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Abstract

In this paper, we consider the problem of survivable net-
work design in traffic groomed optical WDM mesh networks
with sub-wavelength capacity connections. In typical sur-
vivable network designs, individual sessions are provided
either full protection or no protection. We consider a quality
of protection (QoP) framework where a connection is pro-
vided partial protection, i.e. when a link failure occurs on
the primary path, the protection bandwidth provided on the
backup path is less than or equal to the primary bandwidth.
Each connection request specifies the primary bandwidth
and a minimum backup bandwidth required. The network
will guarantee at least the minimum backup bandwidth and,
if capacity is available, higher backup bandwidth up to the
primary path’s bandwidth. The advantage of such a model
is that it can reduce backup capacity requirements based on
connection needs leading to lower blocking probability and
lower network costs. We consider two scenarios: (i) a net-
work with static traffic and formulate the problem of pro-
viding partial protection in groomed networks as an Inte-
ger Linear Program (ILP); and (ii) a network with dynamic
traffic that is analyzed using discrete-event simulation mod-
els. The results quantify the gain in blocking probability for
different partial protection scenarios.

1 Introduction

Optical networking has shown remarkable progress in the
past few years with developments in wavelength division
multiplexing (WDM) and in transport technology [14]. In
this paper, we consider a wide area network based on an op-
tical WDM mesh topology. We also assume that a circuit-
switched model is used, where an end-to-end optical light-
path is set up to satisfy a given connection request. Fur-
ther, since a majority of the traffic streams supported by the
network typically require only a fraction of the wavelength
capacity, multiple connections are carried on a given wave-
length leading to sub-granularity lightpath allocations [21].
This is defined as traffic grooming. A survey of related work
on traffic grooming in optical WDM mesh networks can be
found in [11,21].

We also consider another important aspect of network
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design, namely survivability. Network monitoring statis-
tics indicate that failures are not an uncommon occurrence
in backbone networks [5]. Hence, fault-tolerance or sur-
vivability is an important consideration for such high ca-
pacity networks. There are several unique and interesting
challenges that arise when survivability is considered for
groomed networks. Some of these include scalability since
several sub-wavelength connections have to be restored un-
der failure and also the possibility that the different con-
nections on a wavelength might require different protection
guarantees.

In this paper, we consider a quality of protection (QoP)
framework where individual requests specify their protec-
tion needs in different ways [2, 17]. The paper proposes a
partial protection model that enables the provision of vari-
able protection bandwidth to connections. In the proposed
framework each connection is provided partial protection,
i.e. when a failure occurs on the primary path, the protec-
tion bandwidth provided on the backup path is less than or
equal to the primary bandwidth. Each connection request
specifies the primary bandwidth and a minimum backup
bandwidth. The network will guarantee at least the mini-
mum backup bandwidth and, if capacity is available, higher
backup bandwidth up to the primary path’s bandwidth. Note
that the availability of traffic grooming facilitates this con-
cept since it allows provisioning of sub-wavelength capac-
ity to each connections. The advantage of this model is
that it can reduce backup capacity requirements based on
connection needs leading to lower blocking probability and
lower network costs. Note that SONET Virtual Concatena-
tion (VCAT) techniques could also provide partial protec-
tion by using traffic splitting at the source [1, 20] so that
when failures occur on any of the sub-streams, traffic can
still be carried on the other streams.

We consider two different scenarios for applying the par-
tial protection model: (i) a network with static traffic and
formulate the problem of providing partial protection in
groomed networks as an Integer Linear Program (ILP); and
(ii) a network with dynamic traffic that is analyzed using
discrete-event simulation models. The results quantify the
gain in blocking probability for different partial protection
scenarios.
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2 Background and Related Work

An elaborate review of survivability techniques for
WDM networks is omitted here due to space constraints
but survey articles may be found in [5, 12]. Survivability in
traffic groomed mesh networks supporting sub-wavelength
granularity connections has only recently received some at-
tention. Some of this work is summarized below.

In [6], the authors studied the static traffic model for
groomed mesh networks with protection requirements.
They modeled the problem as an ILP with the ob-
jective function designed to reduce the overall network
cost. The traffic grooming problem for survivable WDM
networks was studied in [8] for shared protection and
three schemes namely protection-at-lightpath (PAL) level,
mixed protection-at-connection (MPAC) level, and sepa-
rate protection-at-connection (SPAC) level were proposed.
The same problem was studied in [9] for dedicated pro-
tection and two approaches, protection-at-lightpath (PAL)
level and protection-at-connection (PAC) level, were stud-
ied. The problem of provisioning dynamically established
multi-granularity traffic streams with protection require-
ments was studied in [15] and two schemes namely Mixed
Primary-Backup Grooming Policy (MGP) and Segregated
Primary-Backup Grooming policy (SGP) were proposed.

Most survivability mechanisms proposed for optical
WDM networks aim at providing 100% failure recovery
guarantee in the event of a single failure [10]. The in-
efficient resource utilization with proactive approaches re-
duces the the network’s overall ability to provision demand
for more connections. Quality-of-Protection (QoP) aims
to bridge the gap between the two well known protection
grades, fully guaranteed and no-guaranteed connections.
This can be achieved by using multiple protection grades
for connections based on the amount of bandwidth utilized
in protecting them (example: guaranteed protection, best-
effort protection etc.). Upon a failure, the probability that
a connection will recover from a failure is determined by
its desired QoP. While QoP in wavelength-routed mesh net-
works has been addressed in detail [2,4,7,17], its implica-
tion on networks capable of carrying sub-wavelength gran-
ularity connections remains an open research question.

In terms of technologies to support traffic grooming,
there are two options: electronic traffic grooming [22] and
optical traffic grooming [11]. In electronic traffic grooming,
each switching node consists of an optical switching fabric
and an electronic SONET grooming fabric that consists of
SONET Add-Drop Multiplexers (SADMs) and electronic
switching fabrics. This type of grooming is feasible with
current commercially available products, but has the disad-
vantage of requiring opto-electronic conversion at interme-
diate grooming nodes. With optical traffic grooming, a sin-
gle wavelength is organized as a time-division multiplexed
frame that consists of time slots [18]. Accordingly, in a
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TDM wavelength routing network, the establishment of a
connection requires the assignment of time slots in addition
to routing and wavelength assignment [13]. The switch-
ing is done at the time-slot level entirely in the optical do-
main and connections are assigned a set of time slots within
each frame based on their specified requests. This technol-
ogy allows end-to-end all-optical transmission but is still in
early stages of development. The proposed techniques in
this paper can work with both optical and electronic groom-
ing technologies.

3 The Partial Protection Model

In this paper, we investigate the problem of Quality of
Protection (QoP) enabled design of circuit-switched surviv-
able grooming networks. We consider the proactive pro-
tection model where backup capacity is assigned when a
connection is set up. Each connection is provided a pri-
mary path and a link-disjoint backup path that will be used
to protect against link failures along the primary path. We
do not consider node failures in this paper.

In particular, we study the problem of maximizing the
protection bandwidth provided to each low-speed connec-
tion in a groomed optical WDM mesh network. In order to
enable QoP, we introduce the notion of partial protection
that provisions survivable connections with varying protec-
tion grades in the network. With partial protection, the pri-
mary paths are given the requested bandwidth, but the band-
width provided to protection paths will vary in accordance
to the minimum protection guarantee specified by each re-
quest.

The connection request for a given source-destination
pair (i, j) specifies a primary bandwidth of d;; units and
a minimum protection bandwidth of b;; units. The ac-
tual assigned capacity on backup path will be ¢;; where
bij < cij < d;j and c;; represents the actual protection band-
width provided to the connection between i and j. The
network will guarantee the minimum protection bandwidth
when failure occurs and will attempt to provide additional
protection bandwidth depending on current network con-
ditions. The objective of this work is to maximize c;; for
each (i, ), and thus, to optimize the QoP provided for each
connection. Such a design would be extremely useful in
cases where the network cannot afford full protection to ev-
ery connection. We consider two different scenarios where
this model can be applied.

For the static traffic scenario, the network designer is pro-
vided with the network topology and a traffic matrix with all
the connections and their bandwidth requirements specified.
The goal is then to design the network to either minimize the
overall cost to support all the connections or to maximize
the number of admitted connections for the given resource
constraints (i.e. number of wavelengths on each link, etc.).

For the dynamic traffic scenario, traffic requests arrive
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dynamically based on some stochastic arrival process. The
goal of the network is to allocate lightpath resources for
each connection while meeting the primary and protection
bandwidth requirements. The objective is to maximize the
number of admitted connections by using efficient routing
and wavelength assignment techniques.

4 Static Traffic Scenario

We consider network design for a network with a pre-
specified traffic matrix. The study in [3] proposed exact
integer linear programming (ILP) formulations for surviv-
able design in WDM grooming networks based on pri-
mary backup multiplexing and dedicated backup reserva-
tion. These formulations can be modified to solve the par-
tial protection problem in grooming networks. However, a
direct modification makes the formulations nonlinear due to
the fact that the capacity allocated to backups is unknown in
the case of partially protected connections. If we reconsider
the motivation for partial protection in grooming networks,
the problem can be solved differently. The main reason for
adopting partial protection is that the network may not have
enough wavelength resources to provide full protection for
each request. In other words, we may not want to provision
an extra wavelength just to provide more than the minimum
capacity required for protection. Based on the above fact,
the partial protection problem can be divided into two sub-
problems as follows:

Resource Minimization: Given a network topology and a
set of point-to-point demands and their link disjoint pri-
mary and backup routes, provision each connection request
m with a primary capacity d,, and a backup capacity b,, in
such a way that the total number of wavelength links used
is minimized.

Protection Maximization: Given the initial grooming solu-
tion from above step, optimally distribute the residual net-
work capacity to provide better protection to some, if not
all, of the requests.

Each subproblem can be formulated as an ILP optimiza-
tion problem. For capacity allocation, both primary backup
multiplexing and dedicated backup reservation can be ap-
plied. The study in [3] showed that while backup mul-
tiplexing is computational expensive for WDM grooming
networks, dedicated backup reservation performs fairly well
and becomes affordable due to the fact that the wavelength
utilization is significantly improved by the grooming capa-
bility. Hence, we present a two-phase ILP formulation with
dedicated backup reservation.

Link Primary Sharing: One simple and effective way of
assigning backup capacities is to reserve dedicated capac-
ity for each backup path. While choosing primary paths,
instead of simply choosing the shortest path, we try to
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minimize the total link-primary-sharing (MLPS). The link-
primary-sharing is defined as: s;; = max(0,P;j — 1), where
s;j denotes the link-primary-sharing of link (i, ) and P;
denotes the total number of primary paths that utilize link
(i,])- sij can be viewed as the penalty assigned to link (i, j)
when it is used by more than one primary path.

Assumptions:

1. The network is a single-fiber irregular mesh network.

2. A connection request cannot be divided into several low-
speed connection requests and routed separately from the
source to the destination. The data traffic on a connection
request should always follow the same route.

3. The transceivers in a network node are fixed, and hence
wavelength continuity constraint still applies.

4. Each grooming node has unlimited multiplexing and
demultiplexing capability. This means that the network
node can multiplex/demultiplex as many low-speed traffic
streams to a lightpath as needed, as long as the aggregated
traffic does not exceed the lightpath capacity.

Notations:
are:

The problem inputs and system parameters

¢ The number of nodes in the network is N, number of

wavelengths carried by each fiber is W, and the capac-

ity of each wavelength is C (assuming each wavelength
has the same capacity). In this paper, we choose C to be
0C-48.

A physical topology G, = (V,E) consisting of a weighted

unidirectional graph, where V is the set of network nodes,

and E is the set of physical links (edges). Nodes corre-
spond to network nodes and links correspond to the fibers
between nodes.

* A traffic matrix Dyxy = {dn}, where d,, indicates the
required capacity of low-speed traffic requests in units of
OC-1.

* A guaranteed backup capacity matrix Byxy = {bn},

where b;; is the guaranteed backup capacity, or in other

words, the lower bound of the backup capacity for request

m.

The capacity weight of link (i, j), denoted by w{;, which

is a positive real number and can be regarded as a mea-

sure of capacity consumption per wavelength on the link.

These weights are used to differentiate links from the ca-

pacity cost point of view.

The sharing cost of link (i, j), denoted by w};, which is a

positive real number and can be treated as a measure of

the link primary sharing penalty s;;.

* i,j=1,2,...,N: Node identifier.

e w=1,2,...,W: Wavelength identifier.

e mn=1,2,...,N x (N —1): Number assigned to each de-
mand (s-d pair); s, and #,, respectively denote the source
and the destination node of demand m.
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* K: Number of alternate routes between every s-d pair;
K = 2 in this model.

e p,r=1,2,...,KW: Number assigned to a path for each
s-d pair. A path has an associated wavelength (lightpath).
Each route between every s-d pair has W wavelength con-
tinuous paths. The first 1 < p,r < W paths belong to route
1and W+ 1 < p,r < 2W paths belong to route 2.

The following notations are for path-related information:

e 3"™P: Path indicator that takes a value of one if (m,p)
is chosen as a primary path; zero otherwise (binary vari-
able).

e Y™": Path indicator that takes a value of one if (m,r) is
chosen as a restoration path; zero otherwise (binary vari-
able).

« L°P: Link indicator that takes a value of one if link (i, j)
is used in path (m, p); zero otherwise (data).

* W,"P: Wavelength indicator that takes a value of one if
wavelength w is used by the path (m, p); zero otherwise
(data).

The following variables are used to represent wavelength
assignment:

* pjj,;: binary variable, 1 if wavelength w on link (i, j) is
used by primary path of demand m; O otherwise.

* rj;,,: binary variable, 1 if wavelength w on link (i, j) is
used by backup path of demand m; 0 otherwise.

* ujj,: binary variable. Wavelength usage indicator. 1
if wavelength w on link (i, j) is used by any primary or
backup path for any request; 0 otherwise.

* A;j: nonnegative integer, total number of wavelengths re-
quired on link (i, j).

* 04jw: nonnegative integer, total capacity assigned to pri-
mary paths on wavelength w on link (i, j).

* B;jw: nonnegative integer, total capacity reserved for
backup paths on wavelength w on link (i, j).

* ¢,;;: capacity assigned to the backup path of request m.

4.1 ILP formulation I: Resource Minimization

Objective Function: Minimize the total wavelength-links
as well as total link-primary-sharing:
min Y, (W5 X Aij 4w X 5ij). (1)
(i.j)€E
Here, wfj is set to one and hence, the summation of the
first term gives the value of total wavelength-links that are
exploited in the network. By changing the value of w} 5 We
can change the weight of the second term in the objective
function; w}; = 3 in our experiments.

Constraints:

1. On physical route variables:
A lightpath can carry traffic for a s-d pair only if it is in
the physical route of this request.
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2. On path indicators:
One and only one path will be assigned as a pri-
mary(backup) path for each request.

KwW
Y =1 (5)
p=1

KW
YYo= 1 (6)
r=1

3. On topology diversity of primary and backup paths:
Primary and restoration paths of a given demand should
be link disjoint.
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4. On wavelength capacity variables:

Primary capacities are aggregated. Backup capacities
are aggregated when dedicated backup reservation is ap-
plied. In other words, for each wavelength on a partic-
ular link, the total capacity used by the primary paths is
the summation of the capacity of all the primary paths
that takes this wavelength on the particular link. Simi-
larly, the total backup capacity for each wavelength on a
link can be obtained.

Cijyw =

Bij,w =

S dupll, )
m

;bmﬁ;yw. (10)

For each wavelength on a particular link, the sum of pri-
mary capacities and backup capacities should not exceed
the total wavelength capacity.

Ojw+Bijw <C (11

5. On fiber capacity constraints:
The number of wavelengths used on a fiber should not
exceed the total number of wavelengths carried by the
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fiber. The second set of equations (equation (14)) to-
gether set u;j,, = 1, if x;;,, > 1, and zero otherwise. Xx;;,,
counts the number of primary and backup paths that use
wavelength w on link (i, j), and A;; counts the number of
wavelengths used on link (i, j). Recall that we assume
single-fiber links.

Xijw = X0l (12)

m
Uijw < Xijw (13)
KN(N—Dijy > Xijw (14)
uijw € {0,1} (15)
7\-1‘]‘ Z Zuij,w (16)

w
Nj < W 17)

(18)

6. On link-primary-sharing:
s;j is nonnegative and defined as:

Yy, -1 (19)
> i (20)

v

Sij

IN

Sij

4.2 ILP formulation II: Protection Maximization

After solving the ILP formulation in Section 4.1, it is
guaranteed that each request m is allocated a primary with
bandwidth d, and its minimum protection requirement b,,.
However, it is still possible that there are fractional wave-
length resources unused in parts of the network. The sec-
ond step is then to optimally allocate the residual capacity
to the connections so that some if not all the requests can
obtain better protection than their minimum requirements.
In addition to the path and wavelength indicator variables,
the new input variable here is:

* ¢;;: capacity assigned to the backup path of request m.

Objective: Protection Optimization: As stated before, we
use ¢, — by, to indicate the quality of the protection, where
b < Cm < dp. wh is the weight assigned to the request m.

max Z(Wﬁ X (Cm *bm)) 21

Constraints: On wavelength capacity variables, with pri-
mary and backup capacities aggregated:

Z(dm X Pi’}?.,w + Cm X R;rjl',w)

m

IN
a

(22)

by < cm<dn (23)

4.3 ILP Numerical results

We use CPLEX Linear Optimizer 7.0 [19] to solve the
two ILP formulations developed above. The experiments
are performed on a 10-node network topology with 14 bi-
directional links.

Experiment I: For the first experiment, we use the traffic
matrix shown in Table 1, which consists of 23 randomly
generated requests. We also assume that each link has a
single fiber that carries 2 wavelengths. As presented in the
study in [3], with full protection, 33 wavelength-links are
needed for carrying this traffic. We present the detailed so-
lution here in Table 2. As can be seen, although 2 wave-
lengths are used in the network, wavelength 2 is only used
by two requests on their primary paths. As a result, wave-
length 2 is not fully utilized on those corresponding links.

1 2 3 4 5 6 7 8 9 10
110 O 0 12 1 o o0 0 o0 0
2|1 0 0 0 0 0O 0 0 0 12
310 3 0 0 0 0 0 0 O 0
410 O 0 0o 3 1 0 3 12 12
510 0 0 0 0 0O 0 0 1 0
6 |0 O 3 0 0 0 0 0 O 0
710 0 0 0 0 0 0 0 3+1 O
8|11 0 1229 0 O 0 1 0 O 0
910 3 0 0 12 32 0 0 0 0
103 O 0 0 0 0 0 0 O 0

Table 1. Traffic Matrix for the 10-node-14-link net-
work: 23 requests.

For partial protection, the minimum backup capacity re-
quired for each connection is defined as follows.

by = |—Cm X Pratio—l (24)

where P,4o, referred as the protection ratio, is the mini-
mum protection bandwidth guaranteed to each connection.

In this experiment, P, = 0.6. The paths and the wave-
lengths selected are given in Table 3. With partial protec-
tion, a total of 28 wavelength-links are required. Further,
only one wavelength is used in the network. Note that some
of the requests are fully protected or are provided with ca-
pacity greater than their minimum requirement.

Experiment II: For the second experiment, 50 requests
were randomly generated as shown in Table 4. When the
number of wavelengths per link is 3, there is no solution
for full protection (P4ip = 1). When the protection ratio
is reduced to 0.5 (Puip = 0.5), ILP-I (resource minimiza-
tion) gives a solution of 59 wavelength-links with all backup
paths given their minimum capacity of 6. Based on the re-
sults obtained from resource minimization, we performed
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s-d Primary Path Backup Path s-d Primary Path Backup Path

pair Path(wave)(cap) Path(wave)(cap) pair Path w | cap Path w | cap
9-2 | 9-10-8-5-1-2 (w1) (3) 9-7-6-2 (w1) (3) 9-2 9-7-6-2 wi 3 9-10-8-5-1-2 | wy 3
3-2 3-2 (wy) 3) 3-4-7-6-2 (wy) (3) 3-2 3-2 w1 3 3-4-7-6-2 w1 3
7-9 7-9 (w1) (3) 7-8-10-9 (wy) (3) 7-9 7-9 w1 3 7-8-10-9 wi 3
8-7 8-7 (wr) (1) 8-6-7 (wy) (1) 8-7 8-7 wi 1 8-6-7 wi 1
9-6 9-7-6 (w1) (3) 9-10-8-6 (w1) (3) 9-6 9-10-8-6 | wy 3 9-7-6 wi 3
2-1 2-1 (wy) (1) 2-6-1 (wy) (1) 2-1 2-1 wi 1 2-6-1 wi 1
1-4 1-6-7-4 (wy) (12) 1-2-3-4 (wy) (12) 1-4 1-2-3-4 wyp | 12 1-6-7-4 wy | 12
4-9 4-7-9 (wy) (12) 4-3-2-6-8-10-9 (wy) (12) 4-9 4-7-9 wy | 12 | 4-3-2-6-8-10-9 | w, 8
10-1 10-9-7-6-1 (wy) (3) 10-8-5-1 (w1) (3) 10-1 | 10-9-7-6-1 | w; 3 10-8-5-1 w1 3
4-8 4-7-8 (w1) (3) 4-3-2-6-8 (w1) (3) 4-8 4-7-8 wi 3 4-3-2-6-8 wi 2
4-5 4-7-8-5 (w1) (3) 4-3-2-1-5 (w1) (3) 4-5 4-7-8-5 wi 3 4-3-2-1-5 wi 2
8-1 8-5-1 (wy) (1) 8-6-1 (wy) (1) 8-1 8-5-1 wi 1 8-6-1 wi 1
9-5 9-7-8-5 (w1) (12) 9-10-8-6-1-5 (wy) (12) 9-5 9-7-8-5 wy | 12 9-10-8-6-1-5 | wy | 12
5-9 5-8-7-9 (w1) (1) 5-1-6-8-10-9 (wy) (1) 5-9 5-8-7-9 w1 1 5-1-6-8-10-9 | wy 1
8-3 8-7-4-3 (wp) (12) 8-6-2-3 (wy) (12) 8-3 8-6-2-3 wy | 12 8-7-4-3 wi 8
7-9 7-9 (wy) (1) 7-8-10-9 (wy) (1) 7-9 7-9 wi 1 7-8-10-9 wi 1
2-10 | 2-6-8-10 (wy) (12) 2-3-4-7-9-10 (wy) (12) 2-10 | 2-6-8-10 | wy | 12 2-3-4-7-9-10 | wy 9
9-6 9-7-6 (w1) (3) 9-10-8-6 (w1) (3) 9-6 9-7-6 wi 3 9-10-8-6 wi 3
4-6 4-7-6 (wy) (1) 4-3-2-6 (w1) (1) 4-6 4-7-6 wi 1 4-3-2-6 w1 1
6-3 6-2-3 (w2) (3) 6-7-4-3 (wy) (3) 6-3 6-2-3 wi 3 6-7-4-3 wi 3
8-3 8-6-2-3 (wy) (12) 8-7-4-3 (w1) (12) 8-3 8-7-4-3 wy | 12 8-6-2-3 wy | 12
1-5 1-5 (wy) (1) 1-6-8-5 (wy) (1) 1-5 1-5 wi 1 1-6-8-5 wi 1
4-10 | 4-7-8-10 (wy) (12) 4-3-2-6-7-9-10 (wy) (12) 4-10 | 4-7-8-10 | wy | 12 | 4-3-2-6-7-9-10 | wy | 12

Table 2. Solution with full protection: 33 wavelength
links are needed.

protection maximization to try and distribute the residual ca-
pacity among the backup paths. The results show that some
of the requests were able to obtain full protection when the
residual capacity was optimally distributed. The connection
requests that obtained full protection are shown in Table 5.

5 Design for dynamic traffic

The two-phase ILP formulation presented in Section 4 is
designed for use with a static traffic model. The formula-
tion on resource minimization subproblem can be viewed
as a general version of the ILP formulation proposed in [3]
which has been shown to be impractical for use with larger
networks that have dynamic traffic demands. This section
deals with an algorithm that can be used for partial pro-
tection design in WDM grooming networks with dynamic
traffic patterns.

For the dynamic traffic scenario, the network topology
and the number of wavelengths per link are provided. Con-
nection requests arrive to the network based on a stochastic
process. Each request specifies the primary bandwidth and
the minimum protection bandwidth. The network attempts
to provision each connection request based on the current
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Table 3. Solution with partial protection (P4, = 0.6):
28 wavelength-links are needed.

network resource availability. The goal is to minimize the
connection blocking probability, i.e. maximize the number
of admitted connections. The system performance is deter-
mined by several factors including routing, wavelength as-
signment, grooming policy and grooming capabilities of the
nodes. In the following sections, we present our proposed
mechanisms for handling dynamic traffic demands.

5.1 Shortest-available-least-congested routing

We use the two-phase design to solve the partial pro-
tection problem to the dynamic case too, wherein resource
minimization is achieved with the shortest-available routing
strategy for primary path allocation, and protection maxi-
mization is realized by looking for the least-congested route
as the backup path. If the capacity of a path p on wavelength
w is the minimum free capacity available in w on each link
of p, the least congested path is the one with maximum free
capacity on one or more of its wavelengths. In case of a tie
among the wavelengths, the FIRST-FIT algorithm is used to
select one.

The network topology is represented by a graph G =
G(V,E) where, V and E refer to the nodes and links in
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1 2 3 4 5 6 7 8 9 10
1 0 0 0 12 12 0 12 0 0 12
2 0 0 0 12 0 0 0 0 0 12(2)
31 12(2) 12 0 0 12 12(2) 0 12 12(2) 0
4 0 12 0 0 0 0 12 12 12 12
511220 0 0 0 O 12 12(2) 0 0 0
6 0 0 12 12 0 0 0 12(2)  12(2) 0
7 0 0 0 12 0 0 0 0 12(3) 12
8 12 12 12 0 O 0 12 0 0 0
9 0 0 1220 0 O 0 0 0 0 0
10 12 0 1220 12 0 12 12 0 12 0

Table 4. Traffic Matrix for the 10-node-14-link network: 50 requests. 12(i) indicates that there are i requests of OC-12

for the s — d pair.

s-d Primary Path Backup Path
pair Path w | cap Path w | cap
10-9 | 9-7-6-2 | w3 | 12 | 10-8-7-9 | wp | 12
7-10 | 7-9-10 | wy | 12 7-8-10 | wy | 12
8-1 8-6-1 | wyp | 12 8-5-1 wyp | 12
6-8 6-8 wy | 12 6-7-8 wsy | 12

1-7 1-6-7 | wy | 12 1-5-8-7 | w3 | 12
6-3 6-2-3 | wy | 12 6-7-4-3 | w3 | 12
3-5 | 3-2-1-5 | w3 | 12 | 3-4-7-8-5 | wy | 12

Table 5. Solution with partial protection (P4, = 0.5):
Connection requests that achieved full protection af-
ter protection maximization.

the network, respectively. The path establishment for an
incoming connection m between source s and destination d,
is explained in Algorithm 1.

The capacity reserved on the backup path (by) is
min(e,,,dy,). The main idea of this design is to give higher
priority to path-length when selecting a primary path, and
higher priority to path-capacity when choosing the backup
path. This would minimize the resources used for alloca-
tion of primary paths and maximize the bandwidth allocated
to protection paths. Searching for a backup path in the re-
duced graph with the primary path removed guarantees that
the backup path is link-disjoint with respect to the primary
path.

5.2 Simulation Model

We conducted simulations for a 10-node 14-link net-
work topology and the 20-node 32-link ARPANET topol-
ogy, with W = 16 wavelengths per link. Here, we only
present results from the ARPANET topology, since similar
trends were seen for the other topology.

Session request arrivals at each node is modeled as a

Shortest-available-least-congested(s,d, d,,, b,,)

s: source for request m
d: destination for request m
dy,: primary bandwidth required for connection m.
by minimum protection bandwidth required for connec-
tion m.
STEP 1. Compute k alternate paths between s and d as
candidate routes for the primary (denote this set P).
STEP 2. Select the shortest available path pyy(psq € P)
that has the required bandwidth d,,, as the primary for m.
if no such path exists then
Connection blocked due to primary blocking. Return
FAILURE
end if
STEP 3. Remove all the links lyy(lyy € psq) to form the
reduced graph G (V,E') where E' = E — {I,4}.
STEP 4. Find b alternate paths in G that at least have a
bandwidth of b,,. Denote this set as B.
if B is empty then
Delete p,; from the candidate path list P.
if P is empty then
Connection blocked due to backup blocking. Return
FAILURE.
else
Go to STEP 2.
end if
end if
STEP 5. Select the least congested path in B as the
backup for py,. Denote this by, and the backup capacity
available on by, as e,,. Return p,y, byy and ey,.
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Algorithm 1: The Shortest-available-least-congested Rout-
ing Algorithm.
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Poisson process with rate A; the destination of each request
is selected from the set of all other nodes based on a uni-
form distribution. Session durations are negative exponen-
tially distributed with a mean of 1/u. Hence, the Erlang
load offered to a node is p = A/u. The offered link load
is calculated as p; = (N X h/E)p where h is the average
hop-length in the network. All wavelengths are assumed
to have the same capacity of OC-48 (2.488 Gbps). The
bandwidth requested by incoming connections takes val-
ues of OC-3, OC-12 or OC-24 and their distribution fol-
lows a ratio denoted by (r3 : r13 : r24). The probability that
an incoming connection would request OC-3 is given by
r3/(r3 4112 + 124) and so on. For instance, if the bandwidth
requests are uniformly distributed among the three granu-
larities, the ratio would be 1:1:1. For the primary paths, we
choose k = 3 (i.e., 3 alternate paths) and for backups, we
choose b = 3 (i.e., 3 candidate paths for backup).

For each system parameter combination, simulations
were run with 10 different random number seeds with each
run having 1 million connection requests. The values plot-
ted here represent the average of the 10 simulation runs.

5.3 Performance Evaluation

We first quantify the effect of providing partial protection
on the blocking performance of the network. Figure 1(a)
plots the blocking probability for varying link loads (p;)
for the case when the bandwidth requests of connections
are distributed in the ratio 1:3:4. Figure 1(b) presents the
case when the bandwidth requests are distributed in the ra-
tio 3:3:4. The values chosen for P4, vary between 0.5
and 1, which are respectively equivalent to 50% and 100%
protection bandwidth. As seen in the figures, the block-
ing probability reduces with reduction in protection ratio
and increases with increase in load. This is expected since
with lower protection bandwidth requirements, more resid-
ual capacity is likely to be available for use, allowing more
connections to be established. This also shows that the pro-
posed algorithm utilizes the residual capacity effectively by
selecting the least congested route for the backups. For in-
stance, assume that we wish to operate the system with a
maximum blocking probability of 1072, From Figure 1(b),
the maximum possible load for this case is seen to be ap-
proximately 309 Erlangs and 320 Erlangs for P = 1.0 and
P =0.75 respectively.

Figure 2 presents the per-granularity blocking perfor-
mance for connections with bandwidth requests of OC-12
and OC-24 for the ratio 1:3:4. Connections requesting OC-
3 bandwidth did not have any blocking. The figure shows
that, when the protection ratio reduces, the blocking per-
formance of connections that require OC-12 worsens while
that of connections requiring OC-24 improves. In earlier
work [16], it was observed that higher granularity connec-
tions often faced higher blocking probability. However, our
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(b) Capacity requests distributed in the ratio 3:3:4

Figure 1. Blocking performance vs. load for

ARPANET topology.

results here show that the reverse is possible using par-
tial protection. For example, the blocking probability for
OC-12 connections increases from 0.000007 to 0.000014
for load value of 260 Erlangs; while it reduces for OC-24
connections from 0.007248 to 0.005270. Thus, this mech-
anism could play a significant role in providing fairness to
the blocking performance of different bandwidth classes. A
similar trend is seen for the 3:3:4 case and is not included
here due to lack of space.

Figure 3 presents the percentage of connections that were
provided full protection for varying protection ratios and

YF]',F.

COMPUTER

SOCIETY



load, for the ratio of 1:3:4. Note that with P.;, = 1, con-
nections are only accepted if they can be given full pro-
tection and hence, all accepted connections will have full
protection. With decrease in protection guarantees, not all
connections achieve full protection but as seen, more than
99% of the connections achieve full protection at all loads,
even when connections are only guaranteed 50% protection
bandwidth (P40 = 0.5).

=

3 107} ---9©---  0C-12 (Pratio = 0.5) i

5 ---B---  0C-12 (Pratio = 0.75

T ---O--- 0C-12 (Pratio = 1)
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Figure 2. Blocking performance of individual
bandwidth classes vs. load for the case when con-
nection bandwidth requests are distributed in the
ratio 1:3:4.
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Figure 3. Percentage of connections that received
full protection vs. load for the case when connec-
tion bandwidth requests are distributed in the ratio
1:3:4.

Table 6 presents the total capacity assigned to primaries
and backups for various loads and protection ratios for the

LOAD P-RATIO || PRIMARY CAPACITY || BACKUP CAPACITY
(IN ERLANGS) (OC-1 EQUIVALENT) || (OC-1 EQUIVALENT)
1.0 1.395E+07 1.395E+07
294 0.75 1.399E+07 1.398E+07
05 1.399E+07 1.398E+07
1.0 1.384E+07 1.384E+07
311 0.75 1.391E+07 1.389E+07
05 1.391E+07 1.390E+07
1.0 1.369E+07 1.369E+07
329 0.75 1.379E+07 1.377E+07
0.5 1.380E+07 1.378E+07
1.0 1.350E+07 1.350E+07
346 0.75 1.365E+07 1.361E+07
0.5 1.366E+07 1.362E+07

Table 6. Total primary and backup capacity vs. pro-
tection ratio for different link loads.

ratio 3:3:4. At low loads, the network is able to provide full
protection to most of the connections and hence, the total
primary and backup capacity are similar for all protection
ratios. However, at moderate to high loads, the network is
not only able to accept more connections with lesser protec-
tion guarantees but also better utilize the network resources
and provide more primary and backup capacities than the
case when the network guarantees full protection to all con-
nections.

6 Conclusions

In this paper, we studied the problem of enabling par-
tial protection in the design of survivable WDM grooming
networks. With partial protection, the backup capacity re-
served for a connection would be a fraction of the primary
bandwidth requirement. The objective of our design was to
admit as many connections as possible with minimum pro-
tection requirements before exploiting more wavelengths
for additional protection capacity. We considered networks
with static and dynamic traffic demands. For static traffic,
we decomposed the design problem into two subproblems,
namely resource minimization and protection maximization,
and formulated each as an integer linear programming op-
timization problem. We used the two-phase design idea for
dynamic traffic scenario, and proposed a routing scheme
called shortest-available-least-congested algorithm to deal
with the problem of routing partially protected requests in
dynamically groomed networks. The results for both static

YF]',F.
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and dynamic traffic scenarios show that partial protection is
a useful compromise when the network resources are lim-
ited and hence not sufficient to provide full protection for
every request.
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