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Abstract

This paper evaluates the balance between the cost of multifibres and the cost of wavelength converters in
multilayer networks. A novel ILP formulation of the static planning problem is applied.

Introduction

Multilayer wavelength-routed networks route the
higher layer fraffic (i.e. IP traffic) onto transparent
lightpaths. A node can change the wavelength of a
traversing lightpath using one wavelength converter
(WC). WCs can avoid wavelength clashing, unblock
lightpath requests, and thus increase network
capacity. Other option is the multifibre approach. This
means that two neighbour nodes in the network, are
connected with a bundle of K fibres, K>1. Then, at
most K lightpaths that traverse the bundle from node i
to node j, can be assigned the same wavelength, and
occupy different fibres in the bundle.

On one hand, the multifibre approach adds the cost of
amplifying, equalizing, monitoring, switching, etc.
more fibres. On the other hand, the WC approach
involves the cost of one WC device per wavelength
conversion (we assume that the WCs are shared per
node). This paper compares the interest of both
approaches in the static planning case. For this, a
binary ILP (Integer Linear Programming) formulation
is proposed which simultaneously includes the cost of
both alternatives. Then, we obtain the minimum cost
solution under different conditions, and evaluate the
actual use of WCs and/or multifibres. Next section
describes the proposed ILP formulation. Section 3
presents the results obtained. Finally, section 4
concludes.

Binary ILP formulation

Let N be the set of nodes, M the set of unidirectional
links. We denote as || the number of elements of a
set. Each link meM is a pair (i,j), ieN, jeN, composed
by a bundle of K fibres. Then, the total number of
fibres in the network is given by |F|=K|M|. We denote
Fin(n) and Fou(n) as the set of fibres that end and start
in node n, respectively. The same spectral grid of W
wavelengths is considered in all the fibres. The cost
of activating a fibre f is ¢, feF. The cost of a
wavelength converter is given by cyc. Let S be the
demand of lightpaths to be established. The decision
variables to the problem are:
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o p(s,f,w)={1 if lightpath s traverses fibre f using
wavelength w, 0 otherwise}, seS, feF, weW.

o eF~{1iffibre fis active, 0 otherwise}, =1eF

o c'(s,n,w)e{0,1}, c(s,n,w) €{0,1}. These variables
are used to track wavelength conversion in node
n, for lighptath s, involving wavelength w. seS,
neN, weW.

The ILP cost function (minimize) and constraints are:

c
Zc.fef + V;C ZC+(S,H,W)+C_(s,n,w), s.t.

feF seS,neN,welV

I)Zp(s,_f,w)SI,erF,weW

ses

2) Zp(SSfaw)_ ZP(S,f,W) =
feFout(n) f€Fin(n)
welW weW
L, if s starts in node n
=<—1if s ends in node n,vs € S,vne N
0 otherwise

3p(s, f.w)<e,,VseS, feF,welW

4) Zp(s,f,W)— Zp(s,f,w):C+(S,n,w)—cf(s,n,w),

feFout(n) feFin(n)

VweW,s € S,s neither starting nor ending in node n

First set of constraints avoid wavelength clashing.
Second set are the conservation constraints, allowing
wavelength conversion. Third set of constraints avoid
any lightpath to traverse a fibre, unless it is active.
Fourth set of constraints tackle the wavelength
conversion issue. When a lightpath s converts its
wavelength in node n from w; to wy, ¢'(s,n, wy)=1 and
c+(s,n, wp)=1. Both are 0 otherwise. As this
formulation counts twice each conversion, cuc value
is divided by 2 in the cost function.

Results

We tested three networks of 7 nodes: a mesh network
(Figure 1.a), a ring and a star with centre in node 3
(last two cases with fibres of 100 km length). In all the
cases, links have two fibres, and 8 wavelengths per
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fibre. One fibre in the link is already pre-activated at
cost 0. The cost of activation of the other fibre,
normalized to one transmitter plus one receiver cost,
is taken from [1]: 20+0.96036(d/80)+1.585(d/360),
where d is the link distance and km. Divisions are
rounded to the floor, and correspond to optical line
amplifiers, and dynamic gain equalizers per each 80
km and 360 km spans respectively.

The formulation has been implemented in the
MatPlanWDM tool [2], which interacts with a
TOMLAB/CPLEX solver [3]. Let T be the 7x7 traffic
matrix in Figure 1, obtained from traffic forecast
studies for a national optical backbone (measured in
Gbps). All the traffic matrixes used are calculated
multiplying T, by a real factor. For each topology we
made 20 tests with different traffic matrixes, from the
higher traffic carried at 0 cost, to the higher carried
traffic feasible found. In each test, we apply the
heuristic algorithm in [4] which obtains the minimum
set of lightpaths which is able to carry the traffic
demand, assuming a capacity of 10 Gbps per
lightpath. As the WC technology is not fully mature,
WC prices were estimated sweeping the WC cost
from 0.01 (1% of a transmitter plus a receiver), to a
sufficiently high value. Naturally, we expected a lower
preference for WCs, as the WC cost grew.
Surprisingly, as it is shown in Figure 1, WCs were not
used in any case, even considering the lower WC
cost of cwc=0.01. As traffic grew, a higher number of
fibres were activated. But always happened, that
given a set of active fibres, if a solution with WCs was
found, a solution without WCs and the same active
fibres was found (obviously at a lower cost).

Previous studies showed that multifibre networks
could reduce at a great extent the need of WCs [5] for
dynamic planning scenarios. Our tests correspond to
static planning. It seems that the advantage of a
deterministic knowledge of the traffic (in contrast to
dynamic planning), greatly favours finding minimum
solutions without WCs. After these results, we
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conducted more tests in these topologies which
confirmed that minimum cost solutions with WCs in
static planning are largely infrequent, and appear in
very narrow intervals of traffic demands.

Conclusions

In the realistic scenarios tested, for static planning,
results neglect the interest of WC devices to increase
network capacity. Multifibre option is utterly preferred.
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MESH net - 7 nodes RING net - 7 nodes STAR net - 7 nodes
Matrix Carried No. No. Carried No. No. Carried No. No.
Index Traffic | Used Extra Traffic | Used Extra Traffic | Used Extra
(Gbps) | wes | Activ. | (Gbps) | WCs | Activ. | (Gbps) | WCs | Activ.
Fibres Fibres Fibres
1 953 0 0 368 0 0 338 0 0
2 1005 0 2 397 0 1 356 0 1
3 1057 0 3 425 0 3 375 0 2
4 1109 0 4 454 0 4 393 0 3
5 1160 0 5 483 0 4 412 0 3
6 1212 0 6 512 0 5 431 0 3
7 1264 0 6 540 0 6 449 0 4
8 1316 0 6 569 0 6 468 0 5
9 1367 0 7 598 0 7 486 0 5
10 1419 0 7 627 0 7 505 0 5
11 1471 0 8 655 0 9 523 0 6
12 1523 0 10 684 0 10 542 0 6
1 2 3 4 5 6 7 13 1574 0 11 713 0 10 561 0 6
1 0 13.30| 23.53 | 8.10 | 13.52] 22.81 | 20.59 14 1626 0 11 742 0 11 579 0 6
2] %28 0 22.91 | 7.89 | 13.16] 22.24 | 20.07 15 1678 0 13 770 0 11 598 0 7
3]23.53]73.69 0 43.03]71.88] 121.47] 109.70 16 1730 0 13 799 0 11 616 0 7
4] 8.10 [ 25.28| 43.03 0 24.66 | 41.69 | 37.67 17 1781 0 15 828 0 12 635 0 7
5]13.52]42.26| 71.88 | 24.66 0 69.66 | 62.90 18 1833 0 16 857 0 13 653 0 7
6]22.81]71.41]121.47]41.69] 69.66 0 106.30 19 1885 0 16 885 0 14 672 0 7
z 20.59]64.50] 109.70 | 37.67 | 62.90| 106.30 0 20 1937 0 18 914 0 14 691 0 7

Figure 1. Mesh topology and traffic matrix T (left side). Table of results (right side).
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