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Abstract: Designing arbitrary topologies based on Wavelength Division MUltiplexing 
(WDM) rings yields a number of advantages, including fast restoration 
mechanisms, simple network management and control. The optimal design of 
such networks is however a rather complex task, with multiple objectives 
being optimized that can often be in conflict one with another. The paper 
presents a modular methodology that encompasses three fundamental steps in 
designing an arbitrary topology organized as a set of interconnected WDM 
rings. These are the selection of the Ring Cover, the Routing of the inter-ring 
traffic and the Traffic Balancing with Wavelength Assignment (TBW A) of the 
traffic locally on individual rings. After a description of the overall 
methodology, a detailed formulation of the TBWA problem in presence of 
both symmetric and asymmetric traffic demands is given. An efficient 
algorithm that yields sub-optimal solution of the TBW A problem is then 
proposed. Numerical results show that the algorithm finds an optimum 
solution in a number of experiments. 
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1. INTRODUCTION 

Wavelength Division Multiplexing (WDM) technology is fast becoming 
the de facto standard solution to the user's continuously growing demand for 
high bandwidth connections. At the same time, various customers nowadays 
demand telecommunication networks that are capable of providing highly 
reliable and uninterrupted service. Combined together, these two facts are 
creating an increasing interest in the design of survivable WDM backbones 
with built-in protection mechanisms available in the optical layer. In this 
work we focus our attention on ring-based protection mechanisms as they 
are often used in voice and data networks [10]. 

A ring based network design yields a number of advantages, including 
simplified management and control of the network, and fast restoration 
mechanisms upon link or node failure occurrence. The design of a given 
arbitrary topology in the form of a set of interconnected rings reduces the 
overall network connectivity and hence may limit the number of distinct 
cables that carry working fibers in the final network layout. With a reduced 
number of cables in the system the overall network cost may also be 
reduced. Due to these and other advantages, it is not surprising that ring
based network designs are often preferred to other network topologies, e.g., 
meshed topologies, even when these alternative solutions can statistically 
save up to 30-60% of the spare resources. 

It is envisioned that in WDM networks too, a ring-based design shall 
offer advantages similar to those that are found in conventional networks. 
Considering that in a WDM network, the abundant bandwidth is not an 
expensive, nor a scarce resource, the 30-60% spare resource savings of mesh 
layouts may become even less critical from an overall network design 
viewpoint. 

Multiple criteria can be defined to optimally design and dimension WDM 
ring-based networks. In a previous work, the authors considered the problem 
of minimizing the total wavelength mileage [1], defined as the sum of the 
working and protection wavelength miles required in the network to support 
a given set of traffic demands. In [1], an exact Integer Linear Programming 
(ILP) formulation of the problem and a simplified ILP formulation that can 
handle the design of large networks were proposed. In a more recent work 
[2] the problem of minimizing the total number of optical cross-connects 
ports in the network was addressed and a sub-optimal solution based on a 
greedy algorithm was proposed. 

This paper addresses the problem of minimizing the total fiber mileage 
required in a given network with arbitrary topology to support a given set of 
traffic demands. The problem is solved assuming that wavelength converters 
are not available for intra-ring traffic and traffic demands are either 
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symmetric (e.g., voice traffic) or asymmetric (e.g., client-server data traffic). 
The problem is defined assuming that SONET (2-fiber Bidirectional Line 
Switched Rings) 2f-BLSR like optical rings [10] are used to design the 
network. In order to design a network that is reliable in presence of either a 
link or a node fault, inter-ring traffic is supported through dual homing, i.e., 
at least two cross-connects exist that can interconnect the traffic demands 
between two adjacent rings. 

The total fiber mileage in the network is reduced using a modular 
approach that consists of three fundamental steps. These are the selection of 
the ring cover, the routing of the inter-ring traffic and the Traffic Balancing 
with Wavelength Assignment (TBWA) of the traffic on individual rings. The 
paper briefly describes the first two steps, it then gives a detailed 
formulation of the TBW A problem in presence of both symmetric and 
asymmetric traffic demands. An efficient algorithm that yields sub-optimal 
solution of the TBW A problem is then presented and numerical results for a 
particular network configuration are shown, demonstrating that, in spite of 
its limited complexity (O(F·N/) where F is the maximum number of fibers 
per link, and NT is the number of nodes in the ring), the proposed algorithm 
reaches an optimum solution in a number of experiments. 

Although only the solution of the TBW A problem is addressed in detail 
in this work, it must be noticed that due to its modularity, the proposed 
design and dimensioning methodology can be easily adjusted to optimize 
various objective functions. It can thus provides the designer with a fairly 
efficient and versatile optimization technique to design optical networks 
with ring-based protection schemes. 

2. PLANNING METHODOLOGY 

The presented approach consists of splitting the overall optimization 
problem into a number of sub-problems that can be handled separately and 
solved sequentially. On one hand, it is well known that dividing the 
optimization problem into sequential sub-problems may not result in an 
optimum solution when dealing with a specific cost function, e.g., total 
wavelength mileage [1]. On the other hand it offers a significant 
simplification of the optimization process. Consequently, more system 
parameters can be taken into account during the design optimization, or 
multiple solutions to the problem can be found in a short time interval. In 
addition, it yields a modular solution that enhance the versatility of the 
designed optimization algorithms that can thus accommodate different 
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planning optimization criteria, and satisfy the various, possibly changing 
over time, designer's needs. 

The planning methodology proposed in the paper consists of three steps: 
the ring cover of the arbitrary topology, the routing of the traffic demands 
between rings minimizing the number of crossconnections, and the TBW A 
in each ring. The variables under optimization can be modified in any of 
these steps to improve the final outcome of the overall design optimization. 

A ring cover is defined as a set of rings such that the union of all their 
spans constitutes the network topology itself. Thus, a ring cover overlaid on 
a network topology ensures full connectivity of the network nodes. The first 
step is to identify the ring cover from a set of candidate rings R. Having an 
independent set of candidate rings gives flexibility to the designer to include 
or exclude a certain set of rings in the design optimization. If the designer 
has already selected a cover for the network, that cover is then entered as R 
and the first optimization step is skipped altogether. In the second step every 
traffic demand is routed over the ring cover from the source node to the 
destination node. This step determines which rings a demand passes through. 
This step allows the designer to choose the routes (in terms of sequence of 
rings) either by means of some standard routing algorithm or manually. In 
the third step the traffic demands assigned to each ring are optimally routed 
(clockwise or counter clockwise) and assigned a wavelength within the ring. 
In this step the A granularity of each fiber, i.e., the number of wavelengths 
per fiber, is taken into account as an input parameter. 

Each step of the proposed planning methodology, with particular 
attention to the TBW A problem, is described next. 

2.1 Ring Cover 

First, an initial (possibly large) set of candidate rings {RJ, R2, ••• } is 
generated according to the minimum and maximum number of nodes 
allowed in each rinr A ring cover is formally defined as a selection of rings 

C = tRn} , ... , Rnk j, subset of the candidate rings, such that all nodes 

generating or terminating traffic belongs to at least one ring in C. In 
addition, any ring Rx f: C must have at least two nodes i,j such that there is 
at least one other ring Ry f: C and i,jf: R,. This second condition ensures that 
no ring in the cover is isolated, and any ring is connected to at least another 
ring in the cover via at least two nodes. With the above cover, traffic can be 
routed in such a way that any single node or link fault will not disrupt any 
connection. The ring interconnection can be protected with a drop-and
continue mechanism, or by duplication pf the Network Element (NE) 
components. Considering the high node availability when compared to the 
link availability, and the fact that the drop-and-continue mechanism requires 
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additional bandwidth in the rings, the solution proposed here is based on 
duplication of components in the ring interconnection nodes. Consequently, 
the scope of the paper is limited to the case of (single) link failure. Dual 
homing between adjacent rings may be still required to allow traffic 
balancing of the inter-ring traffic between the two or more cross-connects 
that interconnect the rings. 

Many objectives can be identified while searching for an optimal ring 
cover, including the minimization of: 

• Total fiber mileage • Number of optical cross connects 

• Total cable mileage (OXC) 

• Total wavelength • Number of OXC ports 
mileage • Size of biggest OXC etc. 

• Number of active 
spans 

In this work the ring cover is selected with the objective to minimize the 
sum of the perimeters of the selected rings. 

2.2 Inter-Ring Routing 

Once the ring cover is determined the next step is to route each traffic 
demands across the rings, e.g., see [9]. This step confines itself to identifying 
the sequence of rings that a traffic demand is routed through, but not the 
exact physical path for the working connection. Using the shortest path 
algorithm it is possible to route the demands with the objective of obtaining 
the shortest number of rings crossed, or the smallest sum of ring perimeters, 
or the shortest physical path etc. In the paper the routing of the traffic 
demands is obtained with the objective to minimize the number of rings 
crossed by every demand. The routing of the traffic demands may also be 
done according to some additional engineering rules that are provided by the 
designer and that are external to this design step, e.g. availability of 
wavelength converters. At the end of this step every demand must be 
mapped into a sequence of rings, and an initial selection of the nodes cross
connecting each demand between adjacent rings has been made. Once the 
inter-ring routing has been determined, the traffic demands within each 
individual ring can be created by determining the ingress and egress points 
of each demand in the ring. 
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2.3 Routing and Wavelength Assignment in the WDM 
Ring 

The third and last step in the design process is to find, within each WDM 
ring, an optimal routing and an optimal wavelength assignment. As already 
mentioned, among the several SONET-like optical ring architectures, the 2f
BLSR architecture is considered in the paper. In a bidirectional ring the 
optical channels are transmitted in both directions of the ring (clockwise and 
counter-clockwise), and the corresponding protection connections are routed 
with opposite direction. Line protection mechanism is considered. The spare 
bandwidth can be shared to protect several connections. Due to the fact that 
all the links on the ring have the same capacity, the actual capacity of the 
ring is determined by the capacity of the link with highest traffic load. If the 
optical channels are symmetric, then for every node pair (i, j) in the ring, the 
channels from i toj and the channels fromj to i must use the same route. It is 
assumed that the number of wavelengths in the fiber is fixed and half of 
these wavelengths are dedicated to working connections, while the others are 
dedicated to protection. Wavelength conversion is allowed only at the nodes 
that interconnect traffic demands between rings, and only for the inter-rings 
traffic demands. 

The objective of this step is to determine the route for the traffic demands 
in the ring and the working and protection wavelengths that reduce the 
number of fibers in the ring. 

This problem can be demonstrated to be NP-hard, based on the 
demonstration given in [4] for a similar problem. In this section we will 
define the mathematical formulation of this problem. We also present a 
heuristic algorithm which solves this problem in O(F·N/) time, where F is 
the number of fibers per link, and Nr is the number of nodes in the ring. 

2.3.1 Problem Formulation for Symmetric Connections 

Given a graph G(N,E) representing the arbitrary topology under design 
optimization, we consider each ring separately. We define a graph 
representing each ring R as R(N" Er} where Nr is the set of nodes in ring R, 
and Er is the set of spans in ring R. 

We assume that the channel protecting a working channel must use the 
same wavelength assigned to the working channel. As a result, wavelength 
conversion between the working and the protection channels is not required 
when a fault occurs. Furthermore we assume that bidirectional line shared 
switched ring architecture is used, therefore, wavelength channels dedicated 
to protection can be shared among a number of traffic demands. Based on 
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these assumptions, we formulate the following a Integer Linear Problem 
(ILP) formulation that minimizes the number of fibers necessary in the ring 
to fulfill the traffic requests and ensure 100% protection against any single 
link fault. 

Given: 
W : Maximum number of wavelength per fiber 
dij : Number of bidirectional optical channels in ring R between source 
destination pair i,j, (sum of both intra-ring traffic and inter-ring traffic) 
Pd (i,j) : Available path in direction d of the ring for the connection 
from node i to node j, where d is 1 for the clockwise direction, and 2 
for the counter clockwise direction. 
Ld : Set of links in the ring oriented along direction d, 

obviously LIUL2 = Er 
Decision variables: 

E/fd : 1 if source destination pair i,j is assigned wavelength w 
in fiber f in direction d of the ring 

o otherwise 
Lwfd : 1 if wavelength w in fiber f, is assigned to some 
connection routed in 

direction d of the ring 
o otherwise 

pWfd: 

necessary 
1 if wavelength w in fiber f in direction d of the ring is 

for protection 
o otherwise 

pfd: 1 if fiber f is in direction d of the ring is used, either for 
working connections 

or for protection channels 
o otherwise 

The problem can be formulated as follows: 

Minimize L L F Id 
1 d 

Subject to: 
W· Ffd L(pWfd + Lwfd), d = {1,2} Vf (1) 

w 

(E::/1 + E::/2) = d .. L.J L.J Ii Ii Ii 
w 1 

Vi,jE N r (2) 

LE;fd 1 Vi E Ld, Vf, Vw,d = {1,2} (3) 
(i,jeN, JllePd (i,j) 
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i,jeNr 

pwj2 = L w/] pw/l = L wj2 , VW, VI 
Lw/d + pw/d 1 VW, d = {1,2} Vi 

= E",!!2 
L.J L.J IJ L.J L.J JI ' 

Vi,jE N 
w f w f 

g.w/l Lw/ d pw/d pfd E {O I} 
'J' " , 

with K >0, big enough. 

(4) 

(5) 

(6) 

(7) 

The objective is to minimize the number of fibers in the ring. Restriction 
(1) permits to use at most W wavelengths for working or protection purposes 
in fiber I and direction d. Restriction (2) guarantees that the offered traffic 
demands are fulfilled. Restriction (3) ensures that on each link, in each 
direction, on each fiber, a wavelength can be assigned to at most 1 
connection. Restriction (4) guarantees that if any working connection is 
using wavelength w in fiber I and in direction d, then this wavelength has to 
be assigned for working traffic and cannot be used for protection. Restriction 
(5) guarantees for each assigned working wavelength, the existence of a 
protection wavelength on the counter rotating fiber. Restriction (6) 
guarantees that every wavelength in each fiber is assigned to protection or 
working connections. but not to both of them. Restriction (7) guarantees the 
use of the same route for bidirectional connection demands. 

2.3.2 Heuristic Algorithm for Symmetric Connections 

The algorithm comprises five steps. The routing of the demands in 
the ring is solved in the first four steps, the wavelengths are assigned 
in the last one. 

Step 1. Initial Routing 
Each demand is routed through the ring minimizing the number of hops. 

NCi/ : Number of optical channels between source destination pair i
j that are crossing link I, i,jE Nn IE Er• 

Step 2. Determine the Link Load 
For each link, calculate the number of channels per link: 

cI! = LNCt 
i,jeNr 

The link z* with highest traffic load is calculated as follows: 
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CLt = max{CC }=CL 
leEr 

Step 3. Optimize the Routing 
The objective of the algorithm is to reduce CL. This maximum is reached 
on link 1*, l*EEr• Then, some demands routed through 1* should be re
routed in the opposite direction of the ring. 

S = {Ci, j) Ii, j E N r' NCt* > o} set of demands that could be re

routed. 
Repeat for each source destination pair i*-j*E S 

L'={IE L I link I will be crossed if the connection (i* ,j*) is re-routed} 

LNCt}, 
leL ""eN I,j r 

Number of channels i*-j* to be re-routed: 

il(i*, j*) = min% (CL- Max2), NC::j *} 
It is easy to show that this algorithm solves the routing problem in O(N/) 

time, where Nr is the number of nodes in the ring. 

Step 4. Selection of the Node Interconnection 
For each external connection to the ring it is necessary to decide the 

interconnection node. An initial assignment was done in a previous module 
(Sec. 2.2), while mapping the traffic demands over the rings selected for the 
cover. After step 3 some working connections may have been re-routed 
along the ring, this has a direct impact on the axc node selection. The axc 
node selection, i.e. the ring interconnection nodes, for each demand may 
have to be reselected in order to guarantee that after balancing the total 
demand length, in terms of number of hops, is still minimal, eliminating the 
loops between axc that could be produced by the balancing algorithm in 
each ring. 

Step 5. Wavelength assignment 
When the optimal routing has been obtained, these demands have to be 

assigned to one wavelength minimizing the number of fibers in the ring. 
It is not possible to evaluate the exact number of wavelengths necessary in 
each ring, because wavelength conversion is not permitted, however it is 
possible to find a lower bound and an upper bound. The maximum number 
of working wavelength necessary in each direction is: 

nwwmax = 2·CL-l 
and the minimum number is: 
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nww· =CL mm 
Then ws assign each demand to a wavelength along the ring, we 
expect a number of working wavelengths, in each direction of 
propagation, to be: 

nwwmin :s; nww :s; nwwmax 
Then we calculate the number of fiber pairs necessaries in each link of the 
ring as: 

r2.nwwl m = W ' where W is the number of wavelength per fiber. 

Demands are uniformly distributed among these fibers. In each fiber half of 
the wavelength are assigned to working connections and the other half to 
protection channels. This TBWA problem is solved in O(F·N/) time, where 
F is the number of fibers per link 

2.3.3 Problem Formulation for asymmetric connections 

The formulation is the same one used for the symmetric connections, except 
that restriction (7) is not necessary due to the connection asymmetry. 

2.3.4 Heuristic Algorithm for asymmetric connections 

Step 1. Initial Ronting 
The same as the ones defined for symmetric traffic 

Step 2. Determine the Link Loading 
Same as that defined for symmetric traffic, but calculated for each 

direction of the ring: 

eEl = L 'V I E 
i,jeN,llePI (i,j) 

eE2 = 'V I E 
i,jeN,lleP2 (i,j) 

The links ll*,and h* with highest traffic load will be calculated as follows: 

CLli = max{cLII} Cl/i = max{cLl2 } 
lEEr lEEr 
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Step 3. Optimize the Routing 

The objective of the algorithm is to minimize CL = max { CJ!* 1, CJ!* 2 }. 

This maximum is reached in the link 1*, l*eEr. Then, some demands routed 
through ll*,h* should be re-routed in the other direction of the ring. The 
following steps are repeated until no more connection can be re-routed, and 
then go to step 4. 

• If CL = CLt"· , then sli = {(i, j) / i, j E Nr , Ncff > o} set of demands 

that could be re-routed. Sort this set in decreasing order of the number of 

links crossed for each demand. Repeat for each pair (i*,j*)e Slj 

L' = {Ie L / link I will be crossed if the connection (i * ,j *) is re-routed} 

leL ° ° N I,)e r 

Number of channels i*-j* to be re-routed: 

A('* .*) - . {lCL-Max2J NC l • } LlI,J -mIn , 0.0. 2 I) 

• If CL = CLt"2, the process is similar to the previous one when CL = clf·, 
but with the other direction of the ring 

Step 4. Selection of the Node Interconnection 
The same as the one defined for symmetric traffic 

Step 5. Wavelength assignment 
The same as the one defined for symmetric traffic 

3. NUMERICAL RESULTS 

A long distance network has been selected in order to apply the above 
methodology. 

The initial set of rings comprises 170 rings and the result obtained by 
ring cover optimization, as depicted in the figure 1, is formed by only 10 
rings. 
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Figure 1. Ring cover result 

We have applied the presented design methodology to the network in Figure 
1, assuming asymmetric traffic demands. In order to illustrate the behavior 
of the TBA, the network has been also dimensioned without balancing the 
traffic in the rings. The main results are represented in the Table 1. As we 
can see after the Traffic Balancing the fiber length has been reduced around 
20%, and around 7% the total wavelength mileage. 

In Figure 2, for each link in the network the necessary number of fibers 
calculated by the proposed heuristic is reported, with and without traffic 
balancing. After the traffic balancing more than 15% of the links need 6 
fibers. Less than 5% of the links need 4 fibers. As indicated in the figure, 
around 6% of the links do not need any fiber, i.e., the links are not covered. 
This is an acceptable result since the objective of the design is to protect all 
the generated demands, and not necessarily all the links of the arbitrary 
topology. 

No Traffic After Traffic 
Balancing Algorithm Balancing Algorithm 

Fiber Length 200,276 247,613 

Working Wavelength 616,487 535,963 
miles 

Protection Wavelength 1,310,450 1,541,330 

miles 
Total Wavelength miles 1,926,937 2,077,293 

Table 1. General Ring Dimensioning Results 
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Figure 2. Ring dimensioning results 
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We have compared the results obtained by this algorithm with the LP 
formulation presented in the previous section. Although the two approaches 
find different solution to the TBWA problem, for every ring chosen to cover 
the network in Figure 1 the same number of fibers was found by both 
techniques. For these rings and given traffic demands, the proposed 
algorithm finds an optimum solution to the TBW A problem. To illustrate the 



136 A. Lardies, R. Jagannathan, A. Fumagalli, 1. Cerutti, M. Tacca 

difference between the results obtained by the LP formulation and the 
proposed algorithm, Figure 3, Tables 2 and 3 contain the routing and the 
wavelength assignment for one of the rings in the network. The objective of 
the ILP is not balancing the traffic in the ring, so in most of the cases routing 
and wavelength assignment obtained by each method will be different. 

1/1 

Heuristic algorithm ILP formulation 

Figure 3. Ring 4: Links Loading 

Fiber 1 Fiber 2 
Traffic Clockwise Counter- Clockwise Counter-

Demands direction Clockwise direction Clockwise 
direction direction 

16->21: 1 WI 
16->45:18 W2, W3, W4,·W5, WIO, Wl1, W12, Wi> W2, W3, W4 

W6, W7, Wg W\3, W14, W15, 
WI6 

16->29:3 W9 W9, WIO, 
16->71:2 Wl1, W12 
21->45:1 W5 
45->71:2 Wi> W2, 

Protection W9. WIO, Wl1, WI. W2, W3, W4, W9, WIO, Wl1, Wi> W2, W3, W4. 
in the ring W12, W\3, W14, W5, W6, W7, Wg W12, W5 

W15, WI6 

Table 2. Ring 4: Wavelength Assignment obtained by the heuristic algorithm 
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Fiber 1 Fiber 2 
Traffic Clockwise Counter- Clockwise Counter-

Demands direction Clockwise direction Clockwise 
direction direction 

16->21: 1 WI 

16->45:18 Wh W3. W4. Ws. Wu. W12. W14. W3. W4. Ws. W7. W12. W14. WI6 

W7. Wg WI6 Wg 

16->29:3 W9 W9. WIS 

16->71:2 WI5 WIO 

21->45:1 WI 

45->71:2 W4 WI 

Protection W9, WH. W12. Wh W3. W4. W9, WIO. W12. WI,W3. W4. 

in the rin2 W14. WIS WI6 Ws. W7. Wg W14. WIS. WI6 Ws. W7. Wg 

Table 3. Ring 4: Wavelength Assignment obtained by the ILP 

4. CONCLUSIONS 

Due to complexity and nature of the problem, the overall optimal design of 
an arbitrary topology based on WDM rings cannot be obtained for practical 
network sizes, in sub-second time. The paper has therefore proposed a basic 
framework for a fast, versatile and interactive ring network design tool that 
circumvents the complexity problem by subdividing the optimization 
problem into three sub-problems. Each sub-problem is optimally resolved 
individually and sequentially by means of relatively simple and fast 
algorithms. In particular. the paper has proposed a complete methodology 
for designing and dimensioning optical ring based networks. A practical 
example was shown based on the following assumptions. 1) The ring cover 
is selected with the objective to minimize the sum of the perimeters of the 
selected rings. 2) The routing of the traffic demands is obtained by 
minimizing the number of rings crossed by every demand. 3) The routing 
and wavelength assignment for the traffic demands within each ring is 
determined with the objective to minimize the number of fibers in the ring. 
Additional optimization modules may be added as and when the design 
objective changes. Moreover. with the proposed design methodology the 
intermediate results at the end of every optimization step can be observed 
and manipulated by the designer. In conclusion. the paper has presented a 
practical and versatile approach to designing WDM ring based networks. 
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