Wavelength Continuity Constraint in Differentiated
Reliability (DiR) WDM Rings

Andrea Fumagalli, Marco Tacca
Center for Advanced Telecommunications Systems and Services (CATSS)
University of Texas at Dallas
Erik Jonsson School of Engineering and Computer Science
E-mail: {andreaf,mtacca}l@utdallas.edu

Abstract— The concept of Differentiated Reliability (DiR) was
recently introduced by the authors to provide multiple reli-
ability degrees (or classes) at the same network layer using
a common protection mechanism, e.g., path switching. Ac-
cording to the DiR concept, each connection at the layer
under consideration is guaranteed a minimum reliability de-
gree, defined as the Mazimum Failure Probability allowed for
that connection. The reliability degree chosen for a given
connection is thus determined by the application require-
ments, and not by the actual network topology, design con-
straints, robustness of the network components, and span of
the connection.

In the paper the DiR concept is applied to designing the
Wavelength Division Multiplexing (WDM) layer of a ring
network in which wavelength conversion is not available. To
solve the routing and wavelength assignment problem at the
WDM layer an efficient algorithm is proposed that resorts
to reusable protection wavelengths while guaranteeing the
required reliability degree of each connection. Lower bounds
on the network bandwidth required by two approaches —
respectively based on non-reusable and reusable protection
wavelengths — reveal interesting properties of the DiR con-
cept and the proposed algorithm.

I. INTRODUCTION

As e-commerce and e-business are heavily dependent up-
on the availability of communication resources, reliable
communication networks are a must from the end user’s
viewpoint. Providing reliable communication is however
expensive as additional spare resources must be provisioned
in the network. Intuitively, a reasonable compromise would
be to provision the strictly necessary redundancy of spare
resources in the network to achieve a “satisfactory” relia-
bility level, or degree.

Little is known, however, about the degree of reliability
required at a given layer, that is, the level of reliability that
the layer should provide to higher layers. Clearly, there is
a trade-off between the degree of reliability that is offered
by the layer and the cost of the resources required at that
layer. A higher degree of reliability comes at higher cost.
Another factor to consider is that the same network (or
layer) is designed to support multiple services, and each
service might require a distinct degree of reliability. For
example, the WDM layer may support both SONET and
IP layers, and may provide to each higher layer a different
degree of reliability.

In a recent work [1] the authors have formally defined
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the aforementioned problem by introducing the so called
Differentiated Reliability (or DiR for short) concept, ac-
cording to which, multiple reliability degrees (or classes)
are provided at the same layer using a common protection
mechanism, e.g., path switching [2]. According to the DiR
concept, each connection at the layer under consideration
is assigned a Maximum Failure Probability (M FP) which
is defined as the probability that the connection is unavail-
able due to the occurrence of a fault in the network. With
DiR, the protection mechanism offers a variety of different
MFP degrees. It is expected that the cost of the connec-
tion is inversely proportional to the chosen M F P degree.

The DiR concept offers the unique combination of the
following advantages. The user (or upper layer) deter-
mines the desired M F'P degree for each connection. Thus,
in a multi-layer network, the lower layer may provide the
above layers with the desired reliability degree, transpar-
ently from the actual network topology, design constraints,
device technology and connection span. In addition, DiR
allows to dynamically adjust the network configuration to
take into consideration possible improvements of the net-
work component’s MTBF (Mean Time Between Failures)
that may become available in some portion of the network,
without affecting the reliability degree offered to the up-
per layers. In practical terms, improved MTBF of network
components may allow the same network to support addi-
tional connections without affecting the guaranteed M F P
of the already existing connections.

To explore its properties, in this paper the DiR concept
is applied to cost effectively designing the Wavelength Di-
vision Multiplexing (WDM) layer of a bidirectional ring in
which connections are set up in the form of paths of light,
or lightpaths. To limit the complexity of the WDM layer,
it is assumed that wavelength converters are not employed,
thus each lightpath must be assigned the same wavelength
across all the fibers of its path. A cost effective design —
in terms of total wavelength mileage required at the WDM
layer to support a given set of connections — is achieved by
means of a proposed algorithm that solves the Routing and
Wavelength Assignment (RWA) problem for each lightpath
in a way that each connection M F'P is satisfied. The al-
gorithm is based on the principle that preemption of a less
reliable connection to guarantee reliability of a more reli-
able connection is allowed if the resulting M F'P degree still
meets both connection requirements. This principle is ap-
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plied by reusing protection wavelengths — already assigned
to more reliable connections — to carry less reliable connec-
tions. Numerical results show that, although sub-optimal,
the wavelength mileage achieved by the proposed algorithm
is close to a lower bound derived for the case of reusable
protection wavelengths. A second lower bound, computed
in the case of non-reusable protection wavelengths — in
which connection preemption is not allowed — indicates
that the benefits of wavelength reuse increase as the relia-
bility degree required by the connections decreases.

II. DIR-BASED WDM RING

First the RWA problem in the DiR-based WDM ring
without wavelength converters is defined, then an efficient
algorithm that sub-optimally solves the problem is briefly
described.

A. The RWA Problem in DiR-Based WDM Ring

This subsection describes the assumptions made and de-
fines the DiR optimal design problem.

It is assumed that a set of connection demands is given
and must be routed across the ring. A connection demand
consists of one or multiple lightpaths!, that need to be es-
tablished between two nodes. Each connection demand is
assigned a required M F'P that must be met by the protec-
tion mechanism at the optical layer. Only one protection
mechanism is available at the optical layer to achieve the
demand required M FP. This requirement appears to be
necessary to provide feasible network management as op-
posed to complex management handling of multiple con-
current recovery actions that take place in the event of a
network element failure. The protection mechanism con-
sidered in this paper is the 1 : 1 path protection applied
to lightpaths. With this protection mechanism, a work-
ing lightpath is assigned a route-disjoint protection light-
path that may be alternatively used if the working light-
path fails to work. Even though the ring does not have
wavelength conversion capabilities, the wavelength conti-
nuity constraint does not prevent the working and protec-
tion lightpath to be assigned distinct wavelengths.

First, the set of multiple reliability classes is introduced.
A reliability class, ¢, is characterized by a connection maxi-
mum failure probability M F P(c), which indicates the max-
imum acceptable probability that, upon a network element
failure, a connection in that class will not survive despite
the optical layer protection?.

Connection demands are assigned to classes according
to their required M F'P. Traffic demands in higher require-
ment classes, i.e., lower M F P, are those with the most
stringent requirements in terms of recovery speed and need
to be restored at the optical layer (e.g., voice traffic), as op-
posed to traffic demands in lower classes that may also be

LA lightpath is a path of light between a node pair, whose band-
width equals the wavelength bandwidth.

2The concept of reliability class can be easily generalized to multiple
failures.

recovered by means of the (relatively slower) IP restoration
mechanisms.

The WDM ring topology is modeled as a graph G(N, E).
Set N represents the network nodes and link set E repre-
sents the WDM ring lines connecting physically adjacent
nodes. Each link in E is characterized by the available
wavelength set and a number pair: link cost and link fail-
ure probability.

The available wavelength set represents the set of wave-
lengths that are not (yet) used and can be employed to set
up a lightpath.

The link cost represents the cost of routing a lightpath
on that link, i.e., using a wavelength. For example, in the
paper the link cost is set equal to the link length, thus it is
assumed that the cost of routing a lightpath on that link
is proportional to the link length.

The link failure probability is the probability that the
considered link is faulted under the condition that a sin-
gle network line fault has occurred in the ring®. The link
failure probability is estimated on the basis of available fail-
ure statistics of the employed optical components. First,
the probability of having a single fault in the network is
estimated. Once this value is known, every link fault prob-
ability is normalized to the probability of having a single
fault in the network. We define P¢(3, j) as the failure prob-
ability of link (i,j), given the occurrence of one fault in
the network. A uniform distribution of faults among links,
would result then in Py (i,5) = ﬁ V(i,j) € E.

To implement the DiR concept, the 1 : 1 path protec-
tion scheme is modified as follows*. A lower class working
lightpath may be routed on already provisioned protection
wavelengths if the wavelength continuity constraint is sat-
isfied, thus improving use efficiency of network resources.
Consequently, in case of a link failure, a higher class con-
nection may preempt a lower class connection if the latter
is using protection resources dedicated to the former. This
mechanism affects the connection failure probability of the
lower class connection due to its preemption. From a lower
class connection viewpoint, preemption is equivalent to a
fault that disrupts its working lightpath without the possi-
bility to resort to a protection lightpath. For each connec-
tion, we thus define the connection failure probability as
the sum of the failure probabilities of its unprotected links
plus the probability of “virtual” failure due to preemption.
It is assumed that the connection failure probability is de-
termined only by the link failure probabilities and it does
not depend on the particular wavelength assigned to the
connection.

The objective of the DiR problem is to determine the
routing, the wavelength assignment, and the resources used
by each lightpath request in order to minimize the ring

3The analysis presented here is based on the assumptions that only
single (line) faults may occur. However, the proposed technique can
be extended to handle concurrent faults of varying natures, including
node faults.

4Notice that provisioned protection wavelengths are unused in ab-
sence of network failures.
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total wavelength mileage — more generally, the network
cost — subject to guaranteeing the requested reliability
degree (M FP(c)) of each traffic class c.

B. The Difficult-Reuse-First Algorithm

This section presents an efficient greedy algorithm that
may be used to sub-optimally solve the DiR design problem
in WDM rings without any wavelength conversion capa-
bility. The name of the algorithm is Difficult-Reuse-First
(DRF) to indicate that, prior to being routed, demands
are sorted considering how difficult it is for the correspond-
ing working lightpaths to achieve reuse of protection wave-
lengths. Lightpaths that are more difficult in that regard,
are routed first, thus giving them better chance to achieve
a more efficient wavelength reuse.

The DRF algorithm is based on two observations.

1. Due to the topological layout of bidirectional ring, only
two disjoint routes exist between any node pair. Routing
is thus a binary problem and each demand that requires
protection must employ both routes, one for the working
lightpath and the other for the protection lightpath.

2. When the reliability degree requested for the connection
cannot be achieved using the already provisioned wave-
lengths, an additional wavelength must be added to the
ring. Under this circumstance, irrespective of the rout-
ing (clockwise or counterclockwise) chosen for the working
(protection) lightpath, one wavelength is used on every line
of the ring. The cost (working and protection) for setting
the connection thus equals the cost of adding a wavelength
along the whole ring perimeter.

The algorithm is an enhanced version of the algorithm
presented in [1] to design WDM ring in presence of wave-
length converters. The algorithm in [1] is modified as fol-
lows.

The following definitions are used in the description of
the DRF algorithm. The failure probability of a path is
given by the sum of the failure probabilities of the links
along the path. The failure probability of a path depends
only on the links it goes through, it does not depend on
the particular wavelength employed. The minimum failure
probability between two nodes, mfpsq, is the minimum
between the failure probability of the clockwise and the
counterclockwise path. Let M FP(c) be the maximum ac-
ceptable failure probability for connection demands in class
c.

The algorithm is organized in 7 steps.

Step 1. Connection demands are classified using two sets:
the set of demands that require some degree of protection
and the set of demands that do not require protection.
Demand of class ¢ from node s to node d belongs to the
former set if mfpsq > MFP(c). It belongs to the latter
set otherwise.

Step 2. The working lightpath for each demand in the
former set is routed using the shortest path in terms of
number of links. The protection lightpath is routed using
the opposite direction. Shortest path in terms of number
of links is chosen for the working lightpath to yield the

maximum number of protection wavelengths in the ring
that may be reused by the algorithm at some later step.
The working wavelength is chosen according to the least
loaded wavelength algorithm [3]. This algorithm chooses
the least used wavelength along the chosen route. Notice
that these connections have failure probability equal to 0,
as they all survive any single fault in the ring.

Step 3. The demands in the latter set are sorted
according to increasing values of the difference X =
(MFP(c) —mfpsqa) > 0 where ¢, s, and d are, respectively,
the class, the source, and the destination of the demand.
Let Sx be the set of such sorted demands. Value X in-
dicates the excess of reliability offered to the demand if
a working dedicated wavelength were added to each link
of the the path with minimum failure probability m fpsq.
Since the excess of reliability is not necessary, the algorithm
looks for ways to reuse some of the already provisioned pro-
tection wavelengths in place of the added dedicated wave-
lengths. When a protection wavelength is used in place
of an added wavelength, the reliability excess of the de-
mand is reduced due to the potential preemption of that
wavelength. Notice that the reliability excess must not be
reduced below zero, otherwise the required reliability de-
gree required by the demand is not met.

Intuitively, smaller values of X correspond to demands

with lower probability to achieve reuse of protection wave-
lengths. In order to achieve a more efficient wavelength
reuse — which in turn corresponds to a lower total net-
work cost — demands having smaller X are routed first,
hence the name of the algorithm.
Step 4. The demand in set Sx with the smallest value of X
is considered for routing. Prior to routing the demand, an
auxiliary graph G'(N, E') is built. N is the set of network
nodes, E' is the union of set E € G and set E,. The latter
is the set of links that represent the provisioned protection
lightpaths (or portions of them) not yet reused. Set E,
is constructed as follows. Let s be the source node, d the
destination node and I = {ny,ns,...,n;} the ordered set
of intermediate nodes of a protection lightpath. Every time
a protection lightpath is added to the ring, link (s,d), all
links (s,n;), where n; € I, all links (n;,d), where n; €
I, and all links (n;,n;), where n;,n; € I and i < j, are
added to E,. Link (s, d) represents the entire protection
lightpath. Any other link represents only a portion of the
protection lightpath. When multiple protection lightpaths
share the same source, destination pair and route, the set of
corresponding links added to the auxiliary graph is derived
at once, keeping track of the multiple wavelengths assigned
to the protection route.

Each link | € E' is assigned an set of available wave-
lengths and a pair of values: a cost and a failure probabili-
ty. Link set and value pair are derived as follows. For each
link in E' N E the set contains all wavelengths that are not
(yet) used by a working or a protection lightpath routed on
such link. The link value pair is represented by the length
of the associated line (cost is assumed to be proportion-
al to the line length) and its original failure probability,
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respectively. For each link in F), the set contains all wave-
lengths assigned to the corresponding protection lightpath
that are not (yet) reused by some working lightpath. Ev-
ery link in FE, is assigned zero cost, as routing on any such
link represents reuse of an already provisioned protection
lightpath (or portion of it). Each link in E, is assigned a
failure probability that is the sum of two terms: the fail-
ure probability of the working lightpath associated with
the protection lightpath (or portion of it) represented by
the link, i.e., the probability of preemption; plus the fail-
ure probability of the represented protection lightpath (or
portion of it).

(1002)

(b) Auxiliary graph

(a) Original graph

Fig. 1. New links in the auxiliary graph graph

Figure 1(a) represents the auxiliary graph obtained from
the ring shown in Figure 1(b). In Figure 1(a) the original
topology graph with two working connections — the sol-
id lines — is shown. Links are assigned two values that
represent, respectively, the cost of the network line and
the network line failure probability. In the example, only
one wavelength is considered. For each link the available
wavelength set either contains one wavelength or is emp-
ty. It is assumed that connection demand from node D
to node A requires protection, represented by the dotted
line in the figure. Connection demand from node D to
node C belongs to a lower requirement reliability class and
thus it may reuse some of the protection wavelengths provi-
sioned for the former demand. The corresponding auxiliary
graph is shown in Figure 1(b). Set E’ consists of the union
of link set E and the additional links (C, B), (B, A), and
(C,A) (set E,), that represent, respectively, the possibil-
ity to reuse protection wavelengths on the original graph
links (C, B), (B, A), and the concatenation of (C, B) and
(B, A). The auxiliary graph does not contain link (D, C),
since its available wavelength set is empty, i.e., the pro-
tection wavelength on that link is already reused. Notice
that added link (C, A), which represents a portion of the
protection lightpath associated with the working lightpath
from node D to node A, has failure probability given by
the sum of three terms: the probability that the working
lightpath from D to A is rerouted because of a line fault
(0.4); the probability that line (C, B) is faulted (0.2); and
the probability that line (B, A) is faulted (0.2).
Step 5. The demand under consideration is routed us-

ing the Dijkstra shortest path algorithm [4] applied to the
auxiliary graph. The shortest path algorithm is slightly
modified to take into account the wavelength continuity
constraint. Each shortest path is assigned an available
wavelength set which represents the set of all wavelengths
that may be employed to route a lightpath along such path.
Furthermore, while running the shortest path algorithm, at
every intermediate step, the label of each node i — neigh-
bor of the minimum distance node %,,;, — is updated on-
ly if set Wy, resulting from the intersection between the
available wavelength set of the link connecting %,,;, to ¢ and
the available wavelength set of the path from the source to
imin is non-empty. If Wy, # (), then the available wave-
length set of the path from the source to i is set equal to
Wy

The auxiliary graph link weight I7** used by the short-
est path is computed as a linear combination of the link
cost (l;;) and the link failure probability (Py(i,j)). The
linear combination is controlled by parameter a as follows:
I =a-lij+(1—a) Ps(i,j). When a =1 the algorithm
returns the shortest path in terms of mileage, when a = 0
the algorithm returns the shortest path in terms of failure
probability, i.e., the most reliable path.

By varying a, a dichotomic search is performed. Let
Gmaz = 1 and ap, = 0. The shortest path algorithm
is run using the mean value a = @it = (Gmaz + Gmin)/2).
Let pf,,,, be the failure probability of the path so found. If
Pfa;,, is greater than the M F' P requested for the demand
Gmaz 1S set equal to agne. If pfy,,, is smaller than the
MFP, a,;, is set equal to a;,:. These steps are iterated
until pf,,... < MFP.

Once the shortest path is found, the working lightpath
is assigned the least loaded wavelength [3] found in the
available wavelength set associated with the path.

Step 6. Wavelengths assigned to the demand under anal-
ysis are provisioned and the corresponding demand is re-
moved from set Sx.

Step 7. The status of the provisioned protection wave-
lengths is updated taking into consideration possible reuse.
Notice that such update may result in changes of the aux-
iliary graph. The algorithm returns to step 4 until set Sx
is emptied.

III. LowER BOUNDS ON TOTAL WAVELENGTH
MILEAGE

Two lower bounds on the total wavelength mileage re-
quired by the DiR-based ring are derived: A, when protec-
tion wavelength reuse is not allowed and A, when protec-
tion wavelength reuse is allowed. The two bounds are de-
rived under the simplified scenario of uniformly distributed
line failure probability and line unit length, i.e., unit length
is assumed for every ring line. Generalization of the bounds
to uneven line failure probability and general line lengths
is straightforward.

Derivation of the bounds is based on the observation
that in case of uniform line failure probability, the more
reliable route is the shortest path. Those connections that
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do not meet their reliability requirement along the shortest
path need protection. Bounds are derived assuming full
wavelength conversion capability at every node.

The following parameters are used in the derivation of
the bounds. Let tfi’ i) be the set of lightpath requests as-
sociated with the connection demands of class ¢ between
node pair (i, 7). Connection demands are divided into two
sets: T, is the set of demands in class ¢ that need protec-
tion, T}7, is the set of demands in class ¢ that do not need
protection to meet their required reliability degree and may
reuse protection wavelengths.

A. Lower Bound for Non-reusable Protection Wavelength

For every lightpath request in tfi’ i) whose connection de-
mand is in set T} one wavelength must be added along the
ring perimeter (working and protection paths). For every
lightpath request in t& i) whose connection demand is in
set 1,7, one wavelength must be added along the shortest
path between node ¢ and j. Let SP;; be the length of
the shortest path between node i and j

The mileage, A., required by reliability class c is then:

oWt DD SPay -l ] (D)
t(ci,j)ET; t(ci'j)ET;p

The total required wavelength mileage is therefore:

A=) A, (2)

From Equation (1) the average wavelength mileage per
lightpath in class ¢ is then computed as:

N. = Aicc
25 )]

A =

(3)

B. Lower Bound for Reusable Protection Wavelength

In the case of protection wavelength reuse the deriva-
tion of the lower bound is based on the observation that
the connection failure probability is the sum of two terms:
the failure probability of the working path plus the preemp-
tion probability of the working path caused by a connection
with higher reliability degree. The bound is derived assum-
ing that protection wavelengths can be arbitrarily moved
around the ring perimeter in order to maximize the reuse
factor.

Three vectors W,[k], P.[k], and P[k], k = 1,...,|N]|/2,
are defined. The k — th entry of vector W, is the set of
lightpath requests tfi7j) that have SF(; ;) = k. Notice that
set W,[k] contains lightpaths whose connection demands
are in either set 777 or set 777 . The failure probability
of these lightpaths is % (without considering protection).
The k — th entry of vector P. is the set of protection light-
paths provisioned to connection demands in class ¢, that
are available for reuse and have preemption probability
equal to ﬁ The k — th entry of array P is the set of
all protection lightpaths that are available for reuse and

have preemption probability equal to %, i.e., P = U.P..
Let |[W.(k)||, ||P:(k)|l, and ||P(k)|| be, respectively:

el =3 (151 SPey)  vi=1.2

i,j:SP(i’j):k

(4)

V]
1P(R)Il = Z((IM - SP(i’j))|tfi7j)|) Vk = 1.5 (5)
i,j:SPu; =k
tiy €Ty
V]

IPRI = D IIP(R)| VE =17 (6)
Working lightpaths in W.[k] may reuse protection on-
ly if the additional failure probability introduced by the

preemption mechanism is smaller than M FP(c) — (ﬁ)

Working connections whose failure probability along the
shortest path is closer to M FP(c) have a more strin-
gent requirement on the preemption probability, thus in
order to maximize the probability of wavelength reuse,
they need to be considered first in the computation of
the bound. Furthermore, in order to save wavelengths
with lower preemption probabilities for connection de-
mands with more stringent reliability requirements, reuse
of protection wavelengths with preemption probability ex-
actly equal to M FP(c) — (ﬁ) must be tried first. If pro-

tection wavelengths with that preemption probability are
not available, protection wavelengths with lower preemp-
tion probability are taken into consideration for possible
reuse.

Based on the above observations the mileage of reused
protection wavelengths is always bounded from above by
reuse, computed as follows:

reuse = (
forp=1:|N]
for m = % 11
for each reliability class ¢
k= (MFP(c)-|N]) —p
if (k+m < MFP(c)) AND (k> 0) AND (k < 3y
if (|P(m)]| - [W.(B)]) > 0)
reuse = reuse + ||W.(k)||
IWe(k)|l = 0
|1Pm)|| = [[P(m)]| = [We ()]
else
reuse = reuse + || P(m)||
IP(m)] =0
[We(®)|l = [We(R)[| = I1P(m)|
endif
endif
endfor
endfor
endfor

The lower bound on the total wavelength mileage required
by the DiR-based ring in case of protection wavelength
reuse is then:

A, = A —reuse (7)
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Fig. 2. Wavelength mileages for p; = 0.1 and p2 = 0.3

IV. PERFORMANCE RESULTS

The DRF algorithm is tested using a ring topology that
comprises 20 nodes connected by equal length lines of 1
mile each, i.e., each line has a unit cost. Fibers carry up
to 16 wavelengths. Each network line represents multiple
fibers. The actual total number of fibers per line is com-
puted after the RWA algorithm has been run. At inter-
mediate nodes wavelength conversion is not allowed, but
lightpaths, as long as the wavelength continuity constraint
is fulfilled, may be switched to any available output fiber.
It is assumed that failure probability is evenly distributed
among the network lines, i.e., P(i,j) = 1/20V(i,j) € E.
Connection demands are divided into three classes.

o Class 1 demands require M FP(1) = p;.
e Class 2 demands require M FP(2) = p,.
o Class 3 demands require M FP(3) = ps.

In all experiments the DRF algorithm was run on a Linux-
PC pentium 450M H z, requiring a computational time in
the order of few minutes.

Three network costs are computed: the used wavelength
mileage required to fulfill all demands tEL i) while provid-
ing the required reliability degree M F'P(c); the ring wave-
length mileage, i.e., the wavelength mileage required by the
DiR-based ring when the number of wavelengths is kept
constant within each direction of propagation of the signal;
the fiber wavelength mileage, i.e., the wavelength mileage
required by the DiR-based ring when the number of fibers
is kept constant within each direction of propagation of
the signal and all carried wavelengths (used or not) are
accounted for.

Two traffic scenarios are considered: uniform and non-
uniform.

In the uniform traffic study, class 1 demands require one
lightpath between each node pair, class 2 demands require
two lightpaths between each node pair, and class 3 demands
require three lightpaths between each node pair.

Figures 2 and 3 present results obtained setting p; = 0.1
and ps = 0.3, while p3 varies in the interval [0, 1].

N
o

=
©
T

!

—&— Class 1
o Class 2
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T

&
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T
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o

Fig. 3. Average wavelength mileage per lightpath when p; = 0.1 and
p2 =0.3

Fig. 2 shows the three network costs and the two bounds
obtained from Equation (2) and Equation (7). As expect-
ed the total network cost decreases as the required relia-
bility degree becomes less stringent for class 3 demands.
The used wavelength mileage obtained with the DRF al-
gorithm is always less than the lower bound computed for
the DiR ring without protection wavelength reuse. The
mileage reduction obtained with wavelength reuse is more
pronounced when the reliability degree of class 3 is lower.
For ps > 0.8 the bound with protection wavelength reuse
equals the cost of the same ring network in which short-
est path routing is used and no protection is provisioned.
In all cases, the used wavelength mileage obtained by the
DRF algorithm is within few percents of the lower bound
computed for the wavelength reuse case.

Fig. 3 plots the average wavelength mileage per lightpath
for each reliability class. Reused protection wavelengths
are counted only once. The plots show that the average
cost of a connection is inversely proportional to M FP(c)
— class ¢ maximum failure probability. For comparison,
the figure plots the curves obtained by the DRF algorithm
and the bound obtained from Equation (3), in which pro-
tection wavelength reuse is not allowed. Fig. 3 shows that
when p; = 0.1, p2 = 0.3, and p3 > 0.8, it is possible to ac-
commodate lightpaths that belong to class 3 without any
additional cost thanks to the wavelength reuse mechanism.

A non-uniform traffic scenario is investigated next. For
each class a connection demand matrix is randomly gen-
erated. Entries of class 1 demand matrix are uniformly
generated numbers in the interval [0,2]. Entries of class 2
demand matrix are uniformly generated numbers in the in-
terval [0, 4]. Entries of class 3 demand matrix are uniformly
generated numbers in the interval [0, 6]. Each entry of each
matrix is then multiplied by a 50 factor with probability
Py

Fig. 4 plots results obtained for varying non-uniform traf-
fic scenarios. Curves show the wavelength mileages and
the bounds computed from Equation (2) and Equation (7)
versus Pp,. From left to right, the amount of traffic sta-
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Fig. 4. Wavelength mileages for non-uniform traffic and p; = 0.1,
p2 = 0.3, and p3 = 0.6

tistically increases, with the most unbalanced traffic cases
when P, is away from values 0 and 1. The curves show
that the DRF algorithm reaches satisfactory results for all
traffic distributions. Also in this set of experiments, the
bound obtained using Equation (7) is only few percents
better than the result obtained by the algorithm.

V. CONCLUSIONS

The paper applied the recently proposed concept of Dif-
ferentiated Reliability (DiR) to designing WDM ring with-
out wavelength converters. According to DiR, classes of
connections are differentiated based on their required indi-
vidual degree of reliability. The proposed concept enables
to differentiate traffic flows in classes without regard for
network topology, equipment MTBF, and most important-
ly connection span, both in terms of line hops and mileage.

An efficient algorithm was proposed to solve the rout-
ing and wavelength assignment problem in the DiR-based
WDM ring. The objective of the algorithm is to mini-
mize the required total wavelength mileage taking advan-
tage of protection wavelength reuse allowed by the DiR
paradigm. It was experimentally demonstrated that under
various traffic configurations the algorithm reaches wave-
length mileages within few percents from a lower bound.
Results show the effectiveness of the proposed concept, and
confirm the intuition that a higher reliability comes at a
higher cost.

Beside the optical layer discussed in the paper, the DiR
concept may find other applications in a variety of net-
work layers, including the Multi Protocol Label Switching
(MPLS) layer.
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