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Abstract

A fundamental task of the optical layer in modern telecommunication systems

consists of providing a fast protection mechanism against possible faults in the net�

work� A particularly attractive protection technique in the optical layer is the so
called shared line protection� in which network lines are protected using shared re�

sources� A previous work of the authors formally describes the problem of minimiz�

ing the total wavelength mileage necessary in a Wavelength Routing mesh network

to provide shared line protection� However� two practical issues remain to be ad�

dressed� the solution feasibility in presence of design constraints and the problem

complexity in large size networks�

This paper presents an approach to addressing the above two issues based on�

�� an algorithm that identi�es a feasible solution with the minimal� possibly null�

violation of the design constraints� �� an intelligent pruning technique of the search

space that reduces the complexity of the optimization problem� Using the proposed

approach� a study on the total wavelength mileage is carried out for the European
network ��	 nodes� and the PanAmerican network �
	 nodes� to assess the in�uence

that some design constraints have on this cost function�

�Part of this work is supported by contract � DASG������C����� from US Army Space and Strategic

Defense Command�
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� Introduction

The optical layer� as de	ned by the International Telecommunications Union 
ITU�� can
provide a number of network functionalities today available only in the higher 
electronic�
layers� Protection against faults is a well known example� Protection in the optical
layer is becoming a reality due to the commercial availability of optical crossconnects

OXC� and optical add�drop multiplexers 
OADM� that make it possible to address the
network survivability issue directly where the fault may occur� i�e�� in the optical layer�
In addition� fault restoration in the optical layer yields optical transparency and fast
and easy recon	guration of the network ��� 
� ��� Using the optical layer to provide
protection has the advantage to o�er a resilient layer that is independent from the higher
layers and protocols� e�g�� SONET�SDH� ATM� and IP� Another fundamental advantage
is the capability of the optical layer to protect large amounts of tra�c directly in optics�
thus avoiding the relatively slow electronic processing required in the higher layers� For
example� if Wavelength Division Multiplexing 
WDM� is used to obtain parallel channels
on the same 	ber ��� ��� the optical protection of the 	ber appears to be a better solution
than the distinct protection of every individual wavelength 
channel� in some other higher
layer�

Among the possible WDM protection techniques� rerouting mechanisms in Self�Healing
WDM Ring 
SHR�WDM� have been successfully demonstrated in 	eld trials ���� The
SHR�WDM makes use of a counter�rotating ring to reroute the tra�c that can no longer
be supported by a faulty line� As opposed to techniques in which distinct protection re�
sources are dedicated to protect each tra�c demand� such as the ��� path protection ����
the lines of a SHR�WDM are protected by means of shared spare resources� thus achieving
the so called e�cient � � N line protection ���� Another advantage of using SHR�WDM is
that in case of line failure only the two nodes connected to the faulty line need to reroute
the tra�c demands that are disrupted by the fault� The required network management
and node hardware are therefore simple� due also to the easy restoration technique pro�
vided by the protection wavelengths in the counter�rotating ring� The restoration time is
proportional to the size of the ring� thus a bound on the ring size allows to achieve the
satisfactory restoration time the di�erent applications and protocols� sharing the optical
medium� require� This is an important feature of the SHR�WDM� as it o�ers the possi�
bility to arbitrarily control the restoration time of the optical layer� and make it totally
transparent to the higher layers�

The SHR�WDM mechanism can be used to protect mesh network� Protection is
achieved by covering the mesh with a number of rings su�cient to protect every mesh
line carrying some tra�c demands� This approach o�ers a solution that is scalable in the
network size� i�e�� the network size can grow while the maximum size of the cover rings
allowed in the mesh is limited by the designer to maintain the desired restoration time�

One of the factors that determine the cost of the SHR�WDM mechanism when applied
to protect a generic WDM mesh is the total wavelength mileage 
or ��mileage� of both
working lightpaths and protection wavelengths� A working lightpath is a path of light
established between a source�destination pair to transmit information all�optically ����
A protection wavelength is a spare channel reserved on the counter�rotating ring of a






SHR�WDM�
The feasibility of the SHR�WDM based protection mechanism and the total ��mileage

necessary in a mesh topology to support a set of tra�c demands� depend on three factors�

� The target maximum ring size � although limiting the maximum size of the ring

in terms of number of nodes or lines� helps maintain the restoration time below
satisfactory values� it may increase the ��mileage of the protection wavelengths� This
is caused by the larger number of rings required on average to protect a working
lightpath� In addition to that� if the imposed maximum ring size is too stringent it
may so happen that not all the mesh lines carrying tra�c can be protected�

� The node hardware constraints � to limit the node hardware cost and management
complexity� it may be necessary to limit the maximum number of rings a mesh node
can be associated with and the maximum number of rings that can share a mesh
line� While limiting the cost of the node realization� these constraints may also limit
the number of rings in the system� thus limiting the number of alternative solutions
available to protect the tra�c� In turn� this may increase the total ��mileage�

� The size of the mesh � the problem of minimum wavelength mileage has complexity
that grows exponentially with the size of the network and the number of tra�c
demands� As a result� for large networks the exact formulation of the problem may
lead to a best found solution that is not su�ciently good� or even worse� that cannot
be found at all in a realistic time period� From a practical point of view� this is a
limiting factor in the design of the SHR�WDM based mesh� This factor must be
taken into account while evaluating the feasibility and 	nal cost of the protection
mechanism�

The paper analyses both issues of solution feasibility and problem complexity that
arise in the design of SHR�WDM based mesh network� The analysis is based on the
Integer Linear Programming 
ILP� formulation of the following optimization problem ����
minimize the total ��mileage in the system by optimally choosing both the routing for the
tra�c demands 
working lightpaths� and the protection rings 
protection wavelengths�� In
this work two features are added to the formulation given in ��� that enhance the designer�s
capability to deal with the issues of solution feasibility and problem complexity�

�� an algorithm to guarantee that when the allowed maximum ring size does not yield
a ���� protection of the mesh lines� a minimal number of rings exceeding the
maximum size is added to yield full protection�


� an algorithm to provide various degrees of intelligent pruning of the search space
for the ILP solver�

Together� these features permit to 	nd a feasible solution to the minimal wavelength
mileage problem� In addition� the latter feature allows us to vary the complexity of the

�In this work tra�c demands are expressed as the number of lightpaths requested between each node

pair�
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problem formulation and 	nd the one that yields the best found solution for the considered
network size� tra�c demands and design constraints�

The analysis� made possible by the two added algorithms� shows that� by varying
the target maximum ring size� the node hardware constraints and the complexity of the
problem formulation� signi	cant di�erences in the total ��mileage 
up to 
��� can be
observed in real world networks� such as the European and the PanAmerican networks�

� Protection of Mesh Network Using WDM Self�

Healing Rings

To understand how a mesh network can be protected against faults using WDM self�
healing rings� it is 	rst necessary to describe the protection mechanism of a single ring�
The SHR�WDM protection mechanism is then generalized to design resilient WDM mesh
network�

A bidirectional shared line protection SHR�WDM consists of � 	bers� two working
	bers and two protection 	bers� For each direction of signal propagation� there is one
working 	ber and one protection 	ber� Working 	bers carry working lightpaths� Protec�
tion 	ber carry protection wavelengths� We assume that full wavelength conversion ��� is
available at the nodes of the ring�

Source Destination
node node

Path

Restoration path

Figure �� Line protection in a ring

The restoration mechanism in a SHR�WDM is shown in Figure �� Upon line failure�
every working lightpath relying on the faulty line is rerouted using one protection wave�
length of the counter rotating 	ber with respect to the lightpath direction of propagation�
The protection wavelength is used to establish an alternative path between the nodes
adjacent to the faulty line as shown in the 	gure� Wavelength conversion between the
lightpath wavelength and the protection wavelength may be necessary in these two nodes�
to guarantee all�optical transmission in the ring also in presence of a line fault�
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The same set of protection wavelengths is used throughout the protection 	ber� The
set of protection wavelengths is shared to protect the ring from a single fault occurring
in any line� thus the name of shared � � N line protection scheme ��� �� ��� The number
of protection wavelengths in each protection 	ber is determined by the largest number of
working lightpaths 
or load� �owing in any line with opposite direction to the protection
	ber�

The total ��mileage in the SHR�WDM depends on the routing of the working light�
paths� Similarly to the SONET�SDH BLSR ��
�� the minimum ��mileage is achieved
when the tra�c is optimally balanced� i�e�� when the maximum line load is minimized�
For example� in Figure 
� � � N protection of the working lightpaths is achieved using

DestinationSource

DestinationSource

8λ

3λ

3λ

8λ

# working wavelengths

  # protection wavelengths

node 0

node 1 node 1

node 0

Figure 
� Capacity assignment inside the ring

� wavelengths� as opposed to the �� wavelengths required by the � � � dedicated path
protection scheme ����

The restoration time in the SHR�WDM is proportional to the number of nodes in
the ring� i�e�� the ring size� Thus� the restoration time in the ring can be bounded by
introducing a maximum ring size�

The protection technique o�ered by SHR�WDM can be ported to mesh network by
superimposing a number of rings onto the mesh topology with at least one ring covering
each mesh line carrying some tra�c demands� This is possible when the mesh topology is
two�connected�� as this property ensures that every node can be associated with at least
one ring�

The same restoration mechanism described for a stand alone ring is used in presence
of multiple rings covering the mesh network� with the additional constraints that�

� a working lightpath carried on a line covered by two or more rings must be protected
by only one ring�

� rings can share 	bers but cannot share protection wavelengths�

�A graph is ��connected if it cannot be disconnected by omitting less than 	 edges�
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An additional advantage o�ered by the mesh network is its capability to be resilient in
presence of multiple faults as long as those take place on lines covered 
protected� by
distinct rings� Furthermore� optical crossconnects are required in the rings only at the
nodes where working lightpaths are switched from one protection ring to another� while
the remaining nodes need only optical add�drop multiplexers�

Clearly� the number of protection wavelengths in a multi�ring network depends on
how working lightpaths are routed and how they are assigned to rings� In addition� the
selection of the rings designated to cover a mesh network considerably a�ects the e�ciency
of the protection mechanism�

� Problem De�nition

Let G
V�E� be a 
�connected unidirectional graph representing the mesh network� with
V the set of nodes 
vertex of the graph� and E the set of weighted lines 
edges of the
graph�� The line weight represents the length of the corresponding line in the mesh�

The problem of minimizing the ��mileage in a resilient mesh network based on the
SHR�WDM consists of two subproblems� one is to select the protection rings that will
cover the graph to provide restoration in case of line failure� the other is to determine
the routing for the lightpath demands� 
In this paper� a tra�c demand between a source
and a destination consists of an integer set of distinct wavelength connections� or working
lightpaths�� As the routing for each working lightpath must rely on one or more protection
rings� the two subproblems a�ect each other and the optimal solution can only be found
by solving both of the subproblems at once� The exact joint formulation of the two
subproblems in the form of ILP is given in ���� The formulation makes use of the following
input sets� the set of rings in G� Ri� whose size does not exceed the maximum ring size
allowed by the designer� and for each source�destination pair� 
s� d� � V � the set of possible
paths in G� Psd� The output of the ILP solver consists of the set of rings selected for the
covering� Ro � Ri� and for each working lightpath� the path selected from the source to
the destination� From the solution returned by the ILP solver it is possible to compute
the ��mileage of both working lightpaths and protection wavelengths in the rings ����

��� Proposed Solution

Two algorithms are added to enhance the ILP formulation of the ��mileage problem given
in ���� The 	rst algorithm guarantees that when the maximum ring size de	ned by the
designer does not allow us to protect every line in the graph� a minimal number of rings
exceeding the maximum size is added to set Ri to yield protection of all lines� The second
algorithm reduces the complexity of the ILP by limiting the number of paths in every set
Psd�
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����� Derivation of Set Ri

De	ne the ring weight as the summation of the weights of the ring lines� De	ne Sr as the
number of nodes connected to ring r� i�e�� the ring size� Given a node pair� 
s� d� � V � the
shortest ring with respect to that pair� rsd� is de	ned as the ring connecting both nodes
that has the minimum weight� De	ne the set of shortest rings in graph G whose size does
not exceed the designer�s maximum ring size� Nr� as Rs � frsd� �
s� d� � V jSrsd � Nrg�

Setting Ri � Rs seems to be a reasonable approach to building the set of protection
rings with the aim to minimize the total wavelength mileage of every working lightpath
and corresponding protection wavelength� However� in a sparse graph� it may happen
that the maximum ring size� Nr� does not permit to cover all the nodes and�or lines
in the graph� thus potentially leaving some working lightpaths unprotected� Under this
circumstance the considered problem does not have a feasible solution unless additional
rings� violating the size constraint Nr� are added to set Ri�

To identify a feasible solution to the problem set Ri is augmented by 	rst adding the
minimum weight rings that complete the covering of the nodes� After this step� lines with
high weight may still not be covered by any ring in Ri� If so� set Ri is further augmented
by adding the minimum weight rings that complete the covering of all lines�

A detailed description of the algorithm is given next�

begin

Ri �
N � jV j� number of nodes in the network

Nrmax � initial maximum size of the ring

Nrmax � Nr

for �each node pair�

find the shortest ring covering the two nodes

Sr � size of found ring

if �Sr � Nrmax�

add ring to set Ri

endif

endfor

while �some nodes are uncovered�

Nrmax � Nrmax � �
for �each uncovered node i�

find the shortest ring covering node i

Sr � size of found ring

if �Sr � Nrmax�

add ring to set Ri

endfor

endwhile

Nrmax � Nr

while �some lines are uncovered�
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Nrmax � Nrmax � �
if �Nrmax � N� goto label

for �each uncovered line 
i� j��
find shortest ring covering nodes i and j

Sr � size of found ring

if �Sr � Nrmax�

add ring to set Ri

endfor

endwhile

label

end

����� Derivation of Set Psd

To limit the complexity of the minimum ��mileage problem� the search space for the
ILP solver is pruned by limiting the number of alternative paths in Psd� for every pair

s� d� � V �

The pruning is based on the conjecture that a good path must rely on the minimum
number of rings� This conjecture is supported by two observations� First� since a crosscon�
nect is necessary to switch a working lightpath between two adjiacent rings� the number
of crossconnects visited by a good path must be minimum� In turns� this choice minimizes
the overall number of crossconnect ports in the system� Second� although a good path
may not necessarily follow the shortest path throughout the network� it must tend to rely
on large portions of the visited rings� As a result� a balanced distribution of the working
lighpaths is easier to achieve in the rings�

Set Psd is constructed in two steps�

Node
source

Node 
destination

1 2

Figure �� Alternative paths

1 2

Figure �� Auxiliary graph
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Consider the auxiliary graph G�
V �� E ��� where V �� the set of vertices� contains one
vertex for each ring in Ri� and E �� the set of edges� contains edge 
i� j� i� j � V � if ring
i and ring j share at least one vertex in G� Figure � shows the auxiliary graph G� build
from graph G shown in Figure ��

The set of shortest paths� in terms of number of hops� between each node pair is derived
in the auxiliary graph� The nodes along a shortest path in G� represent the sequence of
rings that are visited by a set of paths in G from s to d� More speci	cally� each ring
visited by the shortest path in G� identi	es two alternative paths in G� one per direction
of propagation in the ring� Finally� for each identi	ed sequence of rings in G�� all possible
alternative paths in G from s to d� that rely on only but all the rings in the sequence�
are included in Psd� Figure � shows an example of a ring sequence in the auxiliary graph�
Figure � shows the corresponding paths in G ideti	ed by the ring sequence�

The number of paths in Psd after this 	rst step can be fairly large and can be shown to
be at least 
p for each ring sequence found� where p is the number of rings in the sequence�
In the second step of the algorithm the size of Psd is� therefore� arti	cially reduced to k

paths� where k is a varying parameter used by the designer to control the complexity
of the ILP formulation� Paths in Psd are sorted 	rst by increasing number of nodes in
G� then by increasing length� Only the 	rst k paths are kept in set Psd� the others are
droped� The above choice is motivated observing that the paths remaining in Psd cross
the minimum number of add�drop multiplexers� and at the same time have the minimum
end�to�end power loss�

��� Results

In this section the two proposed algorithms� together with the ILP formulation in ����
are applied to study two worldwide network topologies� the European network with ��
nodes 
Figure �� and the PanAmerican network with �� nodes 
Figure ��� The former
network is more connected than the latter� In the European network the line lengths and
the 
non�uniform and symmetric� tra�c demands are given in the Appendix A��� The
tra�c demands for the PanAmerican 
see Appendix A��� are sparse and connect ��
 node
pairs among the possible �����

Two sets of experiments are carried out� depending whether or not the complexity
of the node optical hardware is bounded� In the former set� we assume some design
restrictions on the set of rings that can be superimposed on the mesh� i�e�� a maximum
of 
 rings per line and a maximum of � rings per node 
Figures �� � and ���� This case is
referred to as the constrained design� In the latter set no constraints are imposed on the
set of rings associated with the nodes and the lines 
Figures �� ��� and ���� This case is
referred to as the unconstrained design�

The ILP optimization problem is solved using the lp solve package ����� stopping each
instance after � hours if still running� Due to the problem complexity most of the results
are best found values�

In each experiment� various values for the target maximum ring size� Nr� are used
ranging from � to �� nodes� For the PanAmerican network� results for Nr � �� �� � are
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Figure �� European Network

not shown as they yield the same result obtained by Nr � �� This is due to the sparse
nature of the network that requires rings of at least � nodes� 
Recall that when necessary�
rings exceeding the maximum size are used to yield full protection of the mesh network
as described in section �������

��� Problem Complexity vs� Wavelength Mileage

We 	rst address the problem complexity� Recall that the number of candidate paths in
set Psd� k� determines the search space explored by the solver� The solution space is
also proportional to the number of rings in set Ri� that is proportional to Nr� �From a
theoretical standpoint� at any value of Nr� the optimal solution found with k is better
than or at least equivalent to the solution found with k� � k� With k � all� the optimal
solution found with Nr is better than or at least equivalent to the solution found with
N �

r � Nr�
However� due to the complexity of the problem and the size of the considered networks�

a trade�o� is found between the size of the search space and the optimality of the solution
reached by the solver in � hours 
see curves with k�all�� As a matter of fact� for some
network con	gurations� a solution may not be found at all 
see Figure ���

For example� the curves in the Figure � show a nearly theoretical behaviour� by
increasing Nr or�and k the total ��mileage decreases� However� when k � all or when
both values of k and Nr are large� the curves do not follow the predictable course� due
to the increasing complexity of the problem� Similarly� in the PanAmerican network

Figures � and ���� case Nr � �� yields high ��mileage due to the di�culty to select the
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Figure �� PanAmerican Network

best cover rings from the large number of available rings in set Ri�
The complexity of the problem can be minimized by setting k � �� i�e�� the working

lightpaths are routed 	rst by the algorithm in section ����
� then the rings and protection
wavelengths are selected for the working lightpaths by the ILP solver� In this case the
working mileage is minimized� but the overall mileage 
working and protection� su�ers
considerable penalty when compared to solutions with k � �� Depending on the value
of Nr� this penalty can grow up to 
�� in the European network and up to ��� in the
PanAmerican network�

An interesting conclusion can be drawn from Figure ��� which shows the total working
��miles in the PanAmerican network obtained using the unconstrained design� As k

decreases� the total working ��miles decreases while the total ��mileage increases as shown
in Figure ��� This result clearly shows the trade�o� between the minimization of the
working lightpath miles and the minimization of the protection wavelength miles�

��� Varying Nr

IncreasingNr can only yield solutions with decreasing ��mileage� however� from a practical
point of view� the maximum size of the ring has a tangible e�ect on the total ��mileage only
for a relatively small values of Nr� For example� in the European network the reduction
of � mileage becomes marginal for values of Nr � � 
see Figures � and ���

This can be explained observing the results in Table �� that show the average size of
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Figure �� European Network� total ��miles under unconstrained design

the cover rings found by the solver in a number of experiments� The average size of the
ring does not grow proportionally with Nr� especially in the constrained design�

��� E�ects of Design Constraints

Bounding the maximum number of rings per line and per node 
constrained design�
in�uences the selection of the cover rings and indirectly the total ��mileage�

In the unconstrained design the total ��mileage in the system can be reduced by a
factor up to ��� 
see Figure �� when compared to the constrained design 
see Figure ���
However� nearly a double number of rings is required in the unconstrained case 
see
Table ��� signi	cantly complicating the network management�

If the design constraints are too stringent the problem may not have a feasible solution
even if the rings in Ri cover all the mesh lines� This may happen when the number of
paths in in set Psd is not large enough to provide the necessary degree of �exibility to
select the paths for the working lightpaths in order to accommodate the enforced design
constraints 
see Figure �� cases Nr � � and k � ���

Table � shows the in�uence of the design constraints on the number of cover rings
and number of nodes per rings in the solutions found for the European network� Under
constrained design� the number of rings is almost the same in every solution� independently
of the maximum ring size� The average size of the cover rings increases marginally in
comparison to the growth of the average ring size in set Ri� Under unconstrained design�
a large number of rings is selected to cover the mesh� As Nr increases� the average size of
the cover rings grows faster than in the constrained design�

In conclusion� when compared to the constrained design� the unconstrained design
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Figure �� European Network� total ��miles under constrained design� i�e�� when at most

 rings per line and � rings per node are allowed

yields reduced ��mileage� but� on the other hand� requires more complex node hardware
and network management� and increases the average ring size� i�e�� the average restoration
time in the system�

� Conclusions

With the advent of optical add�drop multiplexers and crossconnects protection mecha�
nisms against line faults can be provided directly in the optical layer� This paper analyzed
the in�uence that some practical design criteria have on the total wavelength mileage re�
quired in mesh network to realize the shared line protection mechanism of Self�Healing
WDM Rings 
SHR�WDM�� The study was carried out using the ILP formulation pre�
sented in ��� to minimize the mesh wavelength mileage by optimally selecting both the

protection� rings that cover the network and the paths for the tra�c demands� Two
algorithms were introduced in the paper� The 	rst guarantees protection of all the mesh
lines carrying tra�c� while minimizing the number of rings that exceed the designer�s tar�
get maximum ring size� The second algorithm makes it possible to vary the complexity
of the problem formulation by intelligently pruning the search space� thus providing a
timely solution even in large size networks� e�g�� the �� node PanAmerican network�

The study showed that the target maximum ring size and the number of rings selected
to cover the network signi	cantly a�ect the total wavelength mileage� For example� in�
creasing the maximum ring size helps reduce the wavelength mileage 

������ but practi�
cally speaking this advantage is limited to relatively small sizes 
e�g�� up to � nodes in the
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Figure �� PanAmerican Network� total ��miles under costrained desiegn� i�e�� when at
most 
 rings per line and � lines per node

European network and up to �
 nodes in the PanAmerican network�� Any further increase
of the maximum ring size does not yield any signi	cant mileage reduction� while on the
contrary it increases the system restoration latency and the computational complexity of
the optimization� Increasing the number of rings in the network leads up to �� mileage
reduction� but it requires more complex node architectures and management� Finally� the
importance of jointly optimizing the selection of the rings and the paths for the tra�c
demands was demonstrated showing that up to 
�� mileage reduction is possible when
compared to a prede	ned 
e�g�� shortest path obtained with k � �� wavelength routing�
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Figure ��� PanAmerican Network� total ��miles under unconstrained design
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Figure ��� PanAmerican Network� total working ��miles under unconstrained design
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Table �� European Network� from left to right� maximum ring size� number of rings in the
input set to the solver� average 
over k� number of cover rings under constrained design�
average 
over k� number of cover rings under unconstrained design� average size of rings
in the input set� average 
over k� size of the cover rings under constrained design� average

over k� size of the cover rings under unconstrained design
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� European Network� non�uniform tra�c matrix 
upper right�� distance matrix

lower left�

A Appendix

A�� Distance and Tra�cMatrix for the European and PanAmer�

ican network

Table 
 presents the distance 
lower left� and the tra�c demands
upper right� for the
European network� Table � shows the line distance in the PanAmerican network� Table �
shows the tra�c demands used to study the PanAmerican network�
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