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Abstract— We consider the traffic grooming problem in wi OADM wi
WDM/SONET UPSR rings with multiple line speeds. This is wa wa
motivated by the fact that when traffic demands are non-unifom
and are spread over a relatively wide range, a ring using muiple [} [
line speeds would lead to a lower cost, owing to the economy of ! !
scale seen in devices, in particular, electronic ADMs, runimg ADM H ADM
at higher speeds. We give a novel Integer Linear Programming ’m uﬁ uﬁ M“
(ILP) formulation for the problem. We also propose two tech- ‘ DCC (optional)
niques to exploit the symmetric problem structure resulting from
the equivalency in the line speed assignments and the color X
assignments for wavelengths. The techniques reduce comgatibn
time, thus, allow many problem instances to be solved exagtl
For large size problems, we propose efficient heuristic algithms
that achieve a similar cost using a fraction of the computatin
time. We show that, by allowing WDM/SONET rings to run at

d:fferelz‘t ”nﬁ Spe”eo'sg we ‘aa” greatly {]edU;,e the 'ﬁDlM COSt& We the cost of electronic ADMs varies depending on how traffic

also show that allowing nodes to switch traffic can help toredce 5 o 3med. A naive solution is to install an ADM on every
the cost further. . .
wavelength at each node. Unfortunately, such a solution is

. INTRODUCTION very costly. An example is given in [1] which shows that

WDM/SONET architecture is gaining popularity because ftignificant cost savings could be achieved by intelligently
provides an easy upgrade path, avoiding the need to lay 8fnging traffic .der_n_ands onto d|ffer§nt rings. The posént}
additional fibers to meet the traffic growth. In WDM/SONETSaVvings can be significant and grow with both the network size
many rings run in parallel and each ring runs on a separz?t'éd mternodql demand [2]._Althou_gh only very simple traffic
wavelength. Each node needs one Optical Add-Drop Mulflémand matrices are considered in [2], we would expect the
plexer (OADM), which allows the node to add/drop a selectetfVings to be significant for other traffic patterns too.
subset of the wavelengths into and out of the fiber. EachMost prior work on traffic grooming assumes that all
node may also need up ¥ electronic ADMs, one for each SONET rings run at the same line speed. Such a restriction
wavelength on which the node originates or terminates so@@uld greatly increase the cost especially when the traffic
traffic demands. demands are non-uniform. In this paper, we consider thiédraf

A traffic demand can be routed on any one of the wav@rooming problem where each SONET ring can be assigned
lengths. If the traffic demand is routed on one wavelengtt® different line speeds and study the potential cost savinyg
then an ADM has to be installed on that wavelength at botising multiple line speeds.
the source and destination nodes. Fig. 1 shows an exampl@&here are two types of SONET rings: Unidirectional Path
of the node architecture. In the example, a fiber with thre&awitched Rings (UPSR) and Bidirectional Line Switched
wavelengths is connected to the node through an OADNRings (BLSR)[3]. In UPSR, traffic is always routed in one
Wavelengthw, andws are dropped at the node, and the othetirection (e.g., clockwise). To route a symmetric traffieam,
wavelength {vs3) is passed through transparently. Thus, onlye., the same amount of traffic from node A to B and from
two electronic ADMs are needed at the node. The ADMs catode B to A, the same amount of capacity is reserved on
add or drop individual traffic streams into the correspogdirevery fiber along the ring. Therefore, no spatial capacity
wavelength. An optional Digital Cross Connect (DCC) mageuse is possible. UPSR ring consists of 2 fibers where one
be also present at the node to switch traffic from one ADMf the fibers is dedicated for protection purpose. In BLSR,
to another. traffic can be either routed in the clockwise or routed in

A major design goal of a WDM/SONET network is tothe counter-clockwise direction. BLSR consists of eitheo t
minimize the total equipment cost by intelligently arramgi or four fibers. They are commonly referred to as BLSR/2
the traffic demands onto the different SONET rings. This snd BLSR/4 respectively. UPSR is commonly used in Metro
commonly referred to as traffic grooming. Since an OADM iaccess networks, whereas BLSR is commonly used in Metro
needed at every node, the cost of OADMs is fixed. Howevdrackbone networks. In this paper, we restrict ourselves to

Fig. 1. Node architecture



UPSR only. We note that similar results can be obtained fof allowing traffic to switch across rings at some nodes. In

BLSR as well. section Ill, we present efficient heuristic algorithms tlan
The traffic grooming problem where all SONET rings arebtain comparable results in a much shorter amount of time. |

restricted to the same line speed was first considered in BHction IV, we evaluate our algorithms and approaches.,Then

[5] [3]. It was first considered in two separate steps: traffin section V, we present some numerical results. Finally, in

routing [4] and wavelength assignment [5]. In the subsetjuesection VI, we conclude the paper.

paper [3], it was shown that considering the traffic grooming

problem in one single step could lead to lower cost. Traffic NOMENCLATURE

grooming in SONET UPSR rings with one single line speed

has been considered in [6], where heuristic algorithms were®

proposed for specific traffic patterns, and in [7] [8], where

N: The number of nodes in the ring, i.e., the number of
traffic add/drop sites around the ring. Nodes are labeled

an Integer Linear Programming (ILP) formulation was given 0,1,..., N —1inthe clockwise direction.
9 9 9 9 " o W: The number of wavelengths available in the WDM
These results do not apply when a wavelength can choose from system

a set of available line speeds. Traffic grooming in BLSR or
bidirectional SONET rings with only one line speed has been®
studied in [9] [10] [11] [12] [13]. Traffic grooming in mesh

R: The number of line speeds available. For example, if
OC-3, OC-12 and OC-48 line speeds are availahle;

. o 3.
topol_ogles has beer_1 stud|ed_ n [1.4][15]' . . « K: Total number of commaodities in the aggregate formu-
Prior work on traffic grooming with multiple line speeds can lation
be found in [3] [16] [17]. Traffic grooming in UPSR rings with . w Wﬁen used as subscript, it denotes a wavelength
two line speeds was first briefly discussed in [3]. The authors 1 ' W ' '
compared network cost using a simple lower bound. The Iower. T_’ 'W'r;en.used as subscript, it denotes a line speed
bound indicates that having two line speeds available might 1' R ' '

lower network cost under certain cases. Traffic grooming in
UPSR rings with a central hub node was considered in [16]°
[17] wherg all traffic terminates at the central hub node. Th_e_ s(k): The source node of theth commaodity.
authors did not take the number of wavelengths as a confstrain ) C .
) L2 ..~ e d(k): The destination node of thith commodity.
as a result, the solution may not be feasible if only a limited S SN : X
: e f(i,7): f(i,7) is an integer that describes the total
number of wavelengths are available. No problem formutatio : , I
. : . traffic demand from nodé to nodej in terms of the
or general solution methodology has been given in [3] [16] ' . . ,
. o lowest traffic granularity. For example, if the lowest traffi
[17], and furthermore, their analyses assume specific c¢abt a oo .
. . : . granularity is OC-3, and the traffic demand between node
capacity ratios between two different line speeds. Theltresu . L N
: . ; . i and j is one OC-48 circuit, therf(i,j) = 16. We
cannot be easily generalized when the ratios are different. Con
. ) . . assumef (i, 1) is always 0.
In this paper, we study the cost benefit of using multiple line . ; . . .
: . ) . e g.. Capacity of therth line speed in multiples of the
speeds. To solve the traffic grooming problem, we investigat X . : .
. . lowest traffic granularity. If the lowest traffic granularit
both the ILP approach which can solve the problem optimally . . ; .
Sh . is OC-3, then line speed at OC-3 has capacity of 1, line
and the heuristic approach which can solve a much larger : .
. : speed at OC-12 has capacity of 4 and line speed at OC-
problem instance at the cost of less than optimal results. Ou ; L
. : : ; 48 has capacity of 16. We assume that the capacity is an
solution approaches can be applied to both the single line . ;
: . L . integer number throughout this paper.
speed and the multiple line speeds cases. Similar to pridt wo . ; .
on traffic grooming [3] [16] [17] [6] [7], we limit ourselves ¢: The cost of an ADM running at theth line speed.
€9 9 LIt S An OC-48 ADM will cost more than an OC-12 ADM,
to consider only bidirectional traffic demands. However, we L
o . . which in turn cost more than an OC-3 ADM.
make no specific assumption regarding the cost and speeg M- A large constant
ratios between different line speeds. Unlike previous wami ’ g '
[16] where no limit on the number of wavelengths is assumed, I
we take the number of wavelengths available as a constraint,
since a WDM system typically supports a fixed number of The traffic grooming problem can be formulated as an
wavelengths, such as 8, 12 or 40 wavelengths, in a sindgfeeger Linear Programming (ILP) problem and solved using
fiber. commercial ILP solvers. The ILP formulation for the single
The paper is organized as follows. In section Il, we investine speed case was first given in [7] [8]. Two variables are
gate the ILP approach which can solve the problem optimallyefined in this formulationy;,, which is 1 if an ADM needs to
We present a novel ILP formulation and two techniques thbe installed at nodeon wavelengthv, andzy,, which denotes
exploit the symmetric problem structure. The novel formurow much traffic of thekth demand is routed on wavelength
lation and the techniques greatly reduce the runtime, thus, Since our objective is to minimize the total ADM cost and
allow us to solve much larger problem instances and alleal ADMs in the single line speed case cost the same, the
us to further validate our heuristic algorithms. In additio optimization objective will thus be minimizing the sum of al
the new ILP formulation allows us to study the cost benefit,, variables.

i,j: They denote nodes on the ringsj € 1,..., N.
k: It denotes a commodity: € 1, ..., K.

. ILP APPROACH



Several constraints make sure that the solution will be The other two techniques exploit the fact that there are a
feasible. The first constraint, called the demand met caimsfr large number of equivalent solutions in the solution space
makes sure that every traffic demand is routed on at least a result of the line speed assignments and the color
one ring. The second constraint, called the capacity canstr assignments. The second technique eliminates the duphcat
makes sure that the total capacity of each ring is not vidlatén line speed assignments. The third technique elimindtes t
Lastly, an additional constraint, called the ADM consttainduplication in color assignments for wavelengths having th
relatesy;,, to xy,, variables. It forces the;,, variable to be 1 same line speeds. Both techniques allow us to search only
if an x,, variable is nonzero and nodds either the source the unique solution space, therefore cut down the solution
or the destination node of thigh traffic demand. space dramatically. The reason that there are a large nwhber

The ILP for the single line speed case can be easkguivalent solutions is because, in the demand met conftrai
extended to the multiple line speeds case [18] by creatinfithe ILP (e.g. equation (2)), we only make sure that the
R different rings for each wavelength, each running at orsam of traffic routed on all rings meets the traffic demand, but
of the R available line speeds. Since there derings for we are not specifying which set of rings the traffic should be
each wavelength, thg,, variables become;.,., and thexr;,, routed on. Therefore, given a solution to the traffic groamin
variables becomey,,,.. Then, an additional constraint is addegbroblem, we could permute the traffic assignment from one
to make sure that only one of tlierings has nonzero capacity.ring to another and obtain an equivalent solution.

We use the term “ringor” to refer to the ring running at the  These proposed techniques can be used together to obtain
rth line speed on wavelength. combined computation time reduction. With these techrgque

The ILP for the multiple line speed case [18] is shown ase are able to solve a problem instance in a much shorter
follows. We used,, , variables to denote the line speed of amount of time. If we have to terminate the computation early
wavelength. It is 1 if ringwr can carry traffic, otherwise it is for large size problems, the techniques allow us to explore a

0. N ow o larger portion of the solution space in a fixed amount of time,
. therefore, we are able to obtain better solutions.
(MILP1) mmZZ ZCTy“” @ It is worth noting that other techniques have also been
i=1 w=1r=1 . . .
. proposed to reduce the computation time. For example, in [8]
Subject to the authors attempt to reduce the computation time by exploi

ing the block diagonal structure in the constraint matrixl an
R W use column generation technique to decompose the problem
2 > twer = f(s(k), d(k)) vk @) into smaller and easier to solve sub-problems. The column

r=1w=1

S Zhwr < Owrgr Yw,r  (3) generation technique can be used to speed up the computation
k N of the relaxed Linear Programming problem at any iteration
MYiwr > Y Thwr + Y. Thwr Vi,w,r (4) of a branch and bound algorithm.
kli=s(k) kli=d(k)
R A. Aggregate problem formulation
T; Ouwr <1 Vw ®) The ILP formulation [7][8][18] can be considered as a

Ty are integers (6) variant of the multi-commodity flow problem. It needs more
5 _ computation time because each traffic demand is treated as a
wrs Yiwr € {0,1} (7) : ; :
separate commaodity. In this section, we present a much more
Equation (2) is the demand met constraint. Equation (3) ssalable formulation, called the aggregate formulatiohe T
the capacity constraint. Equation (4) is the ADM constrainaggregate formulation treats all traffic demands origimati
Equation (5) ensures that only one out of tRerings on from the same source node (or terminating at the same
wavelengthw can carry traffic. destination node) as one single commodity. In the aggregate
The simple extension unfortunately complicates the formésrmulation, the number of commaodities is always less than
lation. As a result, only very small problem instances can blee number of nodesi{ < N). Compared to the number of
solved. For example, within the same amount of computatitnaffic demands which can be as high&$N —1)/2, itis a
time, a network with 9 nodes and 10 wavelengths can lery large improvement. As a result, the aggregate forrimuiat
solved in the single line speed case. In the 3 line speeds casrild take much less computation time. Aggregate formutati
however, we are only able to solve for a network with 4 nodéms been used in network design problems [20] and in Logical
and 10 wavelengths. Topology design problems [21] where it showed promise for
In this section, we propose several techniques that canreduction in computational complexity.
used to reduce the computational complexity, and thus allowlin the ILP formulation, instead of using a single variable
a much larger problem to be solved. ZTrwr tO represent a traffic demand, we can use two variables:
Our first technique reduces computation time by usingag’,, . at the source node and,,,. at the destination node.
more efficient alternative formulation. Such a formulatitst The benefit of such a transformation is that we can now define
only cuts down solution time, but also allows us to study theeveral traffic demands as a single commodity, thus redéce th
cost benefit of allowing traffic to switch across rings. computational complexity. In this paper, we treat all teaffi



demands that originate from the same node as one single be added or dropped at nod®n ring wr. If it is 1, an

commodity. Then we only need to use ong, . variable at
the source node, but we will need a sepatgjg, . variable

ADM running at therth line speed has to be installed at
node: on wavelengtho.

at each of the destination nodes of this commodity. e Oy It is a binary variable. It is 1 if ringur can carry
Because we are using two variables for a traffic demand traffic, otherwise it is 0.

now, we need to introduce an additional flow conservation |n the following, we first present the aggregate formulation

constraint which makes sure that the same amount of traffithout traffic switching, then we show the formulation that

originating from some nodes on a ring will terminate at somgkes traffic switching into account.

other nodes on the same ring. In addition, the rest of the1) Problem formulation with no traffic switchingthe for-

constraints need to be modified to be expressed in termsp@filation with no traffic switching capability is shown below
the new variables.

With a single variable «£.,,-), each traffic demand has to
stay on the same ring on its path from its source node to
its destination node. But if we can use Digital Cross Cormecé
(DCC) to switch traffic from one ring to another at a particula
node, the total ADM cost could be reduced further. With two
variables, the aggregate formulation can take traffic $itg
into account and allow us to study the cost benefit of traffic
switching. To switch some traffi¢ of the kth commodity from
ring wr to w'r’ at nodei, we can setr,; . = f, which says
that f amount of traffic arrives at nodeon ring wr, and we iwr
can then set;, ,, = f, which says thaff amount of traffic f(s(k),i) otherwise
leaves from node on ring w’r’.

In general, the more nodes we allow switching, the higher
the potential for ADM cost savings. Fig. 2 shows an example
where allowing node 2 and 5 to switch traffic can result in
lower total ADM cost. In the figure, a pair of squares are
used to denote the source and destination node of a traffic
demand. The link between them shows the path the traffic
demand follows. The traffic demand between node 1 and 3
does not need a separate ADM at node 3 on ring 3, it can
switch to ring 2 at node 2 and then terminate at the ADM
at node 3 on that ring. Similarly, for traffic demand between
node 4 and 6, we can save one ADM by switching traffic at
node 5.

N W R

min Z Z Z CrYiwr

=1 w=1r=1

(MILP2) (8)
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The equations above are explained as follows.

(13)

—

(14)
(15)

o—0o « The minimization objective (8) is to minimize the total
00— ringl
" ADM cost.
H— fing 2 « Equation (9) is the demand met constraint. It ensures that
D,—DD the total traffic demand for each commodity is met. Note
% ring 3 that we treat all traffic demands originating from the same
H o source node as a single commodity.
nodes 12 3 45 6 « Equation (10) is the flow conservation constraint. It states

that any traffic originates on a ring has to terminate on
the same ring for any commodity.
« Equation (11) is the capacity constraint. It makes sure that
the total traffic flow on any ring is less than its capacity.
We only need to count flow that originates on the ring,
hence, we are only adding, . variables.
Equation (12) is the ADM constraint. It forceg,.
variables to be 1 if any traffic is added or dropped at
node: on ring wr.
Equation (13) ensures that only one out of tRerings

Fig. 2. Allowing two nodes to switch traffic results in lowatal ADM cost

We use the following variables in the aggregate formulation
o« a7 Itis the total amount of traffic for commodity
that leaves from nodé on ring wr. The traffic could
either originates from nodg or could be switched from e
another ring at node if traffic switching is allowed.
o T, Itis the total amount of traffic for commodity
that arrives at nodéon ringwr. The traffic could either o
terminates at nodg or could be switched to anotherring ~ 0n wavelengthu can carry traffic.
at node; if traffic switching is allowed. The solution time for a mixed integer linear program-
e Y IS a binary variable indicating whether traffic will ming problem is heavily dependent on the number of integer



variables in the formulation, because a branch and bouhdVW R number ofz; . variables and an equal number of
algorithm has to branch on each integer variable in turn g . variables.
arrive at the optimal solution. The following theorem shows

R W
that the actual number of integer variables in the formaiati Z Z(xf oz )=
is much smaller than it appears. The proof can be found in 4= ="~k
[19]. N
_ : : n _ o .
Theorem 1:If the integer constraint om,, . and z,,, ;f(l,.i) if (k) =i Wi (16)

variables (equation (14)) is removed in the MILP2 formwati J—f(s(k) i) otherwise
there is still an optimal solution where thg, —andz,, ’

variables are integers. It is also possible to allow only certain nodes to switch

The proof for the theorem is constructive. If after removingaffic by controlling what variables are used. We introduce
the integer constraint (equation (14)), the ILP solver finds bothz; andz,, . variables for any nodethat is capable
optimal solution to the MILP2 formulation that has fracdn of switching traffic, and apply equation (16) to make sure
z.. andaz,,  variables, we can easily construct anothéhat the traffic demands are met. For other nodes, we apply

kiwr

optimal solution where allzi, ~and z;,  variables are equation (9), and only introducs,,, andzy,,, variables if

kiwr

integers. they are non-zero.

Even if the integer constraint oy, . andz,, . variables  Note that, even if only one node is capable of switching
can be removed, the large number of these variables can &eaiffic, it is still different from the hub architecture assteibed
greatly slow down the computation time. It may seem thé [4][6][16][22]. In a hub architecture, all traffic has to
there areK NW R number ofz,  variables and an equaltraverse to the hub before it is forwarded to its final desitima
number ofz,, = variables. Fortunately, a large number o¥Vhereas in our formulation, we only switch traffic at the node
these variables are 0, therefore, they do not have to bededlu if it helps to reduce the network cost. Some traffic may bypass
in the formulation. Thex, = variables are non-zero onlythe hub (switching) nodes if routing it directly can reduostc
when s(k) = i, therefore, onlyK W R of these variables are 3) Aggregate commodities:The aggregate formulation
actually used in the formulation. Similarly, f(s(k), i) is zero treats multiple traffic demands as one single commodityesin
(i.e. no traffic from commodity: terminates at nodé), the our traffic model is bidirectional, it is equivalent to expsea
corresponding:,,,,. variables will be zero, therefore, they cariraffic demand from nodé to j as a traffic demand from
be left out of the formulation. As a result, there are onlpodej to i. Given the choices, we should choose how to
K'W R number ofz,, . variables used in the formulation,express the traffic demands intelligently in order to reduce
where K’ is the total number of traffic demands. the total number of commodities. Since the complexity of the

Note that this formulation solves exactly the same problefarmulation grows as the number of commodities increases,
as that of MILP1. Although this formulation has both moréeducing the number of commodities will help to keep the
variables and more constraints than MILP1, as hinted at Byoblem formulation small, allowing it to be solved quickly
earlier work in a different area [21] [20] and confirmed by ouln the following, we show how the run time can be further
experimental study, this formulation actually greatlyueelthe reduced by changing how a traffic demand is expressed.
computation time. On average, the new formulation takek hal The problem of determining how each traffic demand should
as much time. The reason that this new formulation perforri§ expressed such that the total number of commodities is
better is that it exposes the problem structure better, asudty Minimized can be easily transformed into a vertex covering
it helps the branch and bound algorithm to find the optim&roblem. The vertex covering problem is NP-complete. Al-
integer solution faster. though many heuristic algorithms exist, we propose to solve

2) Problem formulation with traffic switchingThe formu- it exactly because our problem is small enough (SONET can
lation given in the last subsection only allows traffic flow td!ave at most 16 nodes).
stay on the same ring from its source node to its destinationT e problem can be formulated as the following ILP prob-
node. If we allow traffic to be switched at any node from onlém.
ring to another, potentially large savings are possibleer&h XN
are two ways of switching traffic at a node as described in min ;:1 T (17)
[3]. One is by manually connecting one traffic port from an st Tag) + Tagy =1 Yk (18)
ADM to one traffic port on another ADM sitting on a different
wavelength. Another is to utilize DCC which can switch traffi vi €{0,1} (19)
streams through programming control. We use ther; variables to indicate whether a commodity

To allow traffic switching at every node, we only needvill be defined for nodei. If so, all traffic demands that
to replace equation (9) in the MILP2 formulation by thénave nodei as one of their end nodes should be expressed
following equation. The equation makes sure that the totas$ originating from nodé, so that they all become part of the
traffic demand for each commodity is met. Because all nodesmmodity. Each traffic demand corresponds to one constrain
can now act as switching nodes, a pairagf,  andz,, . as expressed by equation (18). The constraint makes sure tha
variables have to be introduced for each node. There aeleast one commodity is defined at either of the two end



nodes of the traffic demand. If a commodity is defined at bottumber of unique combinations after eliminating equivalen
end nodes, i.e.z,) and zy;) are both 1, then the traffic solutions is much smaller. To derive the formula for the
demand can be expressed as originating from either node. Hluenber of unique combinations, let us consider one node at
objective function (17) tries to minimize the total numbér oa time. Without loss of generality, let us assume the node is
commodities. 0. There are2"V' combinations of value assignments for the
One advantage of the ILP approach is that we can easily, variables. However, the number of unique combinations
extend the MILP formulation to accommodate a number @& small. We note that the number ¢§,, variables that are
other constraints and considerations. For example, the fassigned 1 determines whether a combination is uniqueeTher
mulation could take switching cost into consideration,etalfore, there are only¥ + 1 unique combinations. To determine
limited number of ADM equipment as a constraint or disallowhe total number of unique combinations, we can enumerate
bifurcation of traffic. The detail of these can be found in][19all possibilities recursively. LeCy w denote the number of
unigue combinations wittv nodes andl?” wavelengths, then

B. Exploit symmetry in line speed assignments Cxw can be recursively defined as follows:

The ILP formulation contains a large number of duplicate w
solutions. Consider a solution to the traffic grooming peoibl Cnw = Z CN-1w X CNe1.W—w
where theith wavelength is set to theth line speed and the w—0

Jjth wavelength is set to thejth line speed, we can construct Note thatCy w is 1 if N =0 or W = 0.

an equivalent solution by setting thith wavelength to use the  The number of all combinations is much larger than the
r;th line speed and setting thigh wavelength to use theth number of unique combinations. As an example, with 20
line speed, then moving all traffic routed on wavelengtto wavelengths, the number of all combinations is more than
wavelengthi and moving all traffic routed on wavelengttio 108 times larger than that of the unique combinations. The
wavelengthj. The solution thus constructed is clearly identicalifference grows as the number of wavelengths increasés. Th
to the original solution, however, the ILP formulation ti®a js expected because the number of duplicated solutionssgrow
them as separate solutions. exponentially as the number of wavelengths.

In [18], we gave a non-linear problem formulation. Instead We should note that a branch and bound routine will not
of assuming that there arg rings for each wavelength, we necessarily explore all combinations because it can fretyue
assume that there is only one ring. Then in the capacityune large solution space based on the current bound. -There
constraint, we change the capacity of the ring based on whiiglte, the extra time taken for a branch and bound routine to
line speed is chosen. This unfortunately makes the obgctixplore the whole solution space rather than only the unique
function non-linear. To solve it, we proposed to decomposelution space may not be proportionally longer. Still, we
the problem into many subproblems, where each subproblespect significant savings if we could limit our search only
corresponds to one possible way of line speed assignmastthe unique solution space.

Because the line speed assignment is determined already, thThe branch and bound algorithm normally branches on one
subproblems’ objective function becomes linear again. THectional integer variable at a time. This works well on man
decomposition not only allows us to solve each subproblgsroblems. However, it performs poorly on problems with a
using an ILP solver, but more importantly, it also allows usymmetric structure. This is because even though we force a
to eliminate duplicate solutions by choosing to solve ohly t variable with fractional value to be integer when we branch,
subproblems that correspond to unique line speed assigamethe same fractional value will re-appear on other variables
. . . because of the symmetry. For example, ifja variable is

C. Exploit symmetry in color assignments fractional and we force it to be either 1 or 0, then anothgr

The technique presented in the last section only eliminatesriable will become fractional because wavelengtand v’
duplicate solutions resulting from the line speed assigrime are symmetric and it is equivalent to install an ADM enor
to wavelengths. There are still a large number of duplicagmw’. To force an integer solution, ajt,, Vw variables have
solutions resulting from the equivalency in the color assigto be forced to integer values eventually through the branch
ments. In this section, we propose to exploit it through a nesnd bound algorithm. The number of branch nodes created in
multi-variable branch and bound technique. this process is large and it is proportional2’.

Consider a solution to the traffic grooming problem and any To overcome this problem, we propose a new multi-variable
two wavelengths running at the same line speedandw’, branch and bound technique which will branch on multiple
we can easily permute andw’ to obtain another equivalentvariables at a time instead of only on one single variable.
solution. Again, the ILP formulation treats them as separafor example, if ay;,, variable is fractional, we will branch
solutions. on all y;, VYw variables at the same time. Because of the

The number of duplicate solutions resulting from the equisymmetric structure, we do not have to creaté number of
alency is large. Consider thg,, variables in the ILP formu- branch nodes. Instead, we only need to cré#ite- 1 nodes,
lation for a single line speed. Eaghy, variable can take on one for each unique value assignment.
the value of either O or 1. Therefore, the total number of all When some integer variables have been fixed to some par-
combinations of value assignments28>"'. However, the ticular values at any step of the branch and bound algorithm,



the symmetric structure will change. For exampleyif, is let T(n,r) = [t(n,7)sq] denote the corresponding traffic
fixed to 1 andy;,- is fixed to O, i.e., an ADM is installed matrix that is routed on the ring. By definition, we have
at node: on wavelengthw, but not on wavelengtw’, then D(n,r) = > _,t(n,r)sq. Furthermore, because there is no
yirw andy;..,» variables are no longer equivalent to each othespatial capacity reuse in UPSR, and because a ring running
Our branch and bound algorithm keeps track of what variablas the rth line speed can support at magt traffic streams,
have been fixed in order to determine which set of variables > D(n,r). The CPD ratiop(n,r) is then defined as the

to branch on to eliminate the symmetry. ratio between the ADM cost( ADMs each costing:,.) and

The amount of extra information to keep track of is minimathe amount of routed traffic{(n, r)).

Assuming we haver number of variables, and assuming that
. . . . Cr XM

we use depth first policy in the branch and bound algorithm, p(n,r) =

then there can at most bkenumber of branch and bound nodes D(n,r)

at any time. For each branch and bound node, we only need’he CPD ratio is essentially the minimum average cost to

to keepO (W) amount of information on variable equivalencyroute some traffic streams on a ring running at tite line

Therefore, we nee®(v1¥) amount of extra storage, which isspeed using: nodes. Naturally, the lower the ratio, the lower

quite a small amount of overhead. the cost to routeD(n,r) traffic streams. Note that the CPD

Because of the length limitation, we refer interested remdeatio is defined for a specific traffic matriX. If the traffic
to a technical report [19] for the full details of this techne. matrix is different, the corresponding CPD ratios will bé al
different.

In general, there could be many traffic matri@gs:, ) such

The ILP formulation can be solved exactly to get the optimaéthat D(n,r) = Y _,t(n,7)sq. Any of these traffic matrices
solution. Although we can now solve a reasonable size pratBsuld be routed on the ring to achieve the same CPD ratio. In
lem optimally with our techniques, it is still time consurgin our heuristic algorithms, we arbitrarily pick one of theffia
to solve large size problems. For these large problems, wrtrices.
propose efficient heuristic algorithms. Our improvemenis o We say a CPD ratigp(n,r) dominatesanother CPD ratio
the ILP approach allow us to extensively validate our pregdosp(n’,r’) if p(n,r) < p(n’/,7’) and D(n,r) > D(n/,r’). If
heuristic algorithms, and show that the heuristic algomgh no other CPD ratios dominatg(n,r), we sayp(n,r) is a
can give near optimal results within a much shorter amouagdminantCPD ratio, and we say(n,r) is a non-dominant
of time. CPD ratio if otherwise.

We note that our algorithms are the first heuristic algorgthm Our heuristic algorithms are greedy in nature. Therefore,
to handle arbitrary traffic demand matrices, even in the cagre is no reason we should use a non-dominant CPD ratio to
where only one line speed is available. route traffic demands. For a non-dominant CPD rafio, ),

Our heuristic algorithms route traffic onto one ring at ave can always find another lower CPD ratign’,r’) <
time. When routing traffic onto a ring, we try to minimizep(n,r) such that it can accommodate more traffic streams on
the average cost per unit of routed traffic. Once some trafflve same ring, i.eD(n’,r’) > D(n,r). When we route traffic
has been routed on one ring, we proceed to the next ringdemands onto a ring, we first evaluate the CPD ratiq r) for
route the remaining traffic. Our algorithms are greedy iuret all possiblen and all possible,, and remove all non-dominant
since we route traffic onto a ring based on the best avera@eD ratios. We then sort the remaining dominant CPD ratios
cost on that ring. We note that such a local optimal decisidom increasing order, and number them based on their order as
may not necessarily lead to the global optimal. follows:

In the following, we first describe the CPD ratio which is
the essential criteria we use to determine which traffic taeo p(n1,r1) < p(ng,re) < p(ng, r3) < ...
onto each ring. Then we will describe the heuristic algonsh

IIl. HEURISTIC ALGORITHMS

Because we have removed all non-dominant CPD ratios,
A. The CPD ratio the corresponding amount of routed traffic should be in sorte

Our heuristic algorithms are based on the idea of reduc:i%der as well, i.e.,

the Cost Per unit DemandCPD) ratio. The CPD ratio has D(n1,r1) < D(na,rs) < D(ng,r3) < ..
been used in [6][11] to derive a lower bound and in [23] to T T T
derive optimal solutions for uniform all-to-all traffic demds. It is desirable to use(n,r1) when routing traffic demands

However, our algorithms are the first to use the CPD ratio tmto each ring because it has the lowest average cost. Unfor-

guide the search for a solution. We first define the CPD rationately, this may not be possible because we only have a

in the following. limited number of wavelengths available. Thus we need the
Given a traffic matrix7', we want to route some traffic higher CPD ratios(n;, r;) wherei > 1 to pack more traffic

demands on a ring running at theh line speed. For an onto a ring so that we can route all traffic demands onithe

arbitrary integern (n < N), let D(n,r) denote the maxi- wavelengths.

mum amount of traffic among any nodes inT" that could p(n,r) can be easily computed by examining a(li’)

be routed on the ring running at theh line speed, and combinations. To compute all CPD ratios at a particular line



N . . . . . .
speed, we have to examing (Jr\lf) < 92N combinations. This the ith ring. This process continues until all traffic demands
. n=2 ) are routed, or no more rings are left.

may appear to k,’e time consuming at first glance. Fortunatelyy, yhe thjrg step, we first determine if a feasible solution
in SONET alrghltectqrej\_f is limited to at most 16, and ex- a5 peen found. If all traffic demands have been routed, we
amining all2’> combinations only takes a very small amounfe, i Otherwise if there is still traffic to route, but theare
of time. no more rings left, we will pick a ring and increase; by 1

o ) so that we can route more traffic on that ring. Because more
B. The HCPDF heuristic algorithm traffic is routed on ringi, there is a chance that we might

In general, we want to use the lowest dominant CPD ratit€ able to route the remaining traffic using lower CPD ratios.
as much as possible, and only use the higher dominant rafidierefore, we reset afl; = 1,Vj > . _ _
as necessary to pack more traffic onto a ring so that we car¥Ve pick ap; to increase by 1 such that the relationship of
fit all traffic demands into thé/ wavelengths. When we arep1 > p2 > ps ... is always maintained. We do so by choosing
forced to use a higher dominant CPD ratio, it is beneficidite largest such thap; , > p;. If all p; are equal, we choose
to use it early on, i.e., use the higher CPD ratio first on ririge first pointerp; to increase by 1. The reason we maintain
1, then on ring 2, and so on. This is because when we dRés relationship is because if we need to use a higher CPD
routing traffic on the first few rings, there is more unroutegatio to route more traffic streams, we should do so as early
traffic, so that there are more chances for a more optimiza8 possible when there are more unrouted traffic, so tha ther
solution. Our first heuristic tries to use the higher CPDosati are more chances for a more optimized solution.
early, therefore, we call it the High CPD ratio First (HCPDF) Note that if a pointep; is changed in step 3.2, then the CPD
algorithm. ratios have to be recalculated in step 2.2 in the next itamati
We maintain a set of pointeys;, one for each ring. They for any wavelengtly such thatj > i. This is because when a
are used to remember which CPD ratios should be used @fferent CPD ratio is used on wavelengtha different set of
a particular ring, i.e., on théh ring, thep;th dominant ratio traffic is routed on wavelength Since the remaining traffic
should be used. for the rest of the wavelengths will be different, the CPDast
The HCPDF heuristic is shown in the following algorithmWill be different. o _
. S We also propose another heuristic algorithm, called the
Al gorithm HCPDF_heuri stic ! . . i
) All CPD ratio (ACPD) algorithm, which more exhaustively
Input: 7, N and W . . .
i . . search for the right CPD ratio to use at each ring. The ACPD
Qut put: Cost of routing traffic demands . . .
T using W wavel engt hs algorithm gives sllghtly better reSL_JIts than HCPDF, buts_use
S more computation time. The details of the ACPD algorithm
1 Initialize can be found in [19].
11 Set p,=1,Vi

2 Route traffic demands based on the IV. ALGORITHMS AND TECHNIQUES EVALUATION
current p;. To evaluate our proposed formulation and techniques, we

2.1 For each ring i from1l to W, repeat consider three SONET networks supporting OC-3 traffic
step 2.2 streams. All traffic demands are expressed as multiples ef OC

22 Find the pith dominant CPD ratio, then 3 cjrcuits. The first network has only one line speed, e.g.,
route T'(ny,,rp,) On the ith ring. Set OC-48. This is the network considered in [4] [6]. The second
T'=T-T(ny,,rp,), then repeat step 2.2 network has two line speeds available, e.g., OC-12 and OC-
for other rings. 48. This is the network considered in [3] [17]. Lastly, wecals

3 Check if feasible consider a network with three line speeds, i.e., OC-3, OC-12

311f all traffic demands are routed in and OC-48. Even though we use OC-3, OC-12 and OC-48 in
step 2, a solution has been found, our examples, the same principle applies to higher linedpee
return such as OC-192 and OC-768.

32 Gtherwise, find the largest i such We consider several traffic patterns for evaluation, inicigd

and increnent p;. If all
i ncrenent p;. Then for
Return to step

that p;i_1 > ps,
p; are equal,
all j>i, reset p;=1
2.

the uniform traffic pattern with 1 OC-3 demand between every
node pair, the central traffic pattern with 1 OC-3 demand
between every node and a central hub node and the random
traffic pattern where the demands are randomly generated.

Initially, all p; are 1, meaning that we will use the best We use the same cost ratio assumption as in [3], i.e., OC-

CPD ratio for each ring. In the second step, we route all trafi#8 ADMs are 2.5 times more costly than OC-12 ADMs, and
demands based on the set of pointersWe first compute all OC-12 ADMs are 2.5 time more costly than OC-3 ADMs. The
dominant CPD ratios for the first ring, then we chooseitith  capacity ratio is 4, i.e., OC-48 has 4 times the capacity of OC
CPD ratio. In other words, we rouf(n,, ,r,, ) traffic on the 12 and OC-12 has 4 times the capacity of OC-3. We normalize
first ring. We repeat the process for other rings as well, i.ehe cost of an OC-3 ADM to be 1. Therefore, an OC-12 ADM
we use thep;th dominant CPD ratio when routing traffic onwill cost 2.5 and an OC-48 ADM will cost 6.25. Even though



, L . TABLE |
we use these set of fixed ratios in our experiments, we note th@HE 17E OF THE NETWORK THAT CAN BE SOLVED UNIFORM TRAFFIC

our formulations and heuristic algorithms are general ghou
to handle any cost and capacity ratio.

We implemented an ILP solver that incorporates the tech-
nigues we proposed, and we also implemented the heuristic
algorithms. We run all experiments on a Sun Blade 2000 work- Solved exactly ’ 4 9
station with UltraSPARC IlI+ 900Mhz CPUs. All computation Eﬁ:rzlirlllagi)c:imalearly 13 8 14
time shown is in seconds in CPU time on the Sun workstations.

We impose an upper limit on the computation time for the ILP
solver to be 10000 seconds. If the ILP solver takes more than
the time allowed, we terminate the computation and recced th jnder the column “1 LS”, we show what problems can

best solution it is able to find up to that point. _ be solved using the ILP formulation in [7][8] for the single
We only include limited set of computation comparisons. Ay, speed case. Under the column “3 LS”, we show what
full set of comparisons are available in [19]. problems can be solved with 3 line speeds using the simple

A. Computational feasibility of the ILP approach extended ILP_formuIation in [18_]. Since using multiple line
With our proposed techniques, we are able to solve a la eeds complicates the formulation, we can only solve a much
maller problem. For problems that can be solved exactly, we

set of problem instances optimally. For larger size prolsle | e it f twork with 4 nodes instead of 7 nod
we can terminate the ILP solver early and use the best solutigf" 0N’y Solve It for a network wi nodes instead ot 7 nodes.

it can find up to that point. We find that the ILP solver Catllzqr problems \_Nhere we terminate the computation early .bUt
typically get optimal or near optimal solution very early, Onstlll get the optimal solutions, we can solve for a networkhwi

but spends a lot of time searching the whole solution space ly 8 nodes instead of 13. Under thg column "3 I.‘S new,
better solutions. In Fig. 3, we show the computation prosgre@’e show the result of the new formulation and techniques. We
of the ILP solver for a 5 r;ode 2 line speeds (OC-12 and o@ow can solve for a network with 9 nodes exactly, and obtain
48) network with 10 wavelengths supporting uniform traﬁi@pt'mal results for a network with 14 nodes if we terminate

demands. The top line shows the best integer solution it th§‘ computation early.

found so far, and the bottom line shows the best bound it had™0r central traffic pattern, a network with 10 wavelengths,
found through linear relaxation. These are shown agairest th lin® speeds and up to 16 nodes can be solved exactly within

number of branch and bound nodes that have been explofé@ Seconds of computation time. It is worth noting that
(x axis). The solver finds an initial solution with cost of 33the central traffic pattern is exactly the traffic pattern fie t

and quickly improves it to the optimal solution of 25. Thisingle hub architecture as considered in [4] [6] [16] [1T]is]
all happens within the first 100 branch and bound nodes, sdg§fmarkable that we can solve these problems exactly within
is hard to see in the figure. Even though the optimal soluti§fW hundred seconds.

has been found very early on, the solver still takes a lot of More detailed comparison of the aggregate formulation and
time to improve the bound to confirm the optimality of théhe proposed techniques, including their individual cibotr
current solution. We believe this is a very common behavitin to the run time reduction, can be found in [19].

for the traffic grooming problem. Therefore, by terminating
the computation early, we are able to solve a even larger get
of problem instances optimally using the ILP approach. '

W=10.

1LS 3LS 3LSnew

Heuristic algorithms evaluation

To evaluate the heuristic algorithms, we consider the rando

22 ) best integer solution traffic pattern. In our experiments, we randomly generag on
. 25 ¥ traffic matrix for a network withn nodes. The traffic matrix
g 20 K//K_"'_’—A hasmax{n(n — 1)/8,n — 1} traffic demands and the size of
Z 151 LP bound each traffic demand is randomly chosen between 1 and 2 OC-
< 10 1 3 circuits. Random traffic pattern is a good approximation of
5 real life traffic pattern.
0 ‘ ‘ ‘ ‘ The results from the ILP solver and the heuristic algorithms
100 10100 20100 30100 40100 assuming 10 wavelengths and 3 line speeds are shown in
num of BB nodes Table Il. We put an asterisk next to the ILP results when
Fig. 3. Computation progress of the ILP solver. Uniform fteafW=10, 5 t_he ILP solver finishes the computation befpre the allowed
nodes, 2 line speeds. time, so those results are known to be optimal. As shown,

the HCPDF algorithm can produce solutions that are very
To see what problems can be solved optimally using the Ildfose to those from the ILP solver. In one case=£ 15),
approach, we consider uniform traffic pattern and a netwotlke HCPDF algorithm even produced better result. Also, the
with 10 wavelengths. Table | lists the size of the network iICPDF algorithm takes much less computation time. Even for
terms of the number of nodes that can be solved. the largest problemn(= 16), it takes only 10 seconds.
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HEURISTIC ALGORITHM EVALUATION. RANDOM TRAFFIC, W=10, 3LINE 350 1 mno switching
SPEEDS .. 300 1 W1 node switching

@ 250 4{ B2 nodes switching

S 500 | Oall nodes switching

p=
# of ILP HCPDF 0 150

- <
nodes | cost cost time 100 - "i]] ’I’H m‘
50 -

4 7'5* 8 0.04 0 m]\m]\[l]]\[i]]\l-']]\ T T T T T T T
> 15 16014 4 5 6 7 8 9 10 11 12 13 14 15 16
6 16.5° 18 021 num of nodes
7 18.5¢ 20 03
8 19.5¢ 20 0.37 Fig. 4. Cost benefit of traffic switching. Uniform traffic, oriee speed,
9 235" 235 0.78 W=10
10 34 34 1.68
11 36.5 37 231 . .
1 51 51 316 Therefore, one is forced to use the more expensive ADMs
3 e sg & 3'99 even if the traffic to support is small. If lower and less cpstl
14 77'5 83 2'5 8'68 line speed is available, we can use that instead to lower the
15 os | 8575 943 overall cost. For example, if the only line speed availasle i
16 975 | 10325 107 0OC-48 and the traffic demand between two nodes is only one

OC-3 circuit, then we can use OC-3 ADMs to lower the cost
and still support the same traffic.
The second case happens when no higher line speed is
V. NUMERICAL RESULTS available. Therefore, one can not achieve enough aggoegati
In this section, we use the ILP formulation and the heuristfe realize the economy of scale. For example, if the only line
algorithm to study the cost benefit of traffic switching and thspeed available is OC-12 and the traffic demand between two

cost benefit of using mu|t|p|e line Speeds_ nodes is one OC-48 worth of trafﬁc, then we have to used 8
. o OC-12 ADMs. But, if OC-48 line speed is also available, we
A. Traffic switching can use only 2 OC-48 ADMs instead. In general, 2 OC-48

Traffic switching can lower the network cost as shown iADMs will cost less than 8 OC-12 ADMs.
Fig. 2. The aggregate formulation allows traffic to switch We now try to characterize the conditions under which
across different rings at a selected subset of nodes. Thugiltiple line speeds can lower cost. To make the experiments
using our novel formulation, we are able to study the costatistically significant, we run each data point 10 timed an
benefit of traffic switching. We consider a network with onlyhen take the average, i.e., for each data point used in this
one line speed (OC-48) and 10 wavelengths available. T#ection, we randomly generated 10 different instancestzer t
cost savings for uniform traffic when one node is allowed t®ok the average of their cost. We used the HCPDF algorithm
switch traffic, when two nodes are allowed to switch traffitor all experiments because it can produce very good results
and when all nodes are allowed to switch traffic are showssing very little computation time. For these experiments,
in Fig. 4. For comparison, we also show the case when weg specified a largél” in order to guarantee that a feasible
traffic switching is allowed. The results are obtained usheg solution can be found. This will also result in the lowesttcos
ILP solver. As shown, the cost savings when one node cp@ssible with multiple line speeds, because, otherwisenasg
switch traffic are up to 33%. Having more nodes switchinge forced to pack traffic using higher cost ADMs.
only reduces the cost further marginally. It suggests thst j We first consider a 16 nodes network. The traffic demands
setting up switching at one node may be good enough. Thite randomly generated, where 1/3 of them require one OC-
observation is consistent with that in [22], where they fdun3 circuit, 1/3 of them require one OC-12 circuit and the
that the number of switching nodes should be approximatelgmaining 1/3 require one OC-48 circuit. In Fig. 5, we pla th
the same as the number of wavelengths of traffic generatedd®gt savings of using 3 line speeds (OC-3, OC-12 and OC-48)
each node. versus using a fixed line speed (OC-3 or OC-12 or OC-48). If

For random traffic patterns, we see similar cost saving®ly OC-3 line speed is available, the network cost is veghhi
However, for central traffic pattern, we are not able to sd¥cause many ADMs are needed to support one OC-48 traffic.
any cost savings when we introduce switching nodes. Thislf®nly OC-12 line speed is available, the network cost isdow
because traffic switching only helps to reduce cost when Bacause come traffic aggregation can be achieved. If only OC-
ADM has to be installed at the switching node for other traffié8 line speed is available, the network cost is high when the
demands anyway. This is not true for central traffic patternnumber of traffic demands is small because an OC-48 ADM
may have to be installed to accommodate an OC-3 traffic.
When the number of traffic demands increases, the network

Multiple line speeds can lower cost in two different casesost decreases because it becomes possible to aggregate mor
The first case happens when no lower line speed is availallEC-3 and OC-12 traffic.

B. Multiple line speeds



As shown in the figure, no matter which single line speespeeds use fewer wavelengths than OC-12. This shows that the
one chooses, the network cost will always be significanttost savings are a result of the second case, where intragluci
higher compared to the case where multiple line speeds &igher line speed (OC-48) can lower cost.

used.
80

» 60.00% 70 | —3line speeds
2 - 6o | ——0C-48
2 50.00% | e 0C12
2 40.00% %0
£ 40.00%
b = 40
5 30.00% |- 30
[2)
2 20.00% | ——0C-48 20
§ ——0C-12 10
0, |
g 10.00% —= 0C-3 0
°  0.00% ; ; : : : : ‘ 1 6 11 16 21 26 31
2 10 18 26 34 42 50 58 max demand size, S

num of traffic demands
Fig. 7. Number of wavelengths used. 16 nodes, 16 demands,dsamand
Fig. 5. Cost savings. 16 nodes, 1/3 demands of size OC-3,2040%d OC-48 ranges from 1 taS

We next consider a 16 nodes network with 16 randomly Multiple line speeds can also increase capacity utilizatio
generated traffic demands. The size of each traffic demahae capacity utilization is defined as the ratio between the
is randomly generated between 1 and a fixed number total amount of traffic routed and the sum of capacity of each
therefore, the average size of a demandSjQ. The cost wavelength. As shown in Fig. 8, multiple line speeds has much
savings of using 3 line speeds as compared to using 1 sinBigh utilization ratio than OC-48 because aggregation is no
line speed are shown in Fig. 6. Whéhis small, OC-3 costs always possible. Although multiple line speeds has shghtl
the least; and whes is big, OC-48 costs the least. Whéh worst utilization ratio than OC-12 whef is large, we note
is in between, using only OC-12 line speed gives the lowettat OC-12 costs significant more in the same region (Fig. 6).

network cost. Again, no matter which fixed line speed is 100,005

chosen, there is a large region $fwhere roughly 20% cost 90.00% L.
savings can be achieved by using 3 line speeds. If the fixed § so.o0% T ¥
line speed is not chosen intelligently, much higher cosirems/ B 28883’ I
. . . . = . o
could be achieved by using multiple line speeds. S 50.00% | ‘
2 40.00% | —— 3 line speeds
o ——0C-48
£ 80.00% S 30.00% 0012
8 70.00% —-0C-48 § 20.00% | —0C-
@ 000% | —-0C-12 10.00%
g —~0C-3 0.00%
o 50.00% - 1 6 11 16 21 26 31
S 40.00% | max demand size, S
§ 30.00%
3 20.00% Fig. 8. Utilization ratio. 16 nodes, 16 demands, each dentandes from
2 10.00% |- 1toS
8 0.00%
1 6 11 16 21 26 31 The results we have shown (Fig. 5-8) assume that a large
max demand size, S number of wavelengths are available. When the number of
) , wavelengths available is small, we are forced to use the more
Fig. 6. Cost savings. 16 nodes, 16 demands, each demand rfrogel to . . .
g costly ADMs at a higher line speed to route all traffic demands

Therefore, the resulting network cost will be higher. Wedgtu
We also show the number of wavelengths used in Fig. the cost savings as a function of the number of wavelengths fo
As expected, OC-48 uses the least number of wavelengths andl nodes network with 8 randomly generated traffic demands
OC-12 tends to use many more wavelengths especially whemanging from 1 to 4 OC-3 circuits. The result obtained from th
is large. In comparison, multiple line speeds only usesiilg ILP solver is shown in Fig. 9. The total ADM cost decreases
more wavelengths than OC-48. Since many wavelengths &t more wavelengths become available. However, no further
least 40) are available in a typical DWDM system, this seems®st savings could be achieved beyond a certain point. For 2
to be a small price to pay for the large reduction in the neftwoline speeds, there are no cost savings beyond 5 wavelengths,
cost. and for 3 line speeds, there are no cost savings beyond 8
When S is small  10), multiple line speeds use morewavelengths. We also note that most of the cost savings could
wavelengths than OC-12. This shows that the cost savings beeachieved using only 2 line speeds. Adding the third line
a result of the first case, where introducing lower line speapeed only reduces the cost further marginally.
(OC-3) can lower cost. WheA is large ¢ 10), multiple line So far we have assumed that the cost ratio is exactly 2.5.
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O that most of the cost savings could be achieved by allowing
* '\ only one node to switch traffic.
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