespread implementation
in telecommunication networks. The two main drivers for its rapid development
were the unprecedented growth of the total traffic volume carried by modern
networks and the invention of optical amplifiers [B].

Introduction of WDM into optical transport systems opened up new possi-
bilities. In 1989 Chlamtac, Ganz and Karmi proposed a concept of a lightpath,
a “direct communication path” between two (not necessarily adjacent) nodes,
established by allocating the same wavelength throughout the path of the trans-
mitted data [[4]. The concept of a lightpath decreased significantly the necessary
processing power of the intermediate nodes, as they did not have to perform an
electro-optic conversion and did not have to process the data stream in the elec-
trical domain. A network using this mode of operation is termed a wavelength
routed optical network.

The connection-oriented nature of the wavelength routed network requires
that the lightpath must be established before the data transfer phase and may
be disconnected afterwards. In order to establish a lightpath its path must be
determined and a free wavelength must be assigned. This problem is known as
the Routing and Wavelength Assignment (RWA) problem. The requirement of
allocating the same wavelength on all links may be relaxed by using wavelength
converters. However, this is not the case in this dissertation.

Initially, the set of lightpaths in the network was static, and the lightpaths
were set up manually. However, progress in photonic switching technologies
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opened up the ability to set-up and tear down lightpaths on demand. In 2001
the Telecommunication Standardization Sector of the International Telecommu-
nication Union (ITU-T) presented the recommendation “Architecture for the au-
tomatically switched optical network (ASON)” 24] which describes the reference
architecture for the control plane of the optical network. In 2004 the Internet
Engineering Task Force (IETF) proposed the Generalized Multi-Protocol Label
Switching (GMPLS) Architecture 0] which may be used to dynamically create
and remove lightpaths in the optical network. In both architectures, two proto-
cols are considered for the actual exchange of the lightpath setup messages and
for resource allocation: RSVP-TE [1] and CR-LDP [].

Optical networks play an important role in today’s networking. An increase
in the available capacity promotes the introduction of new services, each having
different network requirements. On one hand, this requires high capacity, on-
demand provisioned connections, on the other, providing connections with the
appropriate quality guarantees.

The quality of the lightpath may be considered from three viewpoints: Quality
of Service (QoS), Quality of Resilience (QoR) and Grade of Service (GoS). Qua-
lity of Service (QoS) deals with connection parameters that affect data flow after
the lightpath is established (see [29] for details). Quality of Resilience (QoR) de-
scribes the availability of the connection with regard to different kinds of network
and equipment failures (see [I5] for details). Grade of Service (GoS) includes all
parameters applicable to connection setup.

There are two GoS parameters that are especially visible: the connection setup
time and the connection blocking probability. The blocking probability is the
probability that a lightpath request will be blocked due to some reason, resulting
from either policy requirements or lack of resources. The connection setup time
reflects the time needed from the moment a lightpath request is generated to the
moment the lightpath is completely set up and ready for data transfer. Both
parameters are related, as having the lower blocking probability usually means
putting more effort and time in finding the right path and wavelength on which
the lightpath may be set up.

This work deals with Grade of Service issues in the optical network with a
strong focus on one parameter: the connection blocking probability. A set of
mechanisms which allow a network operator to achieve differentiated GoS in the
optical network is proposed and thoroughly investigated throughout the disserta-
tion. The evaluation is performed on two reference networks using discrete-event
computer simulation.
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1.1 Scope and thesis

The dissertation is focused on optical wavelength routed networks with dynamic
provisioning of lightpaths. It is assumed that the network topology is given,
and does not change in time. The network nodes have no wavelength conversion
capabilities.

Lightpaths are set-up and torn down on demand. Additionally, existing light-
paths cannot be rerouted or disconnected to free resources for new connections.
Lightpath requests belong to two classes: high priority and low priority. When a
lightpath request arrives, the network needs to choose a path and a wavelength
for the request, and set up the request. The network may decide to block the
request, as well.

The following hypothesis is investigated in the dissertation:

It is possible to differentiate the blocking probability of lightpath
requests in optical networks using moderately complex routing strate-
gies.

To prove this hypothesis a set of GoS mechanisms is proposed and thoroughly
investigated in the dissertation.

1.2 Publications

Some of the results presented here were already published in the form of two
conference and two journal papers:

[63] A. Szymanski, A. Lason, J. Rzasa and A. Jajszczyk, “Route
Management Strategies for Grade of Service Differentiation in Optical
Networks,” IEEFE International Conference on Communications, ICC
’06, Istanbul, Turkey, pp. 2453 — 2458, 11 — 15 June 2006.

[64] A. Szymanski, A. Lason, J. Rzasa, A. Jajszczyk, “Strategie
zarzadzania doborem trasy umozliwiajace réznicowanie jakosci ob-
stugi w przetaczanych sieciach optycznych”, Przeglgd Telekomunika-
cyjny, Wiadomosci Telekomunikacyjne, Vol. 80, Iss. 2-3, pp. 64-67,
2007.

[E1] A. Szymanski, A. Lason, J. Rzasa and A. Jajszczyk, “Grade-
of-Service-based Routing in Optical Networks” IEEE Communica-
tions Magazine, Vol. 45, No. 2, pp. 82 — 87, February 2007.

[62] A. Szymanski, A. Lason, J. Rzasa and A. Jajszczyk, “Perfor-
mance Evaluation of the Grade-of-Service-based Routing Strategies
for Optical Networks” IEEE International Conference on Commu-
nications, ICC 08, Beijing, China, pp. 5252 — 5257, 19 — 23 May
2008.
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All of the presented papers underwent a thorough review process before their
final publication.

The paper [G3] proposes three mechanisms: link capacity threshold, path
capacity threshold and wavelength pools and investigates their performance in
a PanEU network using the shortest path routing and the first fit wavelength
assignment.

The paper [64] also investigates the mechanisms presented earlier in [63]. Ad-
ditionally, it provides the first classification of the grade-of-service-based routing
strategies in the optical networks.

The paper [61] presents a tutorial overview and comparison of the grade-
of-service-based routing strategies with emphasis on mechanisms that provide
differentiated call blocking probability for different classes of lightpath requests.

Finally, the paper [62 introduces two more mechanisms: first link capacity
threshold and global capacity threshold and a mechanism based on fixed-alternate
routing with a different number of paths in each class. Then a set of strategies
using the mechanisms is presented and investigated.

1.3 Structure of the dissertation

The rest of the dissertation is structured as follows. Chapter [2| presents the work
related with the investigated subject. Chapter [3] describes in detail the pro-
posed mechanisms and strategies. Chapter 4] deals with performance assessment
methodology and tools. Chapter [5 presents the performance of the individual
mechanisms. Chapter [0l presents a comparison of the strategies built using the
proposed mechanisms. Finally, Chapter [7 concludes the dissertation.



Al Rclated work

Inherently, GoS in a wavelength routed optical network is directly related to the
Routing and Wavelength Assignment (RWA) algorithm. Routing and wavelength
assignment is a specific problem for optical networks, for a good review of other
problems related to design and operation of communication networks see [B0].

Depending on the way a network operates, the RWA problem may be either
static or dynamic. Several Routing and Wavelength Assignment algorithms for
optical networks were proposed in the past; for a good review see [[4] [TH].

A static RWA is used when all lightpaths are to be set up at the beginning of
network operation. Usually, the set of lightpaths is given in the form of a logical
topology connectivity matrix. The static RWA problem is often formulated as a
Mixed Integer Linear optimisation problem where the optimisation target is to
set up all requested lightpaths minimising the use of network resources. This is
very useful during the network dimensioning phase, as it helps finding the re-
quired number of fibres on each link and the required number of wavelengths in
the network. The static RWA is NP-hard (for the proof see [I3]), so the opti-
mal solution is in most cases not available. Thus, many heuristic methods have
been proposed for solving it. As in this dissertation the focus is on dynamically
provisioned connections, the static RWA will not be investigated in a greater
detail.

In the dynamic RWA problem the physical network topology, including the
number of available wavelengths and the number of fibres on each link is given.
The lightpath requests are not known in advance, but arrive during the network
operation. The task is to find an optimal path and assign the best wavelength for a
lightpath request. If the algorithm cannot find sufficient resources, the lightpath
request is blocked, otherwise it is accepted. Each lightpath occupies network
resources during the holding time, which is unknown at the set-up time, and
releases them afterwards. This is called a dynamic traffic scenario. Some papers
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(for example [[3]) assume an incremental traffic scenario, where the holding time
is infinite. However, this approach is used far less frequently.

The most common performance measure of a dynamic RWA algorithm is the
lightpath blocking probability, computed as the ratio of the number of lightpath
requests that were blocked to the overall number of lightpath requests. Birman
and Kerschenbaum show that the blocking probability of a lightpath request
grows fast with the number of hops on the path from the source to the des-
tination [§. This makes room for algorithms that try to protect resources for
multi-hop lightpaths. A measure which gives the insight on the grade of ser-
vice (GoS) fairness of the RWA algorithm is the blocking probability computed
for each source-destination (S-D) pair [§]. An important issue for a dynamic
RWA algorithm is also its stability. It is important that the algorithm does not
deteriorate in time, i.e. the resources do not become fragmented [I3].

Lee and Li note, that a lightpath request may be blocked due to two reasons:
the bandwidth constraint, i.e. there is no free capacity on a path from the
source to the destination, and the wavelength continuity constraint, i.e. there
is enough bandwidth on the path but its use requires a wavelength converter
which is not available [34]. Birman and Kershenbaum enumerate three methods
for minimising the blocking probability associated with wavelength continuity
constraint: using wavelength converters, reallocating the existing connections or
using an appropriate RWA algorithm [§].

For each lightpath request the dynamic RWA algorithm needs to find a path
and choose a wavelength on which the request can be accepted. It is common to
divide this problem into two subproblems: routing, and wavelength assignment.
Mokhtar and Azizoglu note that “both subproblems may be solved sequentially
in any order, jointly or in an alternating fashion” [4]. Hence, two cases will be
distinguished. A sequential case, where both subproblems are solved separately,
and an integrated case, where both subproblems are solved jointly as one problem.
The case when routing and wavelength assignment occur alternately will be dealt
with in the class of sequential problems.

In the sequential approach it is necessary to solve one of the subproblems
first, and based on the result solve the other one. This creates two possibilities:
routing followed by wavelength assignment or wavelength assignment followed
by routing. Spaeth terms this “path priority scheme” and “wavelength priority
scheme,” respectively [B7. It is important to note that the division into routing
algorithms and wavelength assignment algorithms stems from the obtained re-
sult: a path or a wavelength. In many cases routing algorithms take into account
wavelength usage information, and even more, try to use a path that has contin-
uous free wavelengths. Nonetheless, they do not choose the wavelength on which
the lightpath is to be established. On the other side, wavelength assignment
algorithms may use such measures as the resource usage on one or more paths
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from source to destination, but they do not decide on which path the currently
processed request is to be set up.

The integrated approach does not divide between routing and wavelength
assignment. Instead, it solves the whole problem in one step, which usually im-
proves the quality of the solution, but increases the complexity of the algorithm.

The last issue is the amount of information used for routing and wavelength
assignment decisions and the credibility of the information. Most of the algo-
rithms presented in this chapter assume the centralised approach in which all
decisions are taken in one place. In this case the information about the network
state perfectly matches the current network state. However, if those algorithms
are run in a distributed environment, the algorithms may suffer from increased
blocking due to inadequate network state information and resource allocation col-
lisions resulting from many lightpaths being set up simultaneously. Some of the
algorithms presented in this chapter are prepared to deal with distributed com-
puting, by either assuming uncertainty of network state data or by tight coupling
with signalling and resource reservation.

2.1 Notation

The physical network topology is given and it does not change in time. It is
represented by the graph G(V, E) where V is the set of n nodes (n = |V|) and
E is the set of | directed edges (links), I = |E|. € is the set of wavelengths
available on each link, w = || is the number of wavelengths on each link. Some
algorithms presented in this chapter assume uneven number of wavelengths on
the links, for them );; is the set of wavelengths available on link e;;, w;; is the
number of wavelengths on the link, w;; = |Q;;]. Lightpath requests are given in
the form of source-destination (S-D) pairs, (S, D) where S,D € V, S # D.

2.2 Routing

There are two major classes of routing algorithms: static and adaptive [d4]. Static
algorithms do not change their routing procedure in time. Adaptive algorithms
use the network state information for taking routing decisions.

Fixed routing, which belongs to the class of static algorithms, computes ex-
actly one path for each S-D pair at the beginning of network operation. The
path remains the same (fixed) throughout the network life, assuming no network
failures, and all lightpath requests between a given source and destination are
routed alongside this path regardless of the network state. If there are no free
resources on the path then the request is blocked.
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In alternate routing an ordered set of paths is prepared in advance for each
S-D pair. The number of paths in the set and the search order may be fixed,
or may be chosen adaptively. The former case is often termed fixed-alternate
routing. If a lightpath request cannot be accepted on any of those paths, it is
rejected.

Finally, adaptive routing searches for a path taking the current network state
into consideration. Its operation is not restricted to a predefined set of paths,
thus, it is sometimes referred to as unconstrained routing.

Fixed routing

In fixed routing a single path is assigned to each source-destination pair and this
path does not change in time [4]. A lightpath request that cannot be set up
on this path is blocked. This class of routing algorithms is very simple, does
not require any network state data, but it suffers from high blocking if any of
the links on the S-D path is congested. Additionally, it may lead to significant
disproportions in GoS for different S-D pairs [§].

One of the special cases of fixed routing is the shortest path routing. It is
one of the simplest algorithms, used often as a reference routing algorithm in
comparisons (see [[3], [E9]). The inputs to this algorithm are the source and the
destination nodes of a lightpath request and the topology on which the request
is to be routed. The algorithm does not use information about the currently
available link capacities or the current network traffic. Each link in the topology
is assigned the unit metric or, in rare cases, a metric that reflects the real link
(fibre) length. The alternative name “least hop routing” is sometimes used to
emphasise that the particular instance of the shortest path routing is using the
unit length for all links, but this terminology is not consistently used throughout
the literature. The path is chosen according to the shortest path algorithm
(Dijkstra algorithm [I6], for example), minimising the use of network resources.

Paper 6] proposes a different approach to fixed routing, called the Static
Bias. In this method a set of fixed paths is obtained from a static RWA optimi-
sation using the linear programming techniques. The input to the static RWA
problem is a set of lightpaths corresponding to the mean traffic in the network.
The precomputed paths are then used as the fixed paths for setting up dynamic
lightpath requests. This approach offers 10 — 40 % better blocking probability
compared to the shortest path routing.

Alternate routing

In alternate routing a set of paths is assigned to each S-D pair. Depending on the
algorithm used, the set may be searched in a fixed order (fixed-alternate routing)



2.2 RouTING 9

or in an adaptive order. The authors of [B3] report that using alternate routing
may be more beneficial than using fixed routing and wavelength conversion.

Alternate routing has long been studied in the context of classic telephone
networks. Since 1950s the telephone networks used hierarchical alternate rout-
ing with fixed sequences of alternative choices. With the progress in signalling
and programming capabilities of exchanges, a non-hierarchical alternate rout-
ing methods were proposed. A good survey of those methods may be found in
[29]. Due to similar nature, optical networks inherited some ideas from telephone
networks, with fixed-alternate routing, least-loaded path routing and trunk reser-
vation being some examples.

Several different alternate routing algorithms for optical networks appeared
in the past. The paper [21] proposes an alternate routing algorithm called “Al-
ternative Central Routing on partially Link-Disjoint paths,” (ACR-LD). The set
of alternate paths for each S-D pair is computed as follows. The first (original)
path is the shortest path. Then, one link of the original path is removed from the
topology and a shortest path is calculated, resulting in an alternative path that
is partially link-disjoint with the original path. Then, the removed link is added
back to the topology. This calculation is repeated for all links of the original
path. Finally, a completely link-disjoint path is calculated and added to the set.
The simulations performed on an 18-node netwok show that the scheme performs
much better than fixed routing.

In [B8] another alternate routing variant is proposed in which the set of alter-
nate paths contains k completely link-disjoint paths. Spaeth terms this approach
“Alternative Source Routing on Completely Disjoint Paths,” (ASR-CD).

The paper 2] proposes another alternate routing method, termed “alternate
routing with limited trunk reservation,” where connections that require more hops
are provided with a greater number of alternate paths. Additionally, this scheme
assumes that a given number of free wavelengths should be left on the path, which
further equalises the blocking probabilities between short and long lightpaths.
The comparison with fixed routing and alternate routing with two paths (primary
and secondary) on a torus network with 16 nodes and 4 or 8 wavelengths shows
that alternate routing with limited trunk reservation outperforms the other two
methods in terms of fairness and overall blocking probability, especially if its
parameters are well tuned.

In Least Congested Path (LCP) routing [I0] a set of paths to be considered
for each communicating S-D pair is computed. For each link a congestion level
expressed in the number of free wavelengths on the link is obtained. The con-
gestion level of a path is the congestion level of the most congested link on that
path (i.e. the link which has the minimum number of free wavelengths). LCP
chooses the path which is least congested, if there are no resources on the chosen
path, the next least congested path is chosen.
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The “Fixed Paths Least Congestion” (FPLC) routing was proposed in [BH].
This is an extension of the LCP method, in which the congestion level of the path
is the number of continuous idle wavelengths on the path. The simulations as well
as analytical analysis show, that FPLC outperforms shortest path routing and
routing based on k shortest paths with fixed search order, especially for low loads.
A variant of this approach, FPLC-N(k), also proposed in [B3], examines only the
first k links on each path. FPLC-N(k) reduces the amount of information needed
for deciding which path to choose, at a cost of a slightly worse performance than
FPLC.

Adaptive routing

In the Adaptive Dynamic Routing with a pre-calculated paths (ADRx), proposed
by Spaeth [E1], B8], a set of & pre-calculated paths is considered for satisfying
the lightpath request. If, however, the request cannot be accommodated on any
of those paths, a new path is calculated dynamically. The dynamic calculation
takes into account all links, excluding those loaded above a given threshold. The
simulations performed on an 18-node network show that this scheme outper-
forms alternate routing with 2 paths. The simulations also show a general trend,
that differences in the blocking probability between fixed routing, fixed-alternate
routing and adaptive routing (ADRx) are mostly present in the low load region.

An extension to this approach limits the number of hops on any path. The
limit may be absolute, relative to the length of the shortest path between S-D
nodes or adaptive. The first one poses unnecessary restrictions for low network
load and may even block some node pairs if the network is sufficiently large. The
relative limit is more flexible, but still introduces unnecessary blocking for low
load region. The adaptive limit considers network load on the links. The pre-
sented simulation results show, however, that gains from using those mechanisms
are close to the simulation error margin.

The paper [T proposes the Adaptive Least Loaded Routing scheme (ALLR-~
k), which was designed to overcome problems with LLR and FPLC. The set
of paths to be considered while lightpath setup is not static, as with LLR and
FPLC. Each node maintains up to six precomputed paths to every other node: a
shortest path, a pair of disjoint shortest paths, a maximum bandwidth shortest
path and a pair of disjoint maximum bandwidth shortest paths.

Disjoint paths are computed using Suurballe’s algorithm [60]. Shortest paths
are computed using hop count as a metric. For Maximum Bandwidth paths
the authors propose a piece-wise linear increasing and convex cost function that
depends on the average utilisation of links during the last path computation
period. The lightpath is set up on one of those paths. The simulations show that
ALLR-k performs similarly or better than FPLC.
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The authors of [73] introduce the Near-maximum Available Wavelengths (NAW)
algorithm. The rationale behind this algorithm is to find a path with the greatest
number of available continuous wavelengths to prevent exhausting resources. As
the authors note, an important matter is the computational complexity of the
algorithm, which should scale well with the number of links and wavelengths.
NAW proceeds similarly to the well-known Dijkstra shortest path algorithm, but
uses a different representation of the node and link weights. A link is attributed
a binary vector which reflects the currently available wavelengths on the link. A
similar vector is attributed to each node and reflects the availability of continuous
free wavelengths on the best path from the source node to the given node. The
number of available wavelengths is the node weight. The NAW algorithm selects
a path from the source node to all other nodes maximising the node weights. The
algorithm performed best with the First Fit wavelength assignment scheme and it
provided about 50% reduction of the blocking probability, compared to the Least
Loaded and k-shortest path algorithms. However, the simulation environment
used in [73] was different from the one commonly used in that the lightpaths
were never released (incremental traffic). Thus, in the dynamic scenario the
performance figures may be different.

The drawback of the algorithm is the requirement of posessing the global
network state information in the node performing computation. Although OSPF
extensions are able to provide that, the management and signalling overhead
might be excessive. Subsequent algorithms: NUW_S, NUW_U and HOP_NAW
have this requirement relaxed and require reduced amount of information about
the network state. The second problem, arising in some networks is that this
algorithm focuses on load balancing and not on keeping paths short, thus in the
high load conditions too many resources may be used, which leads to a higher
blocking probability.

In NUW_S algorithm [73] the source node sends a request message towards
the destination node. As this request passes intermediate nodes, it builds a path
p on which the lightpath is to be established and, simultaneously, it collects
information about the continuous free wavelengths available on the path. In
node i the next hop node j for the request message is chosen based on the
preference value ¢; computed using the collected wavelength usage information
(which wavelengths are free from the source node to node i), available wavelengths
on the considered next hop link e;; and the total count of available wavelengths
from node j to all nodes k which are closer to the destination than node j. The
preference value is expressed as:

g = (A& N Al > ap (2.1)

drp<d;p
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where A%, is the set of continuous free wavelengths on the path from the source
node S to an intermediate node ¢ on the path p, A;; is the set of free wavelengths
on the link e;;, |(A%; N A;;)| is the number of continuous wavelengths from the
source node to node j, aj; is the number of free wavelengths on link ej; (this
number is zero if the link e;; does not exist), d;p is the shortest distance (least
hop distance) from node j to the destination node.

NUW_U [13] works similarly to the NUW_S algorithm, but differs in the way a
node preference is computed. The reader is referenced to [[3] for details. Simula-
tion studies performed in the referenced paper show, that the NUW_U algorithm
performs better than NUW_S, i.e. it provides a lower blocking probability and
shorter paths. Both NUW_S and NUW_U algorithms perform well in high load
conditions, compared to fixed algorithms, because they are able to find a feasible
path when the network is short of resources.

The Hop NAW [3] algorithm is based on sending several request messages
from the source to the destination, each of them collecting the information about
the wavelength availability on its path. The path with the greatest number of
wavelengths is chosen for the request. Additionally, Hop_NAW uses crankback
technique if a given request is blocked. The Hop_NAW algorithm does not require
any information about the network state, beyond that provided by a standard
link-state routing protocol (i.e. topology), but instead places a greater burden
on signalling. The performance of Hop_NAW is similar to NAW.

The paper [T proposes another two adaptive routing algorithms: “Available
wavelengths” (AW) and “Total Wavelengths and Available Wavelengths” (TAW).
Both algorithms use the shortest path algorithm with a non-standard dynamic
link metric, based on the number of the available wavelengths on each link.

For the AW algorithm[IT]:

o _log(l_%u) ;aij>17v(7;vj)€E
“T11 rai; =1,Y(i,5) € E
For the TAW algorithm:
Ajj i .
cij=—log|1—-|1- Vi, j) € B (2.3)

Wi

(2.2)

where a;; is the number of available wavelengths on link e;;, and w;; is the total
number of wavelengths on link e;;. The weight formula is based on calculating
the probability of a given wavelength being free on the link.

Adaptive Unconstrained Routing (AUR) proposed in (4] first orders wave-
lengths in some manner, then starting from the first one tries to satisfy the
request using shortest-path routing. The shortest path computation considers
the wavelength usage in the network. The following four variants of AUR were
proposed:
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e AUR/PACK orders wavelengths starting from the wavelengths that are
used on the greatest number of links in the network,

e AUR/SPREAD orders wavelengths starting from the wavelengths that are
used on the smallest number of links in the network,

e AUR/RANDOM randomly orders wavelengths.

e AUR/FIXED orders wavelengths according to their physical (wavelength)
order.

An additional case is the AUR/Exhaustive approach, referenced also in Sec-
tion 2.4) where a shortest path is searched on each wavelength in turn and the
shortest one of them is used.

The above approaches were compared with the Fixed Routing/First Fit ap-
proach. The tests were performed on two network architectures: ARPA2 network
with 21 nodes and 26 links, and a randomly generated network with 15 nodes
and 32 links. For single fibre networks with 4 and 8 wavelengths, the best al-
gorithm was AUR/Exhaustive, then AUR/Pack, AUR/Random, AUR/Spread.
The AUR/Exhaustive method outperformed others but it required a significant
computational effort due to the fact that the shortest path computation had to
be run for each wavelength. AUR/PACK and AUR/Fixed gave similar results,
with AUR/PACK performing slightly better. The results were also compared
with Fixed shortest path routing with First Fit wavelength assignment. All AUR
algorithms outperformed the Fixed Routing, although the difference diminished
with increasing load. Then a comparison between fixed routing with First Fit
wavelength assignment, alternate routing with two paths and First Fit wave-
length assignment, AUR/Pack and AUR Exhaustive was made, showing that the
performance gap between fixed routing and AUR may be significantly reduced
just by introducing an alternate path. Thus, alternate routing might be seen as
a viable compromise between simple fixed routing and complex AUR.

In 26 the authors propose a distributed routing method called “alternate-
link routing.” In this method, the path choice for a request is performed by
choosing the outgoing link in the current node and forwarding the request to
the next-hop node for processing. Each node maintains a routing table, which
contains an ordered list of outgoing links to reach each destination. The version
of the algorithm investigated in paper 6] maintained two outgoing links per
destination in each node. The first one was chosen according to the shortest
path policy, the second by choosing the shortest path with the first link removed
from the topology. A proper outgoing link for an arriving connection request
was chosen according to either the shortest-path-first policy, where the first link,
corresponding to the shortest path, was preferred or the least-congested policy
when the link leading to the maximum number of free continuous wavelengths on
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the path was preferred. The presented algorithm outperforms fixed routing and
fixed-alternate routing at low and moderate loads.

2.3 Wavelength assignment

In a Random wavelength assignment a wavelength is chosen at random among
the set of candidates [§]. The simulations performed in [§ indicate that this
method favours short lightpaths, and its performance is significantly degraded for
long lightpaths. This method is outperformed by other wavelength assignment
methods, as reported in [, B0, B2, E4], (9. Some papers report (see [I9] and
[26]) that for distributed lightpath setup, when multiple lightpaths are being set-
up simultaneously, random wavelength assignment might perform better than
other approaches due to the fact that randomness prevents collisions and race
conditions between parallel lightpath setups. Random wavelength assignment is
commonly used as a reference method and for mathematical analysis of blocking
probabilities.

The First Fit wavelength assignment, termed originally PACKY [, and in
some papers Incr/Incr [§] or FIXED [4], requires that the wavelengths are or-
dered in some way, for example A1, Ao, ...\,,. The ordering is consistent through-
out the whole network, and does not change in time. For each lightpath request
the algorithm sequentially scans the wavelengths starting from A\; and the first
wavelength which can accommodate the lightpath request is chosen. A general
idea behind this algorithm is to maximise the utilisation of wavelengths, and to
ensure that a maximum number of new lightpaths can be allocated [I3].

The Incr/Decr wavelength assignment scheme was proposed in [§ and is based
on a similar idea as the First Fit algorithm. The lightpath requests which occupy
only one link (single-hop) are assigned wavelengths starting from the lowest avail-
able wavelength (A1), whereas lightpath requests that occupy more than one link
(multi-hop) are assigned wavelength starting from the last available wavelength
(Aw). The comparison of the Incr/Decr algorithm with First Fit (Incr/Incr) al-
gorithm performed in [§] suggests that there is no substantial difference between
those methods.

In the Centralised Lightpath Allocation (CLA) method [[4], sometimes re-
ferred to as Max Wave policy 22, PACK H4] or Most Used B3], [T4], the wave-
length occupied on the greatest number of links in the whole network is used for
satisfying the request. If this is not possible, the next most used wavelength is
considered. The performance of this method is very close to, but slightly better

1Please note that some algorithms, proposed by different authors, bear the same name. For
example PACK is used in context of First Fit and Centralised Lightpath Allocation, this name
appears also as the name of the integrated RWA strategy.
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than that of First Fit [22]. The purpose of this algorithm is to maximise the util-
isation of already used wavelengths and avoid using lightly loaded wavelengths.

The SPREAD algorithm [4], sometimes called Least Used [4], proceeds the
opposite way to PACK, trying to balance the utilisation of wavelengths. The
algorithm sorts wavelengths according to their utilisation, i.e. the number of
links (fibres) on which a given wavelength is used. Then, the algorithm tries to
set up the request on the least loaded wavelength, and if it fails the next least
used wavelength is considered. As noted in [[4], this algorithm is not preferred in
practice, since its performance degrades quickly. It tends to service only lightpath
requests spanning few hops, while blocking longer lightpath requests.

The Least Loaded wavelength selection algorithm [B0], suitable mostly for
multi-fibre networks, chooses a wavelength \;, \; € AP so that min.ep[f. — b2] is
maximised. In case of a tie, the minimum index j is chosen. f. is the number
of fibres on link e, b7 is the number of fibres on link e on which wavelength \; is
busy, AP is the set of available wavelengths on path p, and p is the path on which
the lightpath request is to be established. [74] notes that this approach reduces
to First Fit in single fibre networks.

The Minimum Sum algorithm [B0] chooses wavelength \; for which )
achieves minimum, in case of ties, the minimum j is chosen.

The goal of the Max Sum [B9] algorithm is to choose wavelength \; for the
lightpath so that the network is in a good state ¢'(j) after the lightpath is es-
tablished. This is achieved by maximising the function V (¢’(j)) over all possible
resulting states ¢’(j). 1 is the current network state, 1'(j) is the network state
resulting from establishment of the current lightpath request on wavelength A;.

The link capacity of link e on wavelength \; in state v, aZ(¢), is the number
of fibres on which wavelength A; is free on link e. The capacity of path p on
wavelength A;, a(¢,p,j), is the number of fibres on which A; is unused on the
most heavily used link along the path, a(y,p,j) = mineepal (). The path
capacity of path p in state v is defined as

ecp fe

Z a(y,p,J) (2.4)
Jj=1

where w is the number of wavelengths on a link.
The Max Sum (MY) algorithm chooses wavelength A; to maximise V' (¢'(j))
defined as:

V') =Y a@'(j),p) (2.5)
peP
where P is the set of all paths in the network. In other words, the algorithm
chooses wavelength A; in a way to maximise the sum of available capacities on
all paths after the request is set up.
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Two other algorithms, Max Weighted Sum (MW3X) and Max Min, are pre-
sented in [B9], but their performance is not investigated. The algorithms differ
from the Max Sum algorithm in a way V(¢'(j)) is defined,

MW : V(¢ () = ) e(p)a(@’ (), p) (2.6)
peP
Max-Min : V(¢'(j)) = mina(y'(j), p) (2.7)

where ¢(p) is an arbitrarily chosen weight of path p.

The authors of [I9] propose another wavelength assignment scheme, suitable
for multifibre networks. The Maximum-Availability method chooses the wave-
length which is available on the maximum number of fibres on path p. In other
words, it chooses wavelength A; for which the path capacity of path p on wave-
length \; in the current network state ¥, a(¢, p, j) achieves maximum. If several
wavelengths have the same path capacity, one of them is chosen randomly. The
presented studies show that the presented method outperforms First Fit and
Random wavelength assignment for multifibre networks.

The Min Product [25] algorithm chooses the wavelength for which the product
[l.c,{al} is minimal. @ is the number of fibres on which wavelength \; is busy
on link e. In case of a tie a minimum value of j is chosen. [[4] notes that this
approach is suitable for multifibre networks, and it reduces to First Fit in single
fibre networks.

The Relative Capacity Loss [f0] algorithm is based on Max Sum. The goal
of this approach is to choose a wavelength which has the minimum impact on
capacity of other paths, similarly to the Max Sum algorithm. However, this
approach takes into consideration the amount of resources left for a given path
and avoids allocation that would lead to blocking of some paths.

The term capacity of path p on wavelength \;, a(¢,p, j), was introduced in
the description of the Max Sum approach. The Relative Capacity Loss due to
lightpath setup on path p and wavelength A;, L(p, j) is defined as follows:

L(p.j) = a(w’g L@“ﬁ/jp 2

The lightpath request is set up on A; for which the Epep,(p*) L(p,7) is mini-
mal. P’'(p*) is the set of paths which share common links with path p*.

The authors of [76 also propose a Weighted RCL approach that is suitable
for networks with a nonuniform traffic intensity matrix. In the algorithm, the
weights ¢(p) that are assigned to paths are proportional to the traffic intensity
on those paths. Then the RCL algorithm is modified to set up the request on
wavelength A; for which the Zpep,(p*) L(+,p,7) - ¢(p) is minimal.

(2.8)
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The main motivation for the Distributed Relative Capacity Loss (DRCL)
algorithm [4] was to adapt RCL for its use in networks with distributed control.
The algorithm is similar to RCL in that it calculates the capacity loss due to
the lightpath set up on wavelength \;. The capacity loss in RCL was calculated
upon the set of all path that had common links with the current lightpath. DRCL
takes into account capacity loss on paths originating at the same source node S
as the current lightpath. The algorithm is based on the Bellman-Ford algorithm
[d. Each node computes the table of triplets (wavelength, destination, relative
capacity loss) which is exchanged with neighbouring nodes.

Capacity loss L'(D, j) for destination D and wavelength A; is calculated in
node S the following way:

1. L'(D, j) = 0if there is no path from node S to destination D on wavelength
Aj

2. L'(D,j) = 1/agp if the path from S to D is a single link (S is a neighbour
of D), agp is the number of currently available wavelengths on this link.

3. L'(D,j) = max(1l/ag;, Li(D, A) if the path from S to D goes through neigh-
bouring node ¢; L}(D, j) is the value of relative capacity loss obtained from
node i, ag; is the number of currently available wavelengths on the link to
T.

The capacity loss for a path destined to D on wavelength A; is calculated as
the sum of relative capacity loss values for other destinations.

2.4 Integrated RWA algorithms

In the AUR/EXHAUSTIVE method [4], a shortest path is computed for each
wavelength, taking into consideration the wavelength usage in the network. The
calculation includes only the links that have a given wavelength free. The shortest
path from the computed ones is chosen for the lightpath setup.

Dynamic Routing presented in [22] is based on two algorithms: alternate
routing with limited trunk reservation and the Max Wave wavelength assignment
policy. Given the lightpath request for an S-D pair, the algorithm calculates:

1. for each wavelength );, the number of links a’ on which the wavelength is
free in the whole network,

2. the hop count, h;, and the number of free wavelengths, AP, for each of the
alternate paths p; € Psp connecting nodes S and D.

For networks with full wavelength conversion APs will be the number of free
wavelengths on the busiest link. For networks without wavelength conversion this
will be the number of continuous (free) wavelengths.
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The algorithm uses the constants a; and as to calculate the weighted sum
of the variables: §; ; = aga® + (1 — a1){as(w — APi) + (1 — az)h;}. The (path,
wavelength) pairs are considered starting from the smallest d; ;. If there is more
than one pair with the same d; ;, pairs with smallest a’ are preferred in the first
place. If the choice is still not unique, a pair with the largest aq(w — AP3) + (1 —
ag)h; is preferred. If it is not possible to establish the connection on the selected
combination of the path and wavelength, the next §; ; is considered. For the case
of a1 = 0 the wavelength may be chosen according to the First Fit rule.

The Least Loaded Routing (LLR) B0l algorithm simultaneously chooses a
path and wavelength. The path is chosen from & shortest paths. The algorithm
chooses path p and wavelength ); that satisfy max, ; min.e, fo — b2 where f,
is the number of fibres on link e, b’ is the number of fibres on link e on which
wavelength j is busy, and p is the path chosen from the set of k& shortest paths
between the source and the destination. Ties are broken using the Most Used
rule, if the tie still cannot be broken, the shortest path is chosen.

The Min Sum Routing (MSR) algorlthm B computes for each (path, wave-

length) pair the following cost value >
imum cost.

The algorithms LLR and Min Sum Routing were compared in B0 on a multi-
fibre 30-node mesh network. Increasing the number of alternate paths taken into
consideration results in lowering the blocking probability. The blocking proba-
bility drops much faster for LLR than for MSR, but the difference diminishes
significantly with increasing load. The simulations show that considering many
alternate paths gives good results for single fibre networks, and as the network
contains more fibres per link the benefit of considering many (more than three)
alternate paths diminishes. Nevertheless, it is beneficial to use more than one
path for setting up a request. The simulations also show, that for multifibre
networks with alternate paths the benefit of wavelength conversion is small.

B4 introduces the concept of an auxiliary wavelength graph. The auxiliary
graph is built upon the original network topology, but includes the details of the
wavelength conversion. The network is modeled as w physical networks, each
representing the specific wavelength. The planes are interconnected according to
the wavelength conversion capabilities in each node. This enables the use of stan-
dard path search algorithms (for example shortest path) for simultaneous routing
and wavelength assignment. The auxiliary wavelength graph must be changed
after each lightpath setup/release to reflect current availability of wavelengths
and converters. The algorithm presented in [B4] uses shortest path search on
an auxiliary graph. Each free edge associated with a wavelength on a physical
link has some finite cost ¢, each free wavelength converter edge has some finite
cost ¢.. Occupied wavelengths and converters are reflected in the infinite weight.
Ties are broken using the smallest wavelength index. The algorithms, presented

cep f and chooses the pair with the min-
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in [[2] and B allow for reducing the computational complexity. Moreover, the
algorithm presented in [B] is suitable for distributed computing.

The Layered-Graph method, presented in [[2] is an extension of the Auxiliary
Wavelength Graph to multifibre networks, but assumes no wavelength conversion.
In this method the physical network topology is converted to a layered graph,
where each wavelength occupies a separate wavelength plane. The topology of
each wavelength plane reflects the physical network topology. A virtual source
and destination nodes exist for each physical nodes. Each of them is connected
to the corresponding nodes in the wavelength plane using unidirectional edges.
These are the only common points for the wavelength planes.

Two strategies are suggested. The first one (PACK) assumes, that as long as
a given wavelength is free on at least one fibre on a given link, the corresponding
edge has a constant weight. The weight changes to co when the wavelength is
occupied on all fibres on the link. The second (SPREAD) one assumes that
the weight of edge where the corresponding wavelength is free on all fibres is the
initial cost. The cost increases by a constant value with each busy fibre on a given
wavelength on the link. Finally, the weight changes to co when the wavelength
is occupied on all fibres on the link.

Routing and wavelength assignment is done by searching for the shortest
path on the wavelength graph with edge weights set up according to PACK or
SPREAD approaches. If there are many concurrent paths with the same length,
the most used wavelength and link is used for PACK, and the least used link and
wavelength for SPREAD.

The SPREAD method outperformed Fixed routing with First Fit wavelength
assignment, Alternate routing with 2 paths with Random wavelength assignment,
and FPLC. The comparison on the NSFNET topology shows, that SPREAD
outperforms PACK, and the difference increases with the number of fibres. The
method may be used for networks with uneven number of fibres on links, and
with different cost for each link.

The paper H] utilises a similar approach as the Layered Graph Method but
proposes a different cost metric. The metric of each edge in a wavelength graph,
¢ is defined as follows:

J a% ifal # 0, 9.9
6_{05 ifad =0 (29)
Based on the proposed cost metric, three different RWA schemes are proposed.

In a total-cost based selection path p on wavelength A; which has the minimum
cost §;,p is chosen. The cost 6; ), is calculated in the following way:

=Yl 2.10)

ecp



20 2. RELATED WORK

For the balanced cost-based selection the cost §; 5 is calculated the following
way:

Ojp = hp~ch (2.11)

ecp

where h,, is the hop count (number of links) of path p.
For the future cost-based selection the cost ¢;, is calculated the following
way:

Sjp = (2.12)

ecp
where ) 4
) - ifa > 1
Ly — al—1 € ’
= { 00 ifal <1 (2.13)

and if all paths calculated using this method have a weight of co then the path
is chosen according to the total-cost based selection scheme.

The presented results show that the future cost-based selection scheme out-
performs the other two algorithms and it also outperforms fixed routing with
First Fit wavelength assignment.

2.5 QoS and GoS related work

This section presents previous works on QoS and GoS routing in optical networks.
Quality of Service (QoS) deals with connection parameters that affect data flow
after the lightpath is established. Grade of Service (GoS) includes all parameters
applicable to connection setup, such as connection blocking probability and setup
time.

The paper [§] introduces the concept of wavelength reservation. The purpose
of the presented algorithm is to equalise the blocking probability between requests
of short and long lightpaths. Some wavelengths are reserved on some links for
the exclusive use by the specific traffic. The reserved links and wavelengths
were chosen manually, based on blocking probabilities for each S-D pair. The
authors note that “Reserving wavelengths puts up barriers to sharing of the
wavelength resource. Thus while enhancing the performance of one traffic stream
it is expected to decrease the global network performance.”

The paper [ also introduces the concept of protecting threshold. This con-
cept is based on the trunk reservation techniques used in circuit switched networks
and is used for protecting resources for lightpaths spanning multiple hops from
single hop lightpaths, which are easier to establish. The single hop lightpath will
not be established if the number of free wavelengths on a given link is less than
the specified threshold.
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The authors of [B3] use fixed-alternate routing with wavelength reservation.
Alternate paths are used only if the number of continuous wavelengths on them
is greater than the specified threshold. The presented results suggest that this
mechanism is beneficial in some cases as it prevents consuming too much resources
by the alternate (longer) paths.

In [II] the authors analyse the proportional differentiation among traffic classes
and propose three algorithms: intentional blocking, intentional termination, and
a hybrid algorithm that is a combination of the two previously mentioned. All
algorithms constantly monitor blocking probabilities in all classes of lightpath
requests and either intentionally block some requests, or intentionally terminate
some existing lightpaths to achieve the proper relationship between blocking prob-
abilities in each class. As a result, the higher priority class the lower the blocking
probability.

In [65] the authors analyse the performance of an algorithm in which each class
of lightpath requests is given a specific range of wavelengths to choose from. This
concept is further evaluated using a continuous-time Markov chain and computer
simulation.

In @3] the authors propose the use of absorption probability as a measure of
grade of service in the optical network. The absorption probability at time t is
the probability that at least one lightpath request will be blocked before time
t. In the paper the authors analyse the concept using transient analysis of the
Markov chain model of the network and compare the analytical results with the
results obtained from computer simulation.

In [B2] the authors propose a model to evaluate the bit error rate (BER) of
the lightpath during the routing and wavelength assignment. The lightpath is
set up only if it meets the specified QoS, expressed in terms of BER.

In [66 the authors propose an impairment constraint-based routing scheme,
in which a path computed using k-shortest path routing is assessed according to
a given model. The path that does not pass the validation phase is removed from
the set of k£ paths and the calculation is repeated. The paper discusses phys-
ical impairments present in the optical networks: polarisation mode dispersion
(PMD), amplified spontaneous emission (ASE) noise, crosstalk, chromatic dis-
persion and filter concatenation and analyses their impact on connection quality.

In 7 the authors propose three methods for routing and wavelength as-
signment that take into account the QoS parameters of the lightpath: the least
quality resource allocation, the minimal wavelength shifting, and alternate rout-
ing for overloaded multiwavelength resources. The methods rely on the definition
of appropriate cost functions in the transformed network graph. The concept of
service-specific wavelength-resource graphs is further investigated in [25].

In 29 the authors propose a method for constraint-based path selection for
dynamic RWA in the optical networks based on flooding probe messages, process-
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ing the messages in an appropriate way in the intermediate nodes, and choosing
the most suitable path in the destination node. While traversing the network
the probe messages collect information regarding signal degradation in traversed
elements. The collected information, including physical impairments, reliability,
policy and traffic conditions allows the choice of the path that meets the necessary
QoS and QoR constraints.

In 37 the authors propose routing and wavelength assignment based on a ge-
netic algorithm, taking into account the polarisation mode dispersion (PMD) and
amplified spontaneous emission (ASE). The algorithm also chooses the location
of wavelength converters and compensator nodes.

In [ the authors propose two wavelength assignment schemes which take
into account the four wave mixing (FWM) effect. A similar RWA approach is
presented in 20] and 2I]. The authors propose models allowing the estimation of
FWM effect along a candidate path-wavelength pair. The admission of a lightpath
request is based on the expected QoS on a candidate path-wavelength pair. One
of the proposed routing methods also takes into consideration the impact of the
lightpath setup on existing lightpaths and prevents setup if the QoS of existing
lightpaths would not be satisfactory.

The authors of ] propose another method in which the algorithm selects
the best path in terms of noise figure and checks whether the path satisfies the
required QoS. The authors provide a model to calculate noise figure based on
parameters of the network elements carrying the optical signal (fibres, optical
amplifiers, input and output taps).

The authors of [BI] propose two adaptive RWA algorithms called “highest
Q factor” and “max min Q factor” which take the bit error rate (BER) of the
current connection request and BERs of the existing connections into account
while making both routing and wavelength assignment decisions. The BER is
calculated based on estimated crosstalk effects.

The authors of 23] propose two methods for RWA which include physical im-
pairments in the calculations. The methods are based on calculating a candidate
path and assessing, using the provided model, the path quality. If the candi-
date path has insufficient quality the next path is considered. The first RWA
method used in the paper is based on AUR/Exhaustive, the second is based on
AUR/FIXED. If the path cannot be found, or it does not meet the QoS criteria,
the next wavelength is considered. The model used for assessing the quality of
a candidate lightpath takes into consideration the Polarisation Mode Dispersion
(PMD) and the Optical Signal-to-Noise Ratio (OSNR).



B3 Proposed mechanisms
and strategies

This chapter provides an overview, classification and presentation of the proposed
Grade-of-Service routing mechanisms and strategies. The chapter begins with a
section that contains a proposed classification of the mechanisms and introduces
the notation conventions which will be used throughout the remaining part of
the chapter. The next sections, Section [3.2] B3.3] and 3.4l present the proposed
mechanisms. Finally, Section [3.5] present strategies built upon the presented
mechanisms. The strategies are then evaluated in Chapters [5l and 6.

3.1 Overview and classification

A Grade-of-Service routing strategy is built on one or more mechanisms that
provide differentiated services in an optical network. There are at least three
groups of those mechanisms [G1]:

(a) mechanisms which preserve network resources for high priority requests,

(b) mechanisms in which a different routing algorithm, path metrics or a set of
candidate paths is considered for each class of requests,

(¢) mechanisms in which an existing lower class lightpath may be preempted
or rerouted if the resources it uses are needed for a higher class lightpath.

The focus of this dissertation is on the first two groups of mechanisms. Thus,
in the next two sections these mechanisms are thoroughly presented alongside
with detailed algorithms. The third group, based on preemption, will only be
briefly discussed.

The algorithms are presented in two versions: one suitable for networks with
the centralised computation model and one for networks with the distributed
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computation model. These are the two architectures implementing the Path
Computation Element (PCE) [I§]. The distributed version of the algorithms is
prepared to interact with the RSVP-TE signalling [1].

The descriptions use a common set of symbols. All algorithms operate on
a lightpath request R from node S to node D. Request R is either a low or
a high priority request. Each link carries w wavelengths in each direction and
Q = {A1,..., Ay} is the set of wavelengths in a network. p denotes a path (a
concatenation of links), which will be used to setup request R. A is the set of
wavelengths considered for the lightpath setup. |A| is the number of elements in
A. Ap is the set of unused (free) wavelengths on the first link of path p. T is
a configurable, integer threshold parameter that determines how much resources
are preserved for high priority requests.

3.2 Mechanisms which preserve network resources
for high priority requests

The general idea behind this group of mechanisms is to provide a notion of
resources that are protected from being used by the low priority lightpaths. Ef-
fectively, this increases the chances that future high priority requests will find
sufficient resources in the network at the time they arrive. The preservation of
resources is a kind of “an educated guess,” since future high priority requests are
not known at the time resources are preserved.

One of the possible ways of preserving resources for future higher priority
lightpaths is to define a threshold. The threshold describes the amount of re-
sources that should remain free for future high priority requests. If the amount
of free resources is less than or equal to a given threshold, the network rejects
low priority requests. The higher the threshold, the greater amount of resources
preserved, and less resources available for low priority requests. Consequently,
increasing the threshold value decreases the blocking probability of high priority
requests and, simultaneously, increases the blocking probability of low priority
requests. Thus, it is necessary to achieve a proper balance between the aggres-
siveness of resource preservation and the resulting penalty imposed on the low
priority requests.

The degradation of the blocking probability of the low priority requests is
especially important for low and moderate offered traffic. In such conditions
the network could (potentially) work with a non-GoS-aware mechanisms, and all
classes of requests, including the high priority class would get a sufficiently low
blocking probability. If the GoS mechanism is used to extend the amount of the
offered traffic that can be accommodated by the network without increasing the
blocking in the high priority class above a required level, and for the majority of
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time the network remains in the low traffic region, then this is the region of the
most aggressive comparison between strategies, and the place where the heated
debate may arise on whether it is beneficial to use this kind of mechanisms or
not.

Three of the presented mechanisms were introduced earlier in [61] and [63], one
was presented earlier in [GI]. In contrast to the earlier versions, the algorithms
discussed here may be used with any routing algorithm and any wavelength
assignment algorithm.

All of the presented mechanisms, except one, work according to a similar
schema:

1: Find the first path to the destination, according to the chosen routing
algorithm;

2: Accept or decline the path using the chosen GoS assurance mechanism;

3: If the path is accepted and there is at least one continuous wavelength on
the path, assign the wavelength and set up the lightpath;

4: Otherwise, choose the next path, if available, and return to step 2;
5: If there is no next path available, block the request.

Depending on the control plane solution used, there may exist three options:
either all decisions regarding the lightpath setup are taken by a single centralised
PCE which maintains the exact network state (stateful PCE), or the decisions
are taken by a single centralised PCE which is stateless, or they are taken in a
distributed manner. In the first case, the PCE possesses all information required
to setup the lightpath, including the current state of the available resources in
the network. However, in the second and third cases there is no central database
that collects the status of all resources. Hence, the PCE must use other means
to gather information about the availability of the resources.

The first source of information might be the routing updates carrying the
current status of all links in the network. However, this information may be
more or less outdated, depending on the delay between updates and the way
they are triggered. Only one of the presented algorithms requires this kind of
information to be available.

The second source of information is the lightpath setup process which includes
resource reservation. Usually, backward reservation is used for that purpose, since
it is more efficient (see [I9]). RSVP-TE [4 is one of the protocols that implement
this paradigm. In this protocol resource reservation is performed in two stages.
In the first one a PATH message is sent in the forward direction and collects
wavelength availability along the chosen path. The destination node, upon re-
ceiving the PATH message, chooses the wavelength and responds with a RESV
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message which reserves the chosen wavelength along the path. This constitutes
the second stage of the lightpath setup. Most of the presented algorithms are
prepared to be performed while processing the PATH message, i.e., during the
first stage of the lightpath setup. This gives an additional benefit of having more
precise information regarding the available resources in the network, compared
to the information carried in routing updates.

The numerical complexity of the presented algorithms is estimated solely as
the computational cost of adding the presented mechanisms to the network that
does not implement GoS mechanisms. Thus, the numerical complexity includes
neither the complexity of calculating a candidate path nor a complexity of wave-
length assignment after a candidate path is approved. In the subsequent formulas
the following notation is used: n will denote the number of nodes in the network;
[ will denote the number of links in the network; w will denote the number of
available wavelengths. The value of | may be substituted with n(n — 1) for the
worst case of a full mesh network. However, most networks are more than 2 and
less than 3-connected, thus real-life [ seems to be a linear function of n;

3.2.1 Wavelength pools (pool)

This mechanism was first investigated in [63], where the authors presented the
concept and analysed it using both a continuous-time Markov chain and computer
simulation. The version presented here is a slight modification of the original
concept. The whole set of wavelengths available on each link is divided into two
pools: the first, common pool may be used by all lightpath requests. The second
(preserved) pool may be used only by high priority lightpath requests and is used
if it is not possible to set up a request using the common pool. Parameter T
describes here the number of wavelengths in the preserved pool.

The acceptance of a candidate path for a low priority request depends on
the availability of free wavelengths on the path in the common pool. If there
is at least one wavelength free, the candidate path is accepted, otherwise it is
rejected. For the high priority requests a candidate path is always accepted. It
is important to note, however, that this mechanism requires cooperation from
the wavelength assignment algorithm, especially for the high priority requests,
since the requests must be established using the common pool, if possible. The
preserved pool should only be used as the last resort.

The mechanism requires almost no additional effort from the control plane,
since it only affects wavelength choice in the destination node. During lightpath
setup the PATH message collects wavelength usage information on the whole
path. Based on this information the destination node chooses the wavelength on
which the request will be set up. The described algorithm may be implemented in
this step, rejecting the candidate path if a low priority request is served and there
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are no free continuous wavelengths in the common pool. A detailed algorithm
description for this mechanism is presented below. The numerical complexity of
the algorithm may be estimated as O(lw) since to compute the available number
of wavelengths on a candidate path it is necessary to check all links on the path,
the number of which is upper-bounded by [, and on each link it is necessary
to check w wavelengths to remove busy wavelengths from the set of available
wavelengths. Then, for a low priority request it is necessary to remove the wave-
lengths corresponding to the preserved pool from the set. Finally, the number of
elements in the resulting set of available wavelengths needs to be counted, and
this set may contain, at maximum, w elements.

The algorithm for the wavelength pools strategy (pool)

Networks with a centralised control:

1: Compute the first candidate path p from node S to node D according to
the preferred routing algorithm.

2: Compute the set of available wavelengths A C €2 so that each \; € A is free
on all links on path p.

3: If R is a low priority request then remove wavelengths A; : ¢ > w — T from
set A.

4: If A = 0 then decline the candidate path p and go to step 7.

5: Choose wavelength A\; € A according to the preferred wavelength assign-
ment algorithm.

6: Set up request R on path p and wavelength A\; and FINISH.

7: Compute the next candidate path p; if it exists go to step 2, otherwise block
request R and FINISH.

Networks with a distributed control:

1: In node S, compute the first candidate path p from node S to node D
according to the preferred routing algorithm.

2: In node S:

2.1: if R is a low priority request then send an explicitly routed PATH
message to node D along path p that contains an initial set of the
available wavelengths A = Ag \ {\p—741--- Aw};
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2.2: if R is a high priority request then send an explicitly routed PATH
message to node D along path p that contains an initial set of the
available wavelengths A = Ag.

3: While traversing path p set A in the PATH message is updated and the
wavelengths that are busy on a traversed link are removed from set A. If,
at any intermediate node, A = () then the candidate path is rejected and a
PathErr message is sent towards node S; go to step 6.

4: In node D, receive the PATH message:

4.1: if A = then the candidate path is rejected and a PathErr message is
sent towards node S; go to step 6;

4.2: otherwise A; is chosen among the available wavelengths (A; € A) ac-
cording to the preferred wavelength assignment algorithm and a RESV
message is sent towards node S.

5: In node S, on receiving the RESV message the lightpath is established, so
FINISH.

6: Compute the next candidate path p from node S to node D, if it exists go
to step 2, otherwise block request R and FINISH.

In the presented algorithm Ag\ {Aw—7+1 .. Aw} is the set of free wavelengths
from the common pool which are free on the first link of the candidate path p.

3.2.2 First link capacity threshold (flcap)

This algorithm is one of the simplest algorithms proposed. It works by checking
whether there are sufficient resources on the first link of a candidate path. For low
priority requests a candidate path is accepted if the number of free wavelengths
on the first link of the path is greater than the specified threshold T. On the
other hand, if the number of free wavelengths on the first link of a candidate path
is less than or equal to T" then the candidate path is rejected. For high priority
requests the candidate path is always accepted.

The mechanism is very simple, and not very effective. Its main drawback is
a very limited scope of resources that it preserves (just one link) and the fact
that it does not pay any attention to the wavelength continuity which is a major
contributor to the blocking probability in the optical networks that do not have
wavelength conversion capabilities.

Since the number of free wavelengths on the first link of the lightpath should
be locally accessible in the source node, the algorithm does not rely on any
kind of mechanism that distributes the information about currently available
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resources throughout the network. The numerical complexity of the presented
algorithm may be estimated as O(w), since it is only necessary to check the set
of w wavelengths on a single link, and this information is available in the local
node. The formal description of the mechanism is presented below.

The algorithm for the first link capacity threshold strategy (flcap)

Networks with a centralised control:

1:

Compute the first candidate path p from node S to node D according to
the preferred routing algorithm.

: If R is a high priority request then go to step 4.

: If the number of free wavelengths on the first link is less than or equal to

T then decline the candidate path p and go to step 8.

: Compute the set of available wavelengths A C €2 so that each \; € A is free

on all links on path p.

: If A= () then decline the candidate path p and go to step 8.

: Choose wavelength \; € A according to the preferred wavelength assign-

ment algorithm.

Set up request R on path p and wavelength A\; and FINISH.

: Compute the next candidate path p; if it exists go to step 2, otherwise block

request R and FINISH.

Networks with a distributed control:

1:

In node S, compute the first candidate path p from node S to node D
according to the preferred routing algorithm.

: In node S,

2.1: If R is a low priority request and the number of free wavelengths on
the first link is less than or equal to T (|Ag| < T') then decline the
candidate path and go to Step 6.

2.2: Send an explicitly routed PATH message to node D along path p that
contains an initial set of available wavelengths A = Ay,

: While traversing path p set A in the PATH message is updated and the

wavelengths that are busy on the traversed links are removed from set A.
If, at any intermediate node, A = () then the candidate path is rejected and
a PathErr message is sent towards node S.
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4: In node D, receive the PATH message:

4.1: if A =0 then the candidate path is rejected and a PathErr message is
sent towards node S;

4.2: otherwise A; is chosen among the available wavelengths (\; € A) ac-
cording to the preferred wavelength assignment algorithm and a RESV
message is sent towards node S.

5: In node S, on receiving the RESV message the lightpath is established, so
FINISH.

6: Compute the next candidate path p from node S to node D; if it exists go
to step 2, otherwise block request R and FINISH.

3.2.3 Link capacity threshold (lcap)

This algorithm is an extension of the previous one, since given a candidate path
it checks the number of free wavelengths on each link of the path. For a low
priority request, if there are more than T free wavelengths on each link then the
path is accepted. Otherwise the path is rejected. For high priority requests the
path is always accepted. As a result, at least T' wavelengths should remain free
on each link (for future high priority lightpath requests) after the current low
priority lightpath request is satisfied.

The numerical complexity of the algorithm may be estimated as O(lw) since
it is necessary to check all links on a candidate path, the number of which is
upper bounded by [, and on each link it is necessary to check w wavelengths.

The presented mechanism has a broader scope of resources it preserves. How-
ever, it still does not pay any attention to wavelength continuity. In a busy
network, an incoming high priority lightpath request might find that there are
some wavelengths free on each link on a path, but none of them is continuously
free on the whole path. The formal description of the algorithm for networks
with both centralised and distributed control is presented below.

The algorithm for the link capacity threshold strategy (lcap)

Networks with a centralised control:

1: Compute the first candidate path p from node S to node D according to
the preferred routing algorithm.

2: If R is a high priority request then go to step 4.

3: For each link e; on path p:
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3.1: if the number of free wavelengths on link e; is less than or equal to T’
then decline the candidate path p and go to step 8.

: Compute the set of available wavelengths A C Q so that each A\; € A is free

on all links on path p.

: If A = () then decline the candidate path p and go to step 8.

: Choose wavelength A; € A according to the preferred wavelength assign-

ment algorithm.

Set up request R on path p and wavelength A\; and FINISH.

: Compute the next candidate path p; if it exists go to step 2, otherwise block

request R and FINISH.

Networks with a distributed control:

1:

In node S, compute the first candidate path p from node S to node D
according to the preferred routing algorithm.

: In node S, send an explicitly routed PATH message to node D along path

p that contains an initial set of available wavelengths A = Ay,

: While traversing path p:

3.1: set A in the PATH message is updated and the wavelengths that are
busy on the traversed link are removed from set A;

3.2: if, at any intermediate node, A = () then the candidate path is rejected
and a PathErr message is sent towards node S; go to step 6;

3.3: if the low priority request is being served and if there are T or less free
wavelengths on the traversed link then the candidate path is rejected
and a PathErr message is sent towards node S; go to step 6.

: In node D, receive the PATH message:

4.1: if A =0 then the candidate path is rejected and a PathErr message is
sent towards node S; go to step 6;
4.2: otherwise \; is chosen among the available wavelengths (\; € A) ac-

cording to the preferred wavelength assignment algorithm and a RESV
message is sent towards node S.

: In node S, on receiving the RESV message the lightpath is established, so

FINISH,

: Compute the next candidate path p from node S to node D, if it exists go

to step 2, otherwise block request R and FINISH.
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3.2.4 Path capacity threshold (pcap)

In this algorithm the concept of preserving resources has been extended one step
further, to include the wavelength continuity. The basis for accepting or declining
a candidate path is the number of free continuous wavelengths on that path. This
number is quite easily obtained while performing wavelength reservation for a
lightpath setup, since the PATH message must collect wavelength usage on the
candidate path. For a low priority request the candidate path is accepted if the
number of free continuous wavelengths is greater than threshold 7. Otherwise
it is rejected. For high priority requests the candidate path is always accepted.
Hence, at least T high priority requests may be later set up on that path.

This mechanism pays a great deal of attention to the wavelength continuity
problem, which, as it will turn out later, gives very good results, while still
requiring a low computational effort and reasonable control plane requirements.

The detailed version of the presented algorithm may be found below, it differs
from the one presented earlier in [6I] and [G3] in that it allows an arbitrary routing
and wavelength assignment algorithm, instead of the shortest path routing with
first-fit wavelength assignment.

Similarly to the previous mechanism, the numerical complexity of the algo-
rithm may be estimated as O(lw) since it is necessary to check all links on a can-
didate path, which is upper-bounded by [, and on each link w wavelengths must
be checked to remove busy wavelengths from the set of available wavelengths. Fi-
nally, the number of elements in the resulting set of available wavelengths needs
to be counted, an this set may contain, at maximum, w elements.

The algorithm for the path capacity threshold strategy (pcap)

Networks with a centralised control:

1: Compute the first candidate path p from node S to node D according to
the preferred routing algorithm.

2: Compute the set of available wavelengths A C €2 so that each A; € A is free
on all links on path p.

3: If A =0 then decline the candidate path p and go to step 7.

4: If R is a low priority request and |A| < T then decline the candidate path
p and go to step 7.

5: Choose wavelength A; € A according to the preferred wavelength assign-
ment algorithm.

6: Set up request R on path p and wavelength A; and FINISH.
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7: Compute the next candidate path p; if it exists go to step 2, otherwise block
request R and FINISH.

Networks with a distributed control:

1: In node S, compute the first candidate path p from node S to node D
according to the preferred routing algorithm.

2: In node S, send an explicitly routed PATH message to node D along path
p that contains an initial set of available wavelengths A = Ag.

3: While traversing path p set A in the PATH message is updated and the
wavelengths that are busy on the traversed link are removed from set A;

3.1: if, at any intermediate node, A = () then the candidate path is rejected and
a PathErr message is sent towards node S; go to step 6;

3.2: else if R is a low priority request and |A| < T then the candidate path is
rejected and a PathErr message is sent towards node S; go to step 6.

4: In node D, receive the PATH message:

4.1: if A =0 then the candidate path is rejected and a PathErr message is
sent towards node S;

4.2: else if R is a low priority request and |A| < T then the candidate path
is rejected and a PathErr message is sent towards node S;

4.3: else \; is chosen from the available wavelengths (\; € A) according to
the preferred wavelength assignment algorithm and a RESV message
is sent towards node S.

5: In node S, on receiving the RESV message the lightpath is established, so
FINISH,

6: Compute the next candidate path p from node S to node D, if it exists go
to step 2, otherwise block request R and FINISH.

3.2.5 Global capacity threshold (gcap)

This is the most complex mechanism, out of the ones presented here. It pays
extreme attention to the wavelength continuity constraint, taking into account
not only the current path but also the paths that will be potentially used by
future lightpath requests. However, the price paid for this is considerable and
consists of the computational effort and signalling requirements.

The decision regarding the acceptance of the current path is based on the
global state of the network, which must either be known or obtained during the
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evaluation process. The idea behind this mechanism is to preserve wavelength
continuous paths for future high priority requests, so that after a low priority
lightpath is set up, there are enough resources in the network to set up at least T
high priority lightpaths between any pair of nodes, where T is a given threshold.
High priority requests are immediately admitted by this mechanism, without any
further checks.

In contrast to the previously mentioned mechanisms, this one does not accept
a candidate path, but the exact path-wavelength pair. As a result, each path-
wavelength pair must be evaluated separately. This requires slight modifications
to the general algorithm presented at the beginning of Section [3.2:

1: Find the first path to the destination, according to the chosen routing
algorithm;

la: Take the appropriate wavelength, according to the preferred wave-
length assignment algorithm;

2: Accept or decline the path-wavelength pair using the global capacity thresh-
old mechanism;

3: If the path-wavelength pair is accepted then set up the lightpath;
4: Otherwise;

4a: Choose the next wavelength, if available and return to step 2;

4b: If there is no next wavelength available, choose the next path, if avail-
able, and return to step la;

5: If there is no next path available, block the request.

Evaluating a candidate path-wavelength pair for a low priority lightpath re-
quest is performed in three steps. In the first step, the potential number of light-
paths that may be set up among each pair of nodes in the network is evaluated,
assuming the current network state. In the second step the check is repeated, with
the resources used by the candidate path-wavelength pair marked as busy. This
way, for each potential source-destination pair there are two numbers: X4, the
potential number of lightpaths that may be set up currently and Y4, the poten-
tial number of lightpaths that may be set up after the current lightpath request is
established using the candidate path-wavelength pair. In step three, those num-
bers are compared against threshold 7T'. If there exists a source-destination pair
for which Y4y < X4 and Y43 < T, then the candidate path is rejected. Otherwise
it is accepted. In other words, the candidate path-wavelength pair is rejected if
setting up a request would reduce the potential number of lightpaths between
any source-destination pair below 7. The important word here is “to reduce”
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since the pairs that are not affected by the current lightpath setup are ignored,
regardless of whether the number of potential lightpaths is already below T or
not.

There is one important issue left: the algorithm to compute the potential
number of lightpaths among the given pair of nodes. In the rest of the disser-
tation, this is the number of continuous free wavelengths on the shortest path
between the nodes. The choice was based on two factors: the shortest path is
used as the first (or the only one) candidate path, so effectively the “preserved”
resources are likely to be used in the future and, second, further complication of
the already complex mechanism is avoided.

The numerical complexity of this algorithm may be estimated in the following
way. To evaluate a candidate path it is necessary to evaluate at most w wave-
lengths. For each wavelength there is a need to evaluate n(n — 1) communicating
pairs. Assuming that the potential paths for each potential pair are precomputed
and assuming the complexity of evaluating each s-d pair as O(lw) (the complexity
of the path capacity threshold mechanism), the resulting complexity is O(n%lw?),
which is considerably worse than the complexity of the other algorithms.

The algorithm for the global capacity threshold strategy (gcap)

Networks with a centralised control:

1: Compute the first candidate path p from node S to node D according to
the preferred routing algorithm.

2: Compute the set of available wavelengths A C €2 so that each \; € A is free
on all links on path p.

3: If R is a low priority request and |A| < T then decline the candidate path
p and go to step 8.

4: If A = 0 then decline the candidate path p and go to step 8.

5: Choose wavelength A; € A according to the preferred wavelength assign-
ment algorithm.

6: If R is a low priority request then assess the candidate path-wavelength
pair (p,J) using the assessment algorithm (presented later in the text); if
the candidate path-wavelength pair is accepted then go to step 7, otherwise
remove wavelength j from set A and go to step 4.

7: Set up request R on path p and wavelength A; and FINISH.

8: Compute the next candidate path p; if it exists go to step 2, otherwise block
request R and FINISH.
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Networks with a distributed control:

1:

3.1:

3.2:

In node S, compute the first candidate path p from node S to node D
according to the preferred routing algorithm.

: In node S, send an explicitly routed PATH message to node D along path

p that contains an initial set of available wavelengths A = Aq.

While traversing path p set A in the PATH message is updated and the
wavelengths that are busy on the traversed link are removed from set A;

if, at any intermediate node, A = () then the candidate path is rejected and
a PathErr message is sent towards node S; go to step 6;

else if R is a low priority request and |A| < T then the candidate path is
rejected and a PathErr message is sent towards node S; go to step 6.

In node D, receive the PATH message:

4.1: if R is a low priority request and |A| < T then the candidate path is
rejected and a PathErr message is sent towards node S; go to step 6;

4.2: if A = () then the candidate path is rejected and a PathErr message is
sent towards node S; go to step 6;

4.3: if R is a high priority request then choose a wavelength index j using
the preferred wavelength assignment algorithm so that A; € A and
send a RESV message towards node S with the chosen wavelength
index j; go to step 5;

4.4: if R is a low priority request then choose a wavelength index j using
the preferred wavelength assignment algorithm so that A; € A and
assess a candidate path-wavelength pair (p,j) using the assessment
algorithm (presented later);

4.5: if the path-wavelength pair (p, 7) is accepted then send a RESV mes-
sage towards node S with the chosen wavelength index j; go to step
5;

4.6: if the path-wavelength pair (p, j) is declined then remove wavelength
Aj from set A and go to step 4.2.

In node S, on receiving the RESV message the lightpath is established, so
FINISH,

Compute the next candidate path p from node S to node D, if it exists go
to step 2, otherwise block request R and FINISH.
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The assessment algorithm, presented below, assumes that the global network
state is known to the node performing the algorithm.
For a candidate path-wavelength pair (p, j):

1: Take the first potential pair of source S’ and destination D’ nodes;

1.1: compute the potential path p’ from node S’ to node D’ according to
the shortest path rule;

1.2: if paths p and p’ are link-disjoint (i.e. have no common links) then go
to step 1.5;

1.3: compute the set of available wavelengths A’ C  so that each \; € A’
is free on all links on path p’;

14:if JA"\ {)\;}| < T and [A"\ {\;}| # |A’| then decline the candidate
path-wavelength pair (p,j) and FINISH;

1.5: take the next potential pair of source S’ and destination D’ nodes and
go to step 1.1.

2: Accept the candidate path-wavelength pair (p, j) and FINISH.

In the presented assessment algorithm, A’ \ {)A;} is the resulting set of the
available wavelengths on path p’ after the current request is set up on the path-
wavelength pair (p,j), assuming that paths p and p’ have at least one link in
common.

3.3 Mechanisms in which a different routing
algorithm or a set of candidate paths
is considered for each class of requests

In this class of mechanisms the low and high priority requests are differentiated
by using a different set of potential paths or a different routing algorithm for each
class of requests. Low priority requests are served with a simple algorithm, which
provides an inferior blocking probability, while high priority requests are served
with a more advanced algorithm that provides a lower blocking probability.
One of the possible implementations of this mechanism is the fixed-alternate
routing with a different number of paths for each class of requests. High priority
requests are offered more paths while low priority requests are offered fewer paths
to consider. This implementation has been used in the subsequent investigations.
There are two important issues regarding the presented mechanism. First,
there is a problem with parameter tuning since the number of alternate paths in
the network is usually small, given the low connectivity degree of the underlying
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network. As a result, it may be difficult, or even impossible to maintain the
proper blocking probability of the high priority requests below a given value for
all assumed traffic conditions.

Second, when assessing the performance of strategies implementing this me-
chanism it is important to note, that there are, in fact, two reference cases without
differentiation. The first one uses a simple algorithm for all requests, the second
uses the complex algorithm for all requests. In both reference cases the low and
high priority requests are treated equivalently, but the overall network perfor-
mance varies. This issue has been discussed in more detail in [6I] and in Section
5.6l

The following algorithm is used to compute the set of alternate paths:

1: Set the metric of all links in the topology to 1;

2: The first path between two nodes is obtained by using the shortest path
algorithm;

3: Set the metric to n for all links that belong to the first path; n is the number
of nodes in the network;

4: Compute the second path using the shortest path algorithm;

5: Set the metric to n for all links that belong to the second path; n is the
number of nodes in the network;

6: Compute the third path using the shortest path algorithm.

One might be tempted to compute alternate paths as link disjoint paths.
However, due to the fact that the underlying topologies have the connectivity
degree between 2 and 3, it is often impossible, and hence the version of the
algorithm presented above, which allows re-using links from previously computed
paths, but with a great penalty, greater than any path length in the network.
For the same reason the number of alternate paths was restricted to three.

In the subsequent investigations six variants of fixed-alternate routing were
used. Three of them did not provide differentiation, as they were using 1, 2, and
3 paths for each class of requests. In the remaining three routing variants, combi-
nations of (1,2), (1,3) and (2,3) were used, where the numbers in brackets reflect
the number of alternate paths for low and high priority requests, respectively.

3.4 Mechanisms that use preemption

The last set of mechanisms is based on lightpath preemption, where the network
may tear down some existing low priority lightpaths if it cannot find sufficient
resources for a high priority request.
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Introduction of this set of mechanisms into the network is not straightforward
as it violates the implicit assumption that the lightpath should not be discon-
nected by the network, once it is set up. Thus, these mechanisms were omitted
from the studies presented in the dissertation.

In judging whether this kind of mechanisms may be introduced in the network
one should think of three interrelated issues. First, the kind of applications that
will use the low priority lightpaths. Second, the probability of the lightpath being
disconnected. Third, the reason for disconnection.

It is possible to think about some applications that may tolerate lightpath
disconnections, especially if they are designed to do so. Such an application
cannot be a real-time application, and when interrupted it should be able to
reconnect a lightpath and continue from the interruption point. Examples of
such applications might be synchronization of large content databases, or a large
backup application. The latter one is usually not sensitive to delays as long as
the whole backup process fits into the target time window. A different kind of
application that might use low priority lightpaths is a packet network in which
a low priority lightpath is used to increase the available bandwidth between two
packet routers. Disconnection of such a lightpath will cause some traffic loss, will
cause buffer overflows in routers, but for some networks and services this might
be tolerable.

The two latter issues, the probability of disconnection and the reason for dis-
connection are related with the traffic profile of a high priority class. With a high
priority traffic occupying only a tiny fraction of the total network throughput,
the probability of a low priority lightpath being disconnected is quite small. If
the high priority class is required for emergency communications and life-saving
functions, such as telemedicine, which require extremely high robustness and
availability regardless of traffic conditions in the network, the reasoning behind
using preemption starts to be sound.

Although the mechanisms based on preemption were not considered in this
dissertation, they are an interesting subject. Thus, this is one of the possible
directions of further studies in the field of grade of service in the optical networks.

3.5 Strategies

Based on the presented mechanisms several strategies were defined and inves-
tigated. Some of them employ just one mechanism, the rest is a mix of two
mechanisms. Single mechanism strategies based on resource preservation employ
one of the mechanisms that preserve resources and use fixed-alternate routing
with equal number of paths (1, 2 or 3) for each class of requests. The alternate
paths are searched for using the algorithm presented in Section [3.3l Single me-



40 3. PROPOSED MECHANISMS AND STRATEGIES

chanism strategies based on fixed-alternate routing are based solely on a different
number of paths in each class.

The mixed strategies differentiate lightpath requests using two mechanisms
simultaneously: a mechanism that preserves resources and fixed-alternate rout-
ing with a different number of paths for each class of requests. The following
combinations of the number of alternate paths for low and high priority requests
were used: (1,2), (1,3) and (2,3).

The following notation is used to describe strategies: altXY-Z, where X is the
number of paths for a low priority request, Y is the number of paths for a high
priority request, Z is the abbreviated name of the preservation mechanism. For
example alt13-pcap is the strategy based on path capacity threshold mechanism
with one path for low priority requests and 3 paths for high priority requests.
Additionally, the notation altXY is used for single mechanism strategies based
on fixed-alternate routing.



“W Performance assessment

To assess the performance of the presented mechanisms and strategies a set of
steady-state discrete-event computer simulations has been performed. The aim
of the performed simulations is to obtain estimates of the mean values of some
parameters, of which the most important ones are the blocking probabilities of
low and high priority lightpath requests.

There are various issues connected with conducting such an experiment. These
issues range from statistical questions, whether the obtained results are credible
and, thus, may be used for further reasoning, to technical questions on the sim-
ulator architecture and other design choices. These problems will be dealt with
in the subsequent sections.

4.1 Statistical foundations

It is generally preferred to use estimators with confidence intervals since they
provide some measure of reliability. The computed confidence intervals contain
the unknown value of the population mean p with a given probability (1 — «),
termed the confidence coefficient. If this value is expressed as a percentage,
another term, confidence level, is used. Typically, statistical calculations are
performed at the 90%, 95% or 99% confidence level. In this study, the 95%
confidence level is assumed.

For a sample x that contains N individual and independent observations
Tp,m = 1...N, the sample mean Z is the unbiased point estimator of the popu-
lation mean

1 N
[L:y’c:NZacn (4.1)
n=1
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If the sampled population is approximately normally distributed, the distri-
bution of the sample mean is the t-Student distribution with N — 1 degrees of
freedom. Thus, the confidence interval of the population mean p may be esti-
mated using the following formula:

e [5; o) (s/\/ﬁ)} (4.2)

where t,/; is the (1 — a/2) quantile of the t-Student distribution with N — 1
degrees of freedom and s is the sample standard deviation:

1 N
s=\| w7 > (wn — )2 (4.3)
n=1

Although the calculations depend on the fact that the sampled population
is approximately normal, the computed confidence interval is rather insensitive
to moderate departures from normality H3]. However, for a large sample size,
according to the Central Limit Theorem, the distribution of the sample mean is
approximately normal, regardless of the distribution of the sampled population
[43]. Thus, the confidence interval may be specified in the following way:

e [:E:I:za/g (a/\/ﬁ)] (4.4)

where z,/5 is the (1 — a/2) quantile of the normal distribution. The unknown
parameter o, being the standard deviation of the population, may be substituted
with the sample standard deviation s. As a result:

we [ﬂj: Za )2 (s/m } (4.5)

Usually, a sample is considered large for N > 30 HE3]. In the performed
simulations the sample size was chosen to be 31, which satisfies this rule.

4.2 Simulation type and data collection methods

The calculations presented in the previous section require each sample to contain
independent observations. A set of independent observations may be gathered
running a simulation several times, each time using differently seeded pseudo-
random number generators. This simulation technique is known as the indepen-
dent replications method [67]. However, each simulation must reach steady state
before data gathering is started. Thus, a great deal of computational effort cor-
responding to the transient phase of the simulation is wasted at the beginning of
each run.
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To avoid this problem, another method was used. In the method of nonover-
lapping batch means (8], [&1, each case is simulated in a single, long run. The
run is divided into a transient phase and a steady-state phase. The latter one
is subsequently divided into a series of nonoverlapping intervals, called batches,
hence the name of the method. Data obtained in each batch are treated as if they
were independent and are used for further statistical processing. Consequently,
for each simulated case there is only one warm-up period, which increases the
efficiency of the simulation. Furthermore, any residual effects of a transient state
become less pronounced as the simulation length increases.

4.2.1 Estimation of the transient phase length

Usually it is assumed that data obtained while the network is in transient, non-
stationary phase, should be discarded. A quick and very rough method of esti-
mating the length of the transient period is the observation of system parameters.
When they start to stabilise, the steady state is assumed. In the presented sim-
ulations the blocking probability of the lightpath requests starts oscillating after
several units of time. Thus, a cautious assumption of the simulation warm-up
period of 1200 time units has been chosen for most simulations.

The length of the transient period has been verified using a method derived
from the Central Limit Theorem and described in [8] and [67]. The statistical
foundation for this method is that if a distribution of a given parameter is sta-
tionary, and its true mean and standard deviation are equal to p and o, then
its sample mean follows normal distribution with mean p and standard deviation
0z = 0/V/M, where M is the number of samples in . Therefore, a plot of log(oz)
against log(M) should follow a straight line with a slope of about —0.5.

To perform the test, the assumed warm-up period has been divided into M
nonoverlapping subperiods. However, to perform this study the samples gathered
from the subperiods must be independent. To achieve independent samples, a
large number N of replications of the tested warm-up period has been performed
with differently seeded pseudo-random number generators. The observations
form=1,...,Mandn =1,..., N are then converted into the sequence of sample
means:

N
T = > Tmn (4.6)
n=1

As this sequence contains M independent normally distributed random vari-
ables, the standard deviation may be computed as:

M

1 - 2
95 =\ 371 (T — T) (4.7)

m=1
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Figure 4.1: A sample plot of log(cz(M')) against log(M') obtained for the blocking
probability in the low priority class, PanEU network, pcap mechanism, T = 2, fixed-
alternate routing with 3 paths for each class of requests. The simulation lasted 1200
time units.

where
LM
T=7 > Em (4.8)
m=1

Taking into consideration the first M’ out of M samples and plotting the
relationship log(oz(M')) against log(M’) for M’ = 1,..., M the desired plot is
obtained. The example is shown in Fig. [4.1l For convenience a straight line with
a slope of —0.5 has been added to the plot.

4.2.2 Validation of the batch length

The steady-state phase is divided into the set of nonoverlapping intervals (batches)
of equal size and batch means are analysed as if they were independent. How-
ever, the obtained observations are not independent in general. This must be
taken into account by choosing batch sizes sufficiently large to avoid correlation
between batches, as the correlation between individual samples usually diminish
with the increased distance between them [G1].

The Ljung-Box test [38] was applied to get an insight on the autocorrelation of
the batch means of the blocking probabilities in the low and high priority classes.
This is quite a strong test which tests the overall randomness based on a number
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of lags. For that reason this test is sometimes called a “portmanteau” test. The
test is defined as follows:

Let Hy be the hypothesis, that the data are random, and H, hypothesis that
the data are not random. The test statistic is then:

~—

(4.9)

h .9
P
QLB n(n—&-?); p—
where n is the sample size, p(j) is the sample autocorrelation at lag j, and h is
the number of lags tested.

The hypothesis of randomness is rejected at the significance level o when
QL > Xffa,h where the Xia,h is the o quantile of the chi-square distribution
with A levels of freedom.

There are several cited rules for choosing the correct number of lags h. In the
performed analysis h = 8, which is roughly 1/4 of the total number of samples,
as recommended in [J.

For most simulations the batch length was chosen to be 1200 time units. On
several occasions the results obtained from a simulation did not pass the Ljung-
Box test. In those cases the simulation was repeated with an increased batch
length, and unchanged number of batches. For technical reasons the length of
the warm-up period was also increased to match the batch length. This process
was repeated until there was no reason to reject the hypothesis that the data are
random. This resulted in batch sizes from 2400 to 24000 time units.

4.2.3 Data collection

Four parameters were collected during each simulation: the blocking probability
in the low priority class, the blocking probability in the high priority class, the
total blocking probability and the network utilisation factor.

The blocking probability in the low priority class is computed within each
simulation subperiod (batch) as the number of the blocked low priority lightpath
requests divided by the number of the offered low priority lightpath requests. The
blocking probability in the high priority class, and the total blocking probability
are computed in the analogous way.

The network utilisation factor is more difficult to obtain. It represents the
mean utilisation of an average link in the network. In the network of [ links
with w wavelengths on each link there are 2lw spans to utilise. A bidirectional
lightpath routed through I’ links utilises 2!’ spans.

Fig. 4.2 shows the sample plot of the network utilisation in time. The average
network utilisation may be computed as the shaded area on the figure divided by
the batch length in time units and divided by the total number of of spans. Three
variables are needed to do that: last_load_change holding the time the network
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Figure 4.2: Sample network utilisation in time

load was last changed due to lightpath setup or teardown, last_load holding the
current number of spans in use, and acc_load holding the value corresponding
with the shaded area on the figure. At the beginning of the simulation all variables
are set to zero. At the beginning of each batch the last_load_change is set to
the current time, and acc_load is set to zero. On each successful lightpath setup,
teardown, or at the end of the batch, the value of the acc_load is increased with:

(current_time — last_load_change) X last_load

Then, last_load is increased (or decreased) by the number of spans used by
the currently set-up (or torn down) lightpath, 2I’, and the last_load_change is
set to current time.

At the end of the batch the acc_load variable holds the value corresponding
to the shaded area in Fig. [4.2l The value of the acc_load is divided by the
batch length to obtain the average number of spans in use. This number is
subsequently divided by the total number of spans, 2lw, to obtain the average
network utilisation.

4.3 Simulation details

4.3.1 Control plane

The algorithms in the previous section are presented in two versions: one for
networks with centralised control and one for networks with distributed control.
These are the two architectures implementing the Path Computation Element

(PCE) [I3]:

1. “centralised computation model” refers to a model whereby all paths in a
domain are computed by a single, centralised PCE,
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2. “distributed computation model” refers to the computation of paths in a
domain being shared among multiple PCEs.

The centralised computation model with a stateful PCE [I8] has been chosen
for the simulation studies. In this model all lightpath requests are served on
a first-in-first-out base by a single entity, which has a perfect knowledge about
the network state. The motivation for such a decision was the complexity of the
simulator, which is far lower in the centralised case, and the fact that in the
distributed network, or with stateless PCE, there are parameters, which affect
the network performance, but are quite hard to estimate. An example might be
the service time of the signalling messages in each node.

It is also worth noting that the authors of [Bf] performed the comparison
of performance between the centralised and the distributed model. With the
increasing ratio of the lightpath interarrival time to the lightpath setup time
(service time) the discrepancies between the performance of the centralised vs.
distributed lightpath setup diminish. When the ratio approaches 100 the differ-
ences are negligible. In the simulated Pan-EU network the lightpath interarrival
times of the order of 16 — 30 units of time were used. Assuming the unit of time
is 1s, this would require service times not greater than 160 ms.

Additionally, Shen and Ramamurthy [E6] note, that in networks with cen-
tralised control the lightpath setup time has a negligible impact on the network
performance. Thus, the lightpath setup time was assumed to be zero.

4.3.2 Tools

The simulation environment was built using the OMNeT++ simulator version
2.3 [68]. The OMNeT++ simulator provided a generic framework for a discrete
event simulation system, which was augmented by the author with the code nec-
essary to simulate the selected functionality of the optical network control plane.
Most of the code was written in C++, the remaining part was written in the in-
ternal OMNeT++ language, the NED language, used for defining the simulation
modules and their interconnections. The statistical processing of the gathered
data was done in the R statistical package [T1]. Additionally, the processed data
were exported into the PostgreSQL database [[Q] and processed using a set of
SQL queries. The latter step greatly simplified the process of finding the top N
algorithms according to given criteria.

4.3.3 Simulator architecture

The simulator consists of two blocks, the generator and the controller, connected
in a bidirectional way, see Fig. [4.3. The controller module is responsible for pro-
cessing the lightpath requests, the generator module is responsible for generating
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Figure 4.3: The internal simulator topology

the lightpath requests and for tearing down the existing lightpaths according to
the assumed traffic pattern. The generator alone acts on behalf of all the nodes
in the simulated network.

4.3.4 Lightpath request generation

The generator block uses four independent pseudo-random number generators for
each simulated node. Two of them are responsible for generating the interarrival
times between lightpath requests in the low and high priority class, the remaining
two are responsible for generating the holding times of the requested lightpaths.
The default pseudo-random number generators in version 2.3 of OMNeT++,
which are linear congruential generators with a cycle length of 23' — 2, have been
replaced with Mersenne-Twister generators [2] with a period length of 219937 — 1
and good randomness in up to 623 dimensions. This is a well-known generator
suggested in 7. An additional Mersenne-Twister generator with a different
period length (21213 — 1) was used to seed all other generators before the first
use. The author did not implement the pseudo-random generator code on his
own. Instead, a specialised library, the Boost Random library [69] was used. The
library is equipped with an internal validation suite which was used to verify the
correctness of the implementation.

4.3.5 Routing and wavelength assignment

The controller module is responsible for processing the lightpath requests and
gathering statistical data. The physical network topology is assumed to be con-
stant during the simulation. Thus, at the beginning of a simulation the controller
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module computes and stores the alternate paths for each source-destination pair
to speed up the simulation. Currently, three alternate paths are calculated and
stored. The calculations are done using the Dijkstra algorithm implementation
from the Boost Graph library [69]. The set of alternate paths is computed ac-
cording to the rules given in 3.3

Wavelength assignment is done using the first-fit algorithm [[4] (the algorithm
was originally termed PACK, the name first-fit is currently used throughout the
literature, [[4]). In this algorithm the lowest-index wavelength that is free on a
given path is used to satisfy the lightpath request. Although better algorithms
exist [B9], the first-fit algorithm is commonly found in the literature and its
performance in networks without wavelength conversion is better than the other
commonly used algorithm, namely the random wavelength assignment algorithm
E9. Additionally, it requires minimal amount of information about the network
state and has a low computational complexity.

4.3.6 Lightpath setup and teardown

Upon request, the controller performs the lightpath setup using a given GoS
strategy, a set of precomputed alternate paths and a wavelength assignment al-
gorithm. The simulator may work with either unidirectional lightpaths or bidi-
rectional lightpaths. In the presented studies only bidirectional lightpaths were
used. Bidirectional lightpaths are set up using the same wavelength in both
directions to avoid resource fragmentation.

Although searching for a free wavelength is done only in one direction, the
simulator checks whether the wavelength in the other direction is free. If not, an
error is reported since with bidirectional lightpaths this situation should never
happen. This step was implemented to catch hidden errors in the simulator code.

On success, the resources used by the computed lightpath are marked as busy
and a confirmation is sent to the generator module. On failure, no resources are
reserved and the generator module is notified about the lightpath setup failure.

When lightpath teardown is requested by the generator module, the controller
releases the resources used by the affected lightpath. However, before marking
resources as free the controller checks whether they are marked as busy. This
mechanism is also implemented to catch potential mistakes in the code, since
freeing resources that are already free would be a sign of a serious flaw in the
simulation code. After releasing resources the controller informs the generator
module about the disconnected lightpath.
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Figure 4.4: Reference network topology used in simulations: PanEU network.

4.4 Network architectures and parameters

To assess the behaviour of the presented strategies two networks were used: the
28 nodes Pan-European reference network (see [B3]) shown in Fig. [4.4] and the
14 nodes NSF network (see [54]) shown in Fig. 4.5l In both networks each link
consists of two fibres, one in each direction, each fibre is assumed to carry 80
wavelengths and the network employs no wavelength conversion.

The offered traffic is generated based on a uniform traffic matrix. In the base
case each node pair generates bidirectional lightpath requests with mean intensity
of 0.033 lightpath per unit time for the Pan-EU network and 0.165 lightpath
per unit time for the NSF network. The interarrival time was exponentially
distributed. A given fraction (10 — 50%) of the offered traffic belongs to the
high priority class, while the remaining traffic belongs to the low priority class.
The lightpath holding time is also exponentially distributed with the mean of
10 units time, independent of the class. As a result, the total network load in
the base case is 28 x 27 x 0.033 x 10 = 249.48 Erl for the Pan-EU network and
14 x 13 x 0.165 x 10 = 300.3 Erl for the NSF network. To observe network
behaviour under different loads, this base case traffic is scaled by the factor
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Figure 4.5: Reference network topology used in simulations: NSF network.

ranging from 1.0 to 1.8. The scaling factor is used in the subsequent text and
figures as the offered load intensity measure.

The simulations have been performed for increasing values of T', starting from
0, when both traffic classes are treated equivalently, until the blocking proba-
bility of the high priority requests dropped below 0.005. The value of 0.005 is
arbitrarily chosen as the optimisation target for choosing the right value of T.
Any reasonable value may be assumed here, as required by the network operator
policy and requirements. The decision to perform a linear search for an optimal
value of parameter T, instead of using more efficient binary search [I] was mainly
motivated by the fact that the author wanted to gather detailed data for plots
showing the relationship between values of parameter T" and the achieved network
performance.






SHll [valuation of the single
mechanism strategies

This chapter is the first one dealing with the performance of the strategies pro-
posed in Chapter [3l The evaluated strategies are a subset of strategies proposed
in Section [3.5] namely the strategies based on a single Grade-of-Service rout-
ing mechanism only. The evaluation details, including the simulated network
topologis and the tools used for simulation were described in Chapter 4l

5.1 A strategy based on the wavelength pools
mechanism (pool)

In this mechanism the whole set of wavelengths is divided into two disjoint pools:
a common pool which is used by all classes of requests and the preserved pool.
The preserved pool contains T' wavelengths, may be used solely by the high
priority requests and is used only when the common pool is exhausted on a given
path. To evaluate this mechanism two strategies were built, the alt11-pool based
on shortest path routing and the alt33-pool based on fixed-alternate routing with
three paths for each class of requests.

Figs. [5.1l and [5.2] show the blocking probability in the low and high priority
classes as a function of parameter 7' in the PanEU network using the alt11-pool
strategy. The results are presented for three values of the offered load when the
fraction of the high priority traffic is equal to 50%. The figures show that the pool
mechanism is able to achieve statistically significant differences in the blocking
probability of low and high priority requests. The amount of differentiation may
be regulated by choosing the value of parameter T. For T' = 0 there is no
differentiation, for 7' > 40 the blocking probability of the high priority requests
drops below 0.005 for load 1.8, at the expense of the increased blocking probability
in the low priority class, compared to the case without differentiation (7" = 0).
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Figure 5.1: A strategy based on the wavelength pools mechanism (pool) and shortest
path routing, PanEU network, 50% of traffic is the high priority traffic. The blocking
probability in the low priority class as a function of parameter T is presented for three
values of the offered load.?

Figs. 5.3 and [5.4] show the corresponding data for the PanEU network using
the alt33-pool strategy. The obtained results are quite similar and the only
difference is that fixed-alternate routing, being better algorithm than shortest
path routing, results in lower blocking probabilities in both traffic classes. As a
result it is sufficient to use lower values of T to achieve the requested blocking
probability in the high priority class. In the considered scenario the blocking
probability of high priority requests lower than 0.005 was achieved with T" = 26.
Lower values of T' result in more resources left for the low priority traffic, and,
as a consequence, a lower blocking probability of the low priority requests.

Figs. 5.5 and /5.6l show three-dimensional plots of the blocking probability in
the high priority class as a function of the offered load and the fraction of the
high priority traffic. The first figure was obtained with shortest path routing, the
second one with fixed-alternate routing and three paths for each traffic class. The
results are similar for both cases. The blocking probability raises with increasing
the overall offered traffic and with increasing fraction of the high priority traffic
in the network, which is quite an obvious result.

?Please note that the confidence intervals are marked on all figures, but their length is in
most cases comparable to the line width.
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Figure 5.2: A strategy based on the wavelength pools mechanism (pool) and shortest
path routing, PanEU network, 50% of traffic is the high priority traffic. The blocking
probability in the high priority class as a function of parameter T is presented for three
values of the offered load.

However, the corresponding plots for the low priority class, shown in Figs. [5.7
and 5.8 reveal an interesting difference between the behaviour of the evaluated
mechanism with shortest path routing and fixed-alternate routing. For shortest
path routing the blocking probability of the low priority requests raises gradu-
ally with increasing load but is independent of the fraction of the high priority
traffic. This can be easily seen in Figs. [5.9] and [5.10l For fixed-alternate routing
the blocking probability of the low priority requests also raises gradually with
increasing load but decreases with increasing amount of the high priority traffic
in the network (see Figs. 5.11l and [5.12). This phenomenon may be attributed
to the specific order of operation in the analysed strategy.

The division of the set of available wavelengths into two disjoint pools creates,
in fact, two independent networks. In the shortest path routing case, all requests,
regardless of their class, are served using the first network, corresponding with
the common pool. If there are insufficient resources in the common pool then
the low priority requests are blocked, and the high priority requests create an
overflow traffic directed to the second network. This traffic is never directed
back to the first network. Thus, changes in the fraction of the high priority
traffic do not affect the blocking probability in the first network. In a general
case, the blocking probability in the common pool network needs not necessarily
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Figure 5.3: A strategy based on the wavelength pools mechanism (pool) and fixed-
alternate routing with 3 paths for each class, PanEU network, 50% of traffic is the
high priority traffic. The blocking probability in the low priority class as a function of
parameter T is presented for three values of the offered load.
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Figure 5.4: A strategy based on the wavelength pools mechanism (pool) and fixed-
alternate routing with 3 paths for each class, PanEU network, 50% of traffic is the
high priority traffic. The blocking probability in the high priority class as a function of
parameter T is presented for three values of the offered load.
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Figure 5.5: A strategy based on the wavelength pools mechanism (pool) and shortest
path routing, PanEU network, T" = 40. The blocking probability in the high priority
class as a function of the offered load and the fraction of the high priority traffic.
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Figure 5.6: A strategy based on the wavelength pools mechanism (pool) and fixed-
alternate routing with 3 paths for each class, PanEU network, T" = 26. The blocking
probability in the high priority class is presented as a function of the offered load and
the fraction of the high priority traffic.
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Figure 5.7: A strategy based on the wavelength pools mechanism (pool) and shortest
path routing, PanEU network, T" = 40. The blocking probability in the low priority

class is presented as a function of the offered load and the fraction of the high priority
traffic.
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Figure 5.8: A strategy based on the wavelength pools mechanism (pool) and fixed-
alternate routing with 3 paths for each class, PanEU network, T" = 26. The blocking
probability in the low priority class is presented as a function of the offered load and
the fraction of the high priority traffic.
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Figure 5.9: A strategy based on the wavelength pools mechanism (pool) and shortest
path routing, PanEU network, T" = 40. The blocking probability in the low priority
class is presented as a function of the fraction of the high priority traffic, for three values
of the offered load.
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Figure 5.10: A strategy based on the wavelength pools mechanism (pool) and shortest
path routing, PanEU network, 7" = 40. The blocking probability in the high priority
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Figure 5.11: A strategy based on the wavelength pools mechanism (pool) and fixed-
alternate routing with 3 paths for each class, PanEU network, 7" = 26. The blocking
probability in the low priority class is presented as a function of the fraction of the high
priority traffic, for three values of the offered load.
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Figure 5.12: A strategy based on the wavelength pools mechanism (pool) and fixed-
alternate routing with 3 paths for each class, PanEU network, 7" = 26. The blocking
probability in the high priority class is presented as a function of the fraction of the
high priority traffic, for three values of the offered load.
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First path Second path Third path
preserved pool preserved pool preserved pool
High
priority First path Second path Third path
Low common pool common pool common pool
priority ™ ™

Figure 5.13: Order of operation with the pool mechanism when fixed-alternate routing
is used.

be the same as blocking probability of the low priority requests. However, in
the presented scenario the low priority requests may be regarded as a random
sample of all the requests directed to the common pool network and thus their
blocking probability is an estimate of the blocking probability in the common
pool network, hence the observed phenomenon.

The situation is quite different with fixed-alternate routing. The low priority
requests are served using the common network, but the high priority requests are
tried in an alternating way on the common pool and the preserved pool (see Fig.
5.13). Thus, for constant overall traffic, the greater fraction of the high priority
traffic, the lesser the traffic overflowing to the common pool on the second and
next paths, hence lower blocking probability in the low priority class.

The presented results were obtained in the PanEU network. The correspond-
ing results obtained in the NSF network are quite similar and are shown in
Appendix (Al in Figs. [A.11-[A.12l
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5.2 A strategy based on the first link capacity
threshold mechanism (flcap)

In this mechanism a candidate path for a low priority request is assessed according
to the number of free wavelengths on the first link on the path. If the number
of free wavelengths on the first link is greater than the specified threshold T" and
there is at least one continuous free wavelength on the path then the low priority
request is admitted, else it is rejected. The high priority requests are always
accepted, assuming the availability of a free wavelength on the candidate path.
Two strategies: altll-flcap and alt33-flcap were built to assess this mechanism.
The first one is based on the shortest path routing, the second one on the fixed-
alternate routing with three paths for each class.

Figs. [5.14! and [5.15] show the blocking probability in the low and high priority
classes as a function of parameter T' in the PanEU network using shortest path
routing. The results are presented for three values of the offered load and the
fraction of the high priority traffic is equal to 50%. The flcap strategy is able
to achieve statistically significant differences in the blocking probability of low
and high priority requests. The amount of differentiation may be regulated by
choosing the value of parameter T. For T" = 0 there is no differentiation, for
T > 53 the blocking probability of the high priority requests drops below 0.005
for load 1.8. Increasing the value of T has a negative effect on the blocking
probability of the low priority requests.

Figs. [5.16l and [5.17 show the corresponding data for fixed-alternate routing
with three paths for each class. The obtained results are quite similar. Us-
ing fixed-alternate routing results in lower blocking probabilities in both traffic
classes. The necessary value of parameter T to achieve the blocking probability
of the high priority requests lower than 0.005 is reduced to T = 48.

Figs. [5.18 and [5.19/ show the three-dimensional plots of the blocking probabil-
ity in the high priority class as a function of the offered load and the fraction of
the high priority traffic. The first figure was obtained with shortest path routing
and the second one with fixed-alternate routing and three paths for each traffic
class. The results are similar for both cases. The blocking probability raises with
increasing overall offered traffic and with increasing fraction of the high prior-
ity traffic in the network. The corresponding plots for the low priority class are
shown in Figs. 5.20/ and [5.21)

The presented results were obtained in the PanEU network. The correspond-
ing results obtained in the NSF network are quite similar and are shown in
Appendix [Alin Figs. [A.13/—-[A.20l
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Figure 5.14: A strategy based on the first link capacity threshold mechanism (flcap) and
shortest path routing, PanEU network, 50% of traffic is the high priority traffic. The
blocking probability in the low priority class is presented as a function of parameter T,
for three values of the offered load.
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Figure 5.15: A strategy based on the first link capacity threshold mechanism (flcap) and
shortest path routing, PanEU network, 50% of traffic is the high priority traffic. The
blocking probability in the high priority class is presented as a function of parameter
T, for three values of the offered load.
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Figure 5.16: A strategy based on the first link capacity threshold mechanism (flcap)
and fixed-alternate routing with three paths for each class, PanEU network, 50% of
traffic is the high priority traffic. The blocking probability in the low priority class is
presented as a function of parameter T', for three values of the offered load.
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Figure 5.17: A strategy based on the first link capacity threshold mechanism (flcap)
and fixed-alternate routing with three paths for each class, PanEU network, 50% of
traffic is the high priority traffic. The blocking probability in the high priority class is
presented as a function of parameter 7', for three values of the offered load.
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Figure 5.18: A strategy based on the first link capacity threshold mechanism (flcap)
and shortest path routing, PanEU network, 7" = 53. The blocking probability in the
high priority class is presented as a function of the offered load and the fraction of the
high priority traffic.
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Figure 5.19: A strategy based on the first link capacity threshold mechanism (flcap) and
fixed-alternate routing with three paths for each class, PanEU network, T' = 48. The
blocking probability in the high priority class is presented as a function of the offered
load and the fraction of the high priority traffic.
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Figure 5.20: A strategy based on the first link capacity threshold mechanism (flcap)
and shortest path routing, PanEU network, 7' = 53. The blocking probability in the

low priority class is presented as a function of the offered load and the fraction of the
high priority traffic.
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Figure 5.21: A strategy based on the first link capacity threshold mechanism (flcap) and
fixed-alternate routing with three paths for each class, PanEU network, T' = 48. The
blocking probability in the low priority class is presented as a function of the offered
load and the fraction of the high priority traffic.
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5.3 A strategy based on the link capacity
threshold mechanism (lcap)

In this mechanism a candidate path for a low priority request is assessed according
to the number of free wavelengths on each link on the path. If the number of
wavelengths on each link is greater than the specified threshold, T, and there
is at least one continuous free wavelength on the path then the low priority
request is admitted, else it is rejected. The high priority requests are always
accepted, assuming the availability of a free wavelength on the candidate path.
Two strategies: altll-lcap and alt33-lcap were built to assess this mechanism.
The first one is based on the shortest path routing, the second one on the fixed-
alternate routing with three paths for each class.

Figs. [5.22] and [5.23| show the blocking probability in the low and high priority
classes as a function of parameter T' in the PanEU network using shortest path
routing. The results are presented for three values of the offered load when the
fraction of the high priority traffic is equal to 50%. The figure shows that the
lcap strategy is able to achieve statistically significant differences in the blocking
probability of low and high priority requests. The amount of differentiation may
be regulated by choosing the value of parameter T. For T' = 0 there is no
differentiation, for T' > 25 the blocking probability of the high priority requests
drops below 0.005 for load 1.8, at the expense of the increased blocking probability
in the low priority class, compared to the case without differentiation (7" = 0).

Figs. [5.24l and [5.25]show the corresponding data for the PanEU network using
fixed-alternate routing with three paths for each class. The obtained results are
quite similar. However, as with the previous strategies, it is sufficient to use lower
values of T' to achieve the requested blocking probability in the high priority class.
In the considered scenario the blocking probability of high priority requests lower
than 0.005 was achieved with T" = 18.

Figs. 5.26l and [5.27 show the three-dimensional plots of the blocking probabil-
ity in the high priority class as a function of the offered load and the fraction of
the high priority traffic. The first figure was obtained with shortest path routing
and the second one with fixed-alternate routing and three paths for each traffic
class. The results are similar for both cases. The blocking probability raises with
increasing overall offered traffic and with increasing fraction of the high priority
traffic in the network.

The corresponding plots for the low priority class are shown in Figs. [5.28 and
0.29.

The presented results were obtained in the PanEU network. The correspond-
ing results obtained in the NSF network are quite similar and are shown in
Appendix [Al in Figs. [A.21] - [A.28
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Figure 5.22: A strategy based on the link capacity threshold mechanism (lcap) and
shortest path routing, PanEU network, 50% of traffic is the high priority traffic. The
blocking probability in the low priority class is presented as a function of parameter T,
for three values of the offered load.
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Figure 5.23: A strategy based on the link capacity threshold mechanism (lcap) and
shortest path routing, PanEU network, 50% of traffic is the high priority traffic. The
blocking probability in the high priority class is presented as a function of parameter
T, for three values of the offered load.
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Figure 5.24: A strategy based on the link capacity threshold mechanism (lcap) and
fixed-alternate routing with three paths for each class, PanEU network, 50% of traffic is
the high priority traffic. The blocking probability in the low priority class is presented
as a function of parameter T, for three values of the offered load.
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Figure 5.25: A strategy based on the link capacity threshold mechanism (lcap) and
fixed-alternate routing with three paths for each class, PanEU network, 50% of traffic is
the high priority traffic. The blocking probability in the high priority class is presented
as a function of parameter T, for three values of the offered load.
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Figure 5.26: A strategy based on the link capacity threshold mechanism (lcap) and
shortest path routing, PanEU network, T = 25. The blocking probability in the high
priority class is presented as a function of the offered load and the fraction of the high
priority traffic.
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Figure 5.27: A strategy based on the link capacity threshold mechanism (lcap) and
fixed-alternate routing with three paths for each class, PanEU network, 7' = 18. The
blocking probability in the high priority class is presented as a function of the offered
load and the fraction of the high priority traffic.
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Figure 5.28: A strategy based on the link capacity threshold mechanism (lcap) and
shortest path routing, PanEU network, T" = 25. The blocking probability in the low
priority class is presented as a function of the offered load and the fraction of the high

priority traffic.
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Figure 5.29: A strategy based on the link capacity threshold mechanism (lcap) and
fixed-alternate routing with three paths for each class, PanEU network, T' = 18. The
blocking probability in the low priority class is presented as a function of the offered
load and the fraction of the high priority traffic.
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5.4 A strategy based on the path capacity
threshold mechanism (pcap)

In this mechanism the candidate path for a low priority request is assessed ac-
cording to the number of continuous free wavelengths on the path. If the number
of wavelengths on the path is greater than the specified threshold, T, then the
low priority request is admitted, else it is rejected. The high priority requests
are always accepted, assuming the availability of a free wavelength on the can-
didate path. Two strategies: altll-pcap and alt33-pcap were built to assess this
mechanism. The first one is based on shortest path routing, the second one on
the fixed-alternate routing with three paths for each class.

Figs. [5.30 and [5.31] show the blocking probability in the low and high priority
classes as a function of parameter 7" in the PanEU network using shortest path
routing. The results are presented for three values of the offered load when the
fraction of the high priority traffic is equal to 50%. The figures show that the
pcap strategy is able to achieve statistically significant differences in the blocking
probability of low and high priority requests. The amount of differentiation may
be regulated by choosing the value of parameter 7. For T' = 0 there is no
differentiation, for T > 8 the blocking probability of the high priority requests
drops below 0.005 for load 1.8, at the expense of the increased blocking probability
in the low priority class, compared to the case without differentiation (7" = 0).

Figs. [5.32] and [5.33] show the corresponding data for the PanEU network
using fixed-alternate routing with three paths for each class. In the considered
scenario the blocking probability of the high priority requests lower than 0.005
was achieved with T' = 3.

Figs. 5.34l and [5.35/ show the three-dimensional plots of the blocking probabil-
ity in the high priority class as a function of the offered load and the fraction of
the high priority traffic. The first figure was obtained with shortest path routing
and the second one with fixed-alternate routing and three paths for each traffic
class. The results are similar for both cases. The blocking probability raises with
increasing overall offered traffic and with increasing fraction of the high priority
traffic in the network.

The corresponding plots for low priority class are shown in Figs. [5.36] and
0.37L

The presented results were obtained in the PanEU network. The correspond-
ing results obtained in the NSF network are quite similar and are shown in
Appendix Al in Figs. [A.29/—|A.36l
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Figure 5.30: A strategy based on the path capacity threshold mechanism (pcap) and
shortest path routing, PanEU network, 50% of traffic is the high priority traffic. The
blocking probability in the low priority class is presented as a function of parameter T,
for three values of the offered load.
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Figure 5.31: A strategy based on the path capacity threshold mechanism (pcap) and
shortest path routing, PanEU network, 50% of traffic is the high priority traffic. The
blocking probability in the high priority class is presented as a function of parameter
T, for three values of the offered load.
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Figure 5.32: A strategy based on the path capacity threshold mechanism (pcap) and
fixed-alternate routing with three paths for each class, PanEU network, 50% of traffic is
the high priority traffic. The blocking probability in the low priority class is presented
as a function of parameter T, for three values of the offered load.
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Figure 5.33: A strategy based on the path capacity threshold mechanism (pcap) and
fixed-alternate routing with three paths for each class, PanEU network, 50% of traffic is
the high priority traffic. The blocking probability in the high priority class is presented
as a function of parameter T, for three values of the offered load.
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Figure 5.34: A strategy based on the path capacity threshold mechanism (pcap) and
shortest path routing, PanEU network, T' = 8. The blocking probability in the high
priority class is presented as a function of the offered load and the fraction of the high
priority traffic.
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Figure 5.35: A strategy based on the path capacity threshold mechanism (pcap) and
fixed-alternate routing with three paths for each class, PanEU network, T" = 3. The
blocking probability in the high priority class is presented as a function of the offered
load and the fraction of the high priority traffic.
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Figure 5.36: A strategy based on the path capacity threshold mechanism (pcap) and
shortest path routing, PanEU network, 7" = 8. The blocking probability in the low
priority class is presented as a function of the offered load and the fraction of the high
priority traffic.
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Figure 5.37: A strategy based on the path capacity threshold mechanism (pcap) and
fixed-alternate routing with three paths for each class, PanEU network, T = 3. The
blocking probability in the low priority class is presented as a function of the offered
load and the fraction of the high priority traffic.



5.5 A STRATEGY BASED ON THE GLOBAL CAPACITY THRESHOLD. .. 77

5.5 A strategy based on the global capacity
threshold mechanism (gcap)

In this mechanism a candidate path for a low priority request is assessed to de-
termine whether necessary resources are left between each source and destination
nodes for future high priority requests. The high priority requests are always ac-
cepted, assuming the availability of a free wavelength on the candidate path. Two
strategies: altll-gcap and alt33-gcap were built to assess this mechanism. The
first one is based on shortest path routing, the second one on the fixed-alternate
routing with three paths for each class.

Figs. [5.38 and [5.39 show the blocking probability in the low and high priority
classes as a function of parameter T" in the PanEU network using shortest path
routing. The results are presented for three values of the offered load when the
fraction of the high priority traffic is equal to 50%. The figures show that the
gcap strategy is able to achieve statistically significant differences in the blocking
probability of low and high priority requests. The amount of differentiation on
the value of parameter T. For T = 0 there is no differentiation, for T" > 6 the
blocking probability of the high priority requests drops below 0.005 for load 1.8.

Figs. [5.40land [5.41] show the corresponding data for the PanEU network using
fixed-alternate routing with three paths for each class. As with the previous
mechanisms fixed-alternate routing provides lower blocking probabilities in both
classes and results in lower necessary value of parameter T. In the considered
scenario the blocking probability of high priority requests lower than 0.005 was
achieved with 7" = 2.

Figs. [5.42]and [5.43] show the three-dimensional plots of the blocking probabil-
ity in the high priority class as a function of the offered load and the fraction of
the high priority traffic. The first figure was obtained with shortest path routing
and the second one with fixed-alternate routing and three paths for each traffic
class. The results are similar for both cases. The blocking probability raises with
increasing overall offered traffic and with increasing fraction of the high priority
traffic in the network.

The corresponding plots for the low priority class are shown in Figs. [5.44] and
0.45.

The presented results were obtained in the PanEU network. The correspond-
ing results obtained in the NSF network are quite similar and are shown in
Appendix [Alin Figs. [A.37 —[A.44]
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Figure 5.38: A strategy based on the global capacity threshold mechanism (gcap) and
shortest path routing, PanEU network, 50% of traffic is the high priority traffic. The
blocking probability in the high priority class is presented as a function of parameter
T, for three values of the offered load.

o @ T

o O il

g o \ —— load=1

\ -o- load= 15

2 \

S ; -8+ load= 1.8

= © "

a o -

< o \

=y |

= \

[ \

= < "

s 2

s 3 w \

> N N

= ' \

% A\

IN N =

8 9 A ' .

s © = .

=) N ~

£ B =

> el B

o S | e g TE e S

o o
T T T T T T
0 2 4 6 8 10

Value of parameter T

Figure 5.39: A strategy based on the global capacity threshold mechanism (gcap) and
shortest path routing, PanEU network, 50% of traffic is the high priority traffic. The
blocking probability in the high priority classes is presented as a function of parameter
T, for three values of the offered load.
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Figure 5.40: A strategy based on the global capacity threshold mechanism (gcap) and
fixed-alternate routing with 3 paths for each class, PanEU network, 50% of traffic is the
high priority traffic. The blocking probability in the low priority class is presented as a
function of parameter T, for three values of the offered load.
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Figure 5.41: A strategy based on the global capacity threshold mechanism (gcap) and
fixed-alternate routing with 3 paths for each class, PanEU network, 50% of traffic is the
high priority traffic. The blocking probability in the high priority class is presented as
a function of parameter T, for three values of the offered load.
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Figure 5.42: A strategy based on the global capacity threshold mechanism (gcap) and
shortest path routing, PanEU network, 7' = 6. The blocking probability in the high
priority class is presented as a function of the offered load and the fraction of the high
priority traffic.
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Figure 5.43: A strategy based on the global capacity threshold mechanism (gcap) and
fixed-alternate routing with 3 paths for each class, PanEU network, T' = 2. The blocking
probability in the high priority class is presented as a function of the offered load and
the fraction of the high priority traffic.
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Figure 5.44: A strategy based on the global capacity threshold mechanism (gcap) and
shortest path routing, PanEU network, 7" = 6. The blocking probability in the low
priority class is presented as a function of the offered load and the fraction of the high

priority traffic.
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Figure 5.45: A strategy based on the global capacity threshold mechanism (gcap) and
fixed-alternate routing with 3 paths for each class, PanEU network, T" = 2. The blocking
probability in the low priority class is presented as a function of the offered load and

the fraction of the high priority traffic.
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5.6 A strategy based on alternate routing

In the alternate paths mechanism low and high priority requests are offered a dif-
ferent number of alternate paths to try. In the simulation studies the maximum
number of alternate paths was limited to three, due to the fact that the consid-
ered networks are more than two and less than three-connected topologies. The
strategy has been investigated with the following combinations of the number of
alternate paths for low and high priority requests: (1,2), (1,3), (2,3). Addition-
ally, three cases without differentiation, (1,1), (2,2) and (3,3) were tested as a
reference.

Figs. [5.46] and [5.47! show the blocking probability in the low and the high
priority classes as a function of the offered load for two cases in which a single
shortest path was used for low priority requests and more paths were used for
high priority requests compared to the case when both classes were served using
shortest path routing. Increasing the number of alternate paths for high priority
requests resulted in lowering the blocking probability of the high priority requests
at the expense of slightly increased blocking probability in the low priority class.

On the other hand, it is possible to take as a reference the case where all
requests were served using three alternate paths, and reduce the number of paths
available for the low priority requests. The result is shown in Figs. [5.48 and [5.49.

This illustrates two different viewpoints, from which the strategy based on the
alternate paths mechanism may be assessed. The viewpoints are associated with
the choice of the reference scenario. The first possibility is to choose a scenario
with a weak algorithm for each class and observe the improvements gained from
using a better algorithm in the high priority class. The second possibility is to
start with a good algorithm in each class and deliberately decrease performance
of the low priority class to make the network less utilised, so that the high priority
requests have ample resources to choose from.

Figs. [5.50/ and [5.51] show the three-dimensional plots of the blocking proba-
bility in the low and the high priority classes as a function of the offered load and
the fraction of the high priority traffic in the network. As it was expected, the
blocking probabilities in the low and the high priority classes rise gradually with
increasing offered traffic and with increasing fraction of the high priority traffic.

The alternate paths mechanism, however successful in differentiating the low
and high priority class, was unable to achieve the required (0.005) blocking prob-
ability of the high priority requests in some of the considered cases. Thus, in
the subsequent studies it is only used in combination with other mechanisms and
never used alone.

The presented results were obtained in the PanEU network. The correspond-
ing results obtained in the NSF network are quite similar and are shown in
Appendix [Al in Figs. [A.45]—-[A.50L
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Figure 5.46: A strategy based on the alternate paths mechanism with 1 path in the low
priority class and varying number of paths in the high priority class. PanEU network
with 50% of high priority traffic. The blocking probability in the low priority class is
presented as a function of the offered load.
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Figure 5.47: A strategy based on the alternate paths mechanism with 1 path in the low
priority class and varying number of paths in the high priority class. PanEU network
with 50% of high priority traffic. The blocking probability in the high priority class is
presented as a function of the offered load.
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Figure 5.48: A strategy based on the alternate paths mechanism with 3 paths in the high
priority class and varying number of paths in the low priority class. PanEU network
with 50% of high priority traffic. The blocking probability in the low priority class is
presented as a function of the offered load.
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Figure 5.49: A strategy based on the alternate paths mechanism with 3 paths in the high
priority class and varying number of paths in the low priority class. PanEU network
with 50% of high priority traffic. The blocking probability in the high priority class is
presented as a function of the offered load.
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Figure 5.50: A strategy based on the alternate paths mechanism with 1 path in the
low priority class and 3 paths in the high priority class. PanEU network. The blocking
probability in the low priority class is presented as a function of the offered load and
the fraction of the high priority traffic.
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Figure 5.51: A strategy based on the alternate paths mechanism with 1 path in the
low priority class and 3 paths in the high priority class. PanEU network. The blocking
probability in the high priority class is presented as a function of the offered load and
the fraction of the high priority traffic.






Comparison of strategies

Several strategies need to be investigated. Fifteen of those strategies are based on
a single mechanism performing resource preservation. Here, the routing algorithm
delivers the same number of paths for each class of requests. In the remaining
fifteen strategies the lightpath requests are differentiated using two mechanisms,
one based on resource preservation and one based on a different number of al-
ternate paths in each class. The strategies based solely on a different number of
paths were excluded from comparisons since they could not achieve the requested
blocking probability of 0.005 in some of the assumed traffic conditions.

6.1 Comparison methodology

For each strategy it is possible to choose a different value of parameter 7', which
regulates the amount of resources preserved for the high priority traffic. As a
result, this value affects the balance between the blocking probability of the low
and high priority requests. To be able to compare the strategies, there is a need
to have a reference criterion, to which the strategies would be normalised. Two
assumptions were made:

Assumption 7.1: The mean blocking probability of the high priority
requests should be below 0.005 for each of the 45 cases of the offered
traffic considered.

Assumption 7.2: The value of T should remain constant with chang-
ing traffic conditions, i.e., in all 45 investigated cases of the offered
traffic.

The traffic cases are based on the offered load in the range of 1.0 — 1.8 in
steps of 0.1 and a variable fraction of the high priority traffic, ranging from 10%



88 6. COMPARISON OF STRATEGIES

to 50% in steps of 10%. Assumption 7.1 reflects the operator’s need to guarantee
that the high priority requests are served in a satisfactory manner in changing
traffic conditions. The choice of the value 0.005 as the maximum allowed blocking
probability for high priority requests is arbitrary. Any reasonable value may be
used here, as required by the network operator. The range of offered traffic,
in which the blocking probability remains below the specified minimum, is also
arbitrarily chosen, and should reflect the past network operator experience with
the given network and the contracts signed with the network users. Assumption
7.2 reflects a requirement, that the network optimization is performed off-line,
and relatively rare, compared to the rate of the traffic changes in the network.
This is a convenient situation for the network operator since then it neither needs
a fast optimization algorithm nor signalling extensions to quickly propagate the
changing value of T to all nodes. This is a potential scenario of an ASON network
with a variable load and fixed network parameters.

Consequently, a lower bound for parameter T is established since with increas-
ing its value the amount of resources devoted to high priority requests increases,
and as a result the blocking probability of the high priority requests decreases.
However, increasing the value of parameter T increases the blocking probability
of the low priority requests which is undesirable. Thus, it is reasonable to keep
the value of T as low as possible to avoid unnecessary drop in performance of
the low priority requests. As a result, for each strategy there is only one possible
value of parameter 7. In the remaining comparisons only this value of parameter
T is used for a given strategy. The obtained values are presented in Tables [6.1
and [6.2, names altXY reference the alternate paths algorithm with X paths for
low priority requests and Y paths for high priority requests.

Table 6.1: Values of parameter T for all strategies, PanEU network

Scenario | altll | altl2 | altl3 | alt22 | alt23 | alt33
gecap 6 2 1 3 2 2
pcap 8 3 2 4 3 3
lcap 25 17 14 20 17 18
pool 40 23 16 29 24 26
flcap 53 38 32 50 46 48

The assumptions 7.1 and 7.2 have one more implication. The high priority
class is served in a satisfactory manner in all assumed traffic conditions, for
all considered strategies. Thus it is possible to disregard it in the subsequent
discussions and focus on the comparisons of the blocking probability of the low
priority requests, since this reflects the price paid for granting the high priority
requests a superior grade of service.
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Table 6.2: Values of parameter T for all strategies, NSF network
Scenario | altll | altl2 | altl3 | alt22 | alt23 | alt33

gecap ) 2 1 3 2 2
pcap 6 2 2 3 2 2
lcap 16 11 8 15 13 14

pool 32 17 12 23 20 22
ficap 30 17 12 30 26 30

6.2 Comparison of single mechanism strategies

Figs. [6.1] and [6.2] present the comparison of the single mechanism strategies. The
figures show the blocking probability of the low priority requests vs. offered load.
The network is the PanEU network, with 20% of the high priority traffic using
either alt1ll or alt33 routing.
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Figure 6.1: Comparison of resource preservation mechanisms for shortest path routing,
PanEU network, 20% of traffic is the high priority traffic. The blocking probability in
the low priority class as a function of the offered load.

The performance of the compared strategies varies greatly. Strategies based
on gcap and pcap mechanisms seem to be the most promising ones, as they offer
the lowest blocking probability. Their performance is quite close to each other,
with a larger gap to the nearest successor, the lcap strategy. Strategies based on
flcap and pool mechanisms achieve the highest blocking probabilities.
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Figure 6.2: Comparison of resource preservation mechanisms for fixed-alternate routing
with three paths in each class, PanEU network, 20% of traffic is the high priority traffic.
The blocking probability in the low priority class as a function of the offered load.

An additional drawback of the strategies based on flcap and pool mechanisms
is that their blocking probability remains quite high in the low load region which
is undesirable from the operator’s point of view since it cannot offer low blocking
probability to all customers even in the off-peak times. The strategies based
on gcap and pcap mechanisms do not seem to have this negative property as
the blocking probability of those strategies falls quite fast to near zero with the
decreasing offered load.

The blocking probability for strategies based on altll routing is significantly
worse than the blocking probability for strategies based on alt33 routing. This
is not a new observation, but it is a strong indication that limiting the number
of paths has a negative impact on the achieved GoS and, thus, the shortest path
routing should be avoided, if possible.

For complete overview, Figs. [6.3and [6.4] present the total blocking probability
and Figs. [6.5land [6.6] present the network utilisation for the considered strategies.

6.3 Single vs. compound strategies
The next step is to analyse benefits gained from applying the strategies that use

two GoS mechanisms simultaneously, and to compare their performance with the
single mechanism strategies. Tables 6.3 and [6.4] present the blocking probability
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Figure 6.3: Comparison of resource preservation mechanisms for shortest path routing,
PanEU network, 20% of traffic is the high priority traffic. The total blocking probability
as a function of the offered load.
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Figure 6.4: Comparison of resource preservation mechanisms for fixed-alternate routing
with three paths in each class, PanEU network, 20% of traffic is the high priority traffic.
The total blocking probability as a function of the offered load.
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Figure 6.5: Comparison of resource preservation mechanisms for shortest path routing,
PanEU network, 20% of traffic is the high priority traffic. The network utilization as a
function of the offered load.
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Figure 6.6: Comparison of resource preservation mechanisms for fixed-alternate routing
with three paths in each class, PanEU network, 20% of traffic is the high priority traffic.
The network utilization as a function of the offered load.
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of the low priority requests for all considered strategies, implementing either a
single mechanism or a mix of mechanisms. The results were obtained in the
PanEU and NSF networks for a fixed load of 1.4 and 20% of the high priority
traffic.

Table 6.3: Blocking probabilities of the low priority requests for the PanEU network
with offered load of 1.4 and 20% of high priority traffic.

Scenario | altll | altl2 | altl3 | alt22 | alt23 | alt33
gcap 0.057 | 0.038 | 0.033 | 0.015 | 0.012 | 0.007
pcap 0.067 | 0.042 | 0.038 | 0.019 | 0.016 | 0.010
lcap 0.111 | 0.055 | 0.041 | 0.043 | 0.026 | 0.027
pool 0.250 | 0.128 | 0.088 | 0.128 | 0.093 | 0.099
flcap 0.358 | 0.168 | 0.118 | 0.235 | 0.159 | 0.209

Table 6.4: Blocking probabilities of the low priority requests for the NSF network with

offered load of 1.4 and 20% of high priority traffic.

Scenario | altll | altl2 | altl3 | alt22 | alt23 | alt33
gecap 0.033 | 0.021 | 0.018 | 0.005 | 0.004 | 0.002
pcap 0.038 | 0.021 | 0.021 | 0.006 | 0.004 | 0.002
lcap 0.067 | 0.038 | 0.025 | 0.024 | 0.015 | 0.013
pool 0.201 | 0.084 | 0.056 | 0.088 | 0.066 | 0.070
flcap 0.174 | 0.060 | 0.034 | 0.145 | 0.093 | 0.154

There is no general answer to the question whether introducing two mecha-
nisms that provide GoS differentiation is beneficial for the network. The answer
depends on the preservation mechanism used. The flcap mechanism clearly ben-
efits from adding a second mechanism and works best with alt13 routing. On the
other hand, the gcap and pcap mechanisms work best with alt33 routing and in-
troducing different number of paths for each class degrades the performance. To
aid comparison, the results from Tables[6.3] and [6.4 are illustrated in a graphical
form in Figs. [6.7 and [6.8 with alt22 cases removed for clarity of presentation.

If one looks at the performance of the flcap mechanism with alt1l, alt12,
alt13, i.e., with a constant number of paths for low priority requests and an in-
creasing number of alternate paths for high priority requests, one will see that
the performance of the network increases (the blocking probability decreases).
However, a deeper look at the sequence alt13, alt23, alt33, (i.e., with a con-
stant number of alternate paths for high priority requests and increasing number
of paths for low priority requests,) reveals a major drop in performance. This
might be an indication that the flcap mechanism is quite inefficient in protecting
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Figure 6.7: The comparison of the strategies for the PanEU network with an offered
load of 1.4 and 20% of high priority traffic.
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resources. Increasing the number of paths for low priority requests increases the
chances that such a request will find available resources and will be successfully
set up. As a result, there are less resources left for high priority requests and
as a countermeasure the amount of resources that are preserved (parameter T)
must be increased, see Tables[6.1l and [6.2L This results in lowering the amount of
resources for low priority traffic. A strategy that is inefficient preserves a great
deal of resources since it cannot use them efficiently. Thus, it will decrease the
overall network performance.

The gcap and pcap strategies do not show such a behaviour. The blocking
probability decreases with improving the routing algorithm and the best results
are achieved with the maximum considered number of paths for each class. The
remaining strategies, pool and lcap, fall somewhere in the middle. At a first look
they follow the flcap pattern, but, if evaluated against some other combinations
of offered load and fraction of the high priority traffic they behave closer to the
pcap and gcap algorithms.

6.4 Final evaluation

The following five comparisons have been prepared and presented to get the final
insight on the performance of different strategies, each composed of a given rout-
ing variant and a preservation mechanism. In the first comparison, the number
of cases in which a given routing variant offers the lowest blocking probability is
evaluated, given the resource preservation mechanism. Each case corresponds to
a combination of the offered load and the fraction of the high priority traffic. The
result is presented in Figs. [6.9 and [6.10l The figures answer the following ques-
tion: which routing variant is most successful for a given resource preservation
mechanism?

It is quite clear that if gcap or pcap mechanisms are used in the network,
the most successful routing scheme is alt33, as it offers the best performance in
all cases. For lcap and pool the situation is not clear. For some cases the alt33
routing would be the best, for some others alt23 and alt13. For flcap the situation
is almost clear, as in the majority of cases the best results are achieved with the
alt13 routing.

The second comparison shows which preservation strategy performs the best if
the network is restricted to use a particular variant of the fixed-alternate routing.
The results are presented in Figs. [6.11] and [6.12l In the majority of the results
the gcap algorithm is the best, followed by the pcap algorithm. However, its use
in the network might not be preferred due to performance reasons. Thus, another
comparison, which excludes gcap, is presented in Figs. [6.13| and [6.14L

The presented comparisons are a strong indication that, out of the presented
preservation mechanisms, gcap and pcap might perform the best with any routing
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Figure 6.9: The number of cases in the PanEU network in which a given routing variant
was the most successful one for a given preservation mechanism. The following routing
variants: altll, alt12 and alt22 were never the most successful ones, thus they are
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omitted.
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Figure 6.11: The number of cases for the PanEU network in which a given preservation
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were never the most successful ones, thus they are omitted.
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Table 6.5: The best strategies

Network | Strategy No of cases

PanEU alt33-gcap 45

NSF alt33-gcap 36
alt33-pcap 9

Table 6.6: The best strategies if gcap is not considered

Network | Strategy No of cases
1t33-pcap 44
PanEU [ 2
a alt33-lcap 1
NSF alt33-pcap 45

algorithm. On the other hand, the remaining algorithms are almost nonexistent
in these comparisons, which supports the hypothesis that they are not good
candidates for further consideration.

The final comparisons reflect the global view on the performance of different
combinations of the presented mechanisms. The presented result shows the num-
ber of cases in which a given strategy was the best one, in all considered cases of
the offered traffic. Table [6.5] presents the results.

The numbers show that the alt33-gcap strategy, combining the global capacity
threshold mechanism and the fixed-alternate routing with three paths for each
traffic class achieved the best results for the PanEU network, and achieved the
majority of the best results (35 out of 45 cases) for the NSF network. However,
this strategy has severe scalability issues, caused by its computational complexity,
and also requires a great deal of information about the global network state, which
complicates the control plane design. Thus, it might be interesting to know which
strategy performs the best if the gcap mechanism is excluded from comparisons.
The result is shown in Table [6.6L

In this comparison, the best result is obtained using the alt33-pcap strategy,
combining the path capacity threshold mechanism with routing that provides
three alternate paths for each request, both low and high priority. The strategy
achieved the lowest blocking probability for low priority requests in all, but the
one case, for the PanEU network and in all cases for the NSF network.

Taking all points together, gcap and pcap seem to be the strong candidates for
implementing them in real networks as the sole GoS mechanism. An important
observation is that pcap follows closely the performance of gcap (see Figs. [6.7
and [6.8)), which might be a strong indication that in the overall cost-benefit
comparison pcap might be preferred, due to its much lower complexity and a
similar performance to gcap. As far as other algorithms are considered, lcap and
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pool offer a similar complexity to pcap, but significantly worse performance, and
flcap delivers unacceptable performance with a slightly smaller complexity. As a
result lcap, pool and flcap are questionable candidates for implementing in real
networks.



r@l (Conclusions

The goal of the presented research was to investigate the possibility of differentiat-
ing Grade of Service in a wavelength routed optical network by using appropriate
routing strategies. Six mechanisms were proposed, five of them were based on
resource preservation, one on providing a different number of alternate paths for
each class of requests. The mechanisms have been created taking into consid-
eration the amount of information required for their operation in a distributed
environment. For each mechanism a detailed algorithm was presented in two
versions: one suitable for networks with a centralised computation model and
one suitable for networks with a distributed computation model. Additionally,
the computational complexity of each mechanism was estimated.

The presented mechanisms were investigated using a custom-built simulation
tool based on the OMNeT++ simulator. A description of the simulation envi-
ronment is followed by the discussion on the credibility of the obtained results.

The simulations have been performed in two reference networks: the PanEU
reference network and the NSF network. Each proposed mechanism was able
to provide differentiated Grade of Service for lightpath requests that belong to
different classes, although with a different performance.

Based on the presented mechanisms a set of strategies was built, with some
of the strategies incorporating two mechanisms simultaneously. The goal of this
part of research was to find the most prospective mechanism or a combination
of mechanisms to be used in future networks. The strategies were evaluated us-
ing computer simulation in several traffic scenarios, with varying overall traffic
intensity and varying proportions of the high and low priority traffic. All pro-
posed strategies managed to achieve the stated goals in assumed network condi-
tions and successfully delivered GoS-differentiated services. However, the cost of
implementing those strategies, being the decreased performance of low priority
requests and increased complexity of control procedures, was quite different.
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The two best strategies were based on either global capacity threshold and
path capacity threshold mechanisms, the former performing slightly better than
the latter at the cost of radically increased complexity and control plane require-
ments. These two mechanisms were the best ones with each variant of alternate
paths routing that were tested. However, the best results were obtained when all
requests, regardless of their class, were offered the maximum allowed number of
paths. Introducing an additional level of GoS differentiation by offering a differ-
ent number of paths for each class of requests resulted, for those two strategies,
in a performance drop.

In an overall view, global capacity threshold and path capacity threshold are
preferred mechanisms to implement them in future optical networks, due to their
superiority in performance.

The GoS differentiation allows a network operator to deliver services tailored
to customers’ requirements, while simultaneously ensuring efficient resource util-
isation. GoS differentiation is the first, but necessary step, for providing multiple
services with GoS guarantees. Along with the development of new services deliv-
ered to customers and growing users’ needs, the complexity of GoS mechanisms
will increase in order to deal with more traffic classes and less predictable traffic
patterns. The improved GoS mechanisms will provide more precise control over
such GoS parameters as the blocking probability and connection set up time and
their distribution among communicating node pairs. This seems to be the focus
of the future work in this field.

7.1 Achievements and contributions

The achievements and contributions of the dissertation may be summarised as
follows:

1. The dissertation introduced a classification of the Grade of Service mecha-
nisms into mechanisms which preserve network resources for high priority
requests, mechanisms in which a different routing algorithm, path metrics
or a set of candidate paths is considered for each class of requests, and
mechanisms in which an existing lower class lightpath may be preempted
or rerouted if the resources it uses are needed for a higher class lightpath.

2. A set of five mechanisms that preserve network resources for high priority
requests, and a mechanism that uses different number of alternate paths
for each class of requests were proposed. For each of those mechanisms a
detailed algorithms for both centralised computation model and distributed
computation model was presented. Additionally, the numerical complexity
of the proposed mechanisms was estimated.
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3. A custom simulation tool was built, based on the OMNeT++ simulator.

4. The performance of each of the presented mechanisms was thoroughly in-
vestigated using computer simulation.

5. The benefits of using more than one mechanism were assessed and a prospec-
tive strategies were chosen for final comparison.

Based on the presented results, the thesis stated in Chapter [L.1, It is pos-
sible to differentiate the blocking probability of lightpath requests
in optical networks using moderately complex routing strategies,
was proved.
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Figure A.1: Wavelength pools strategy (pool), NSF network, shortest path routing,
50% of traffic is the high priority traffic. The blocking probability in the low priority
class as a function of parameter T, for three values of the offered load.
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Figure A.2: Wavelength pools strategy (pool), NSF network, shortest path routing,
50% of traffic is the high priority traffic. The blocking probability in the high priority
class as a function of parameter T, for three values of the offered load.
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Figure A.3: Wavelength pools strategy (pool), NSF network, alternate routing with 3
paths in each class, 50% of traffic is the high priority traffic. The blocking probability
in the low priority class as a function of parameter T, for three values of the offered
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Figure A.5: Wavelength pools strategy (pool), NSF network, shortest path routing,
T = 32. The blocking probability in the high priority class as a function of the offered
load and the fraction of the high priority traffic.
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Figure A.6: Wavelength pools strategy (pool), NSF network, alternate routing with 3
paths in each class, T' = 22. The blocking probability in the high priority class as a
function of the offered load and the fraction of the high priority traffic.
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Figure A.7: Wavelength pools strategy (pool), NSF network, shortest path routing,
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Figure A.9: Wavelength pools strategy (pool), NSF network, shortest path routing.
The blocking probability in the low priority class as a function of the fraction of the
high priority traffic, for three values of the offered load.
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Figure A.10: Wavelength pools strategy (pool), NSF network, shortest path routing.
The blocking probability in the high priority class as a function of the fraction of the
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Figure A.11: Wavelength pools strategy (pool), NSF network, alternate routing with
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Figure A.13: First link capacity threshold strategy (flcap), NSF network, shortest path
routing, 50% of traffic is the high priority traffic. The blocking probability in the low
priority class as a function of parameter T, for three values of the offered load.
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Figure A.14: First link capacity threshold strategy (flcap), NSF network, shortest path
routing, 50% of traffic is the high priority traffic. The blocking probability in the high
priority class as a function of parameter T', for three values of the offered load.
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Figure A.15: First link capacity threshold strategy (flcap), NSF network, alternate
routing with 3 paths in each class, 50% of traffic is the high priority traffic. The
blocking probability in the low priority class as a function of parameter T, for three
values of the offered load.
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Figure A.16: First link capacity threshold strategy (flcap), NSF network, alternate
routing with 3 paths in each class, 50% of traffic is the high priority traffic. The
blocking probability in the high priority class as a function of parameter T, for three
values of the offered load.
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Figure A.17: First link capacity threshold strategy (flcap), NSF network, shortest path
routing, T' = 30. The blocking probability in the high priority class as a function of the
offered load and the fraction of the high priority traffic.

0.0040 -

0.0035 -

0.0030 -

0.0025 -

0.0020 -

Blocking probability
o 9, % %
Q% % %

0.0015

@
S

40
0.0010 30
% of 20

high priority traffic 10 N
0.0005

0.0000

Figure A.18: First link capacity threshold strategy (flcap), NSF network, alternate
routing with 3 paths in each class, 7" = 30. The blocking probability in the high
priority class as a function of the offered load and the fraction of the high priority
traffic.
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Figure A.19: First link capacity threshold strategy (flcap), NSF network, shortest path
routing, T'= 30. The blocking probability in the low priority class as a function of the
offered load and the fraction of the high priority traffic.
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Figure A.20: First link capacity threshold strategy (flcap), NSF network, alternate
routing with 3 paths in each class, T' = 30. The blocking probability in the low priority

class as a function of the offered load and the fraction of the high priority traffic.



116 A. EXPERIMENTS: SINGLE MECHANISM STRATEGIES IN THE NSF ...

(%) [Te) = =
1%} . =

& O |- load=1 =y g
N -o- load= 1.5 & =
> oad = 1.

ES) =3 Nd
S <« | 8- load= 1.8 = =
2 5 =
= o

o %%

% =

s @

< o

S

£

2 o |

Z o

<

Q

[=

a <

o o

£

x

Q

o o |

m o

0 10 20 30 40 50

Value of parameter T

Figure A.21: Link capacity threshold strategy (lcap), NSF network, shortest path rout-
ing, 50% of traffic is the high priority traffic. The blocking probability in the low priority
class as a function of parameter T, for three values of the offered load.
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Figure A.22: Link capacity threshold strategy (lcap), NSF network, shortest path rout-
ing, 50% of traffic is the high priority traffic. The blocking probability in the high
priority class as a function of parameter T', for three values of the offered load.



117

9] Te}
) ] &
& © 7|~ load=1 = <
o - = &
- -o- load= 1.5 f &
£ < | load=18 <
o S 1 : = £
=4 = =
g Z #
g . L
s ° fﬁﬂ g@
c
£ &
2 = hd
Z o & g
g & 2
o &
o &
s < = gf
= © g
8 o
o o 7

0 10 20 30 40

Value of parameter T

50

Figure A.23: Link capacity threshold strategy (lcap), NSF network, alternate routing
with 3 paths in each class, 50% of traffic is the high priority traffic. The blocking
probability in the low priority class as a function of parameter T, for three values of the

offered load.
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Figure A.24: Link capacity threshold strategy (lcap), NSF network, alternate routing
with 3 paths in each class, 50% of traffic is the high priority traffic. The blocking
probability in the high priority class as a function of parameter T, for three values of

the offered load.
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Figure A.25: Link capacity threshold strategy (lcap), NSF network, shortest path rout-
ing, T = 16. The blocking probability in the high priority class as a function of the
offered load and the fraction of the high priority traffic.
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Figure A.26: Link capacity threshold strategy (lcap), NSF network, alternate routing
with 3 paths in each class, T' = 14. The blocking probability in the high priority class
as a function of the offered load and the fraction of the high priority traffic.
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Figure A.27: Link capacity threshold strategy (lcap), NSF network, shortest path rout-
ing, T' = 16. The blocking probability in the low priority class as a function of the
offered load and the fraction of the high priority traffic.
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Figure A.28: Link capacity threshold strategy (lcap), NSF network, alternate routing
with 3 paths in each class, 7' = 14. The blocking probability in the low priority class
as a function of the offered load and the fraction of the high priority traffic.
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Figure A.29: Path capacity threshold strategy (pcap), NSF network, shortest path
routing, 50% of traffic is the high priority traffic. The blocking probability in the low
priority class as a function of parameter T, for three values of the offered load.
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Figure A.30: Path capacity threshold strategy (pcap), NSF network, shortest path
routing, 50% of traffic is the high priority traffic. The blocking probability in the high
priority class as a function of parameter T', for three values of the offered load.
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Figure A.31: Path capacity threshold strategy (pcap), NSF network, alternate routing

with 3 paths in each class, 50% of traffic is the high priority traffic.

The blocking

probability in the low priority class as a function of parameter T, for three values of the

offered load.
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Figure A.32: Path capacity threshold strategy (pcap), NSF network, alternate routing

with 3 paths in each class, 50% of traffic is the high priority traffic.

The blocking

probability in the high priority class as a function of parameter T, for three values of

the offered load.
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Figure A.33: Path capacity threshold strategy (pcap), NSF network, shortest path
routing, 7' = 6. The blocking probability in the high priority class as a function of the
offered load and the fraction of the high priority traffic.
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Figure A.34: Path capacity threshold strategy (pcap), NSF network, alternate routing
with 3 paths in each class, T' = 2. The blocking probability in the high priority class as
a function of the offered load and the fraction of the high priority traffic.
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Figure A.35: Path capacity threshold strategy (pcap), NSF network, shortest path
routing, T" = 6. The blocking probability in the low priority class as a function of the
offered load and the fraction of the high priority traffic.
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Figure A.36: Path capacity threshold strategy (pcap), NSF network, alternate routing
with 3 paths in each class, T' = 2. The blocking probability in the low priority class as

a function of the offered load and the fraction of the high priority traffic.
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Figure A.37: Global capacity threshold strategy (gcap), NSF network, shortest path
routing, 50% of traffic is the high priority traffic. The blocking probability in the low
priority class as a function of parameter T, for three values of the offered load.
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Figure A.38: Global capacity threshold strategy (gcap), NSF network, shortest path
routing, 50% of traffic is the high priority traffic. The blocking probability in the high
priority class as a function of parameter T', for three values of the offered load.
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Figure A.39: Global capacity threshold strategy (gcap), NSF network, alternate routing

with 3 paths in each class, 50% of traffic is the high priority traffic.

The blocking

probability in the low priority class as a function of parameter T, for three values of the

offered load.
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Figure A.40: Global capacity threshold strategy (gcap), NSF network, alternate routing

with 3 paths in each class, 50% of traffic is the high priority traffic.

The blocking

probability in the high priority class as a function of parameter T, for three values of

the offered load.
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Figure A.41: Global capacity threshold strategy (gcap), NSF network, shortest path
routing, 7' = 6. The blocking probability in the high priority class as a function of the
offered load and the fraction of the high priority traffic.
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Figure A.42: Global capacity threshold strategy (gcap), NSF network, alternate routing
with 3 paths in each class, T' = 2. The blocking probability in the high priority class as
a function of the offered load and the fraction of the high priority traffic.
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Figure A.43: Global capacity threshold strategy (gcap), NSF network, shortest path
routing, 7" = 6. The blocking probability in the low priority class as a function of the
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Figure A.44: Global capacity threshold strategy (gcap), NSF network, alternate routing
with 3 paths in each class, T' = 2. The blocking probability in the low priority class as

a function of the offered load and the fraction of the high priority traffic.
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Figure A.45: Alternate paths strategy with 1 path in the low priority class and varying
number of paths in the high priority class. NSF network with 50% of high priority
traffic. The blocking probability in the low priority class as a function of the offered
load.
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Figure A.46: Alternate paths strategy with 1 path in the low priority class and varying
number of paths in the high priority class. NSF network with 50% of high priority
traffic. The blocking probability in the high priority class as a function of the offered
load.
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Figure A.47: Alternate paths strategy with 3 paths in the high priority class and varying
number of paths in the low priority class. NSF network with 50% of high priority traffic.
The blocking probability in the low priority class as a function of the offered load.
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Figure A.48: Alternate paths strategy with 3 paths in the high priority class and varying
number of paths in the low priority class. NSF network with 50% of high priority traffic.
The blocking probability in the high priority class as a function of the offered load.
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in the high priority class. NSF network. The blocking probability in the low priority
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