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Traffic Grooming in WDM SONET Rings with
Multiple Line Speeds

Huan Liu and Fouad A. Tobagi

Abstract—We consider the traffic grooming problem in i OADM i
WDM/SONET rings with multiple line speeds. This is motivated - -
by the fact that when traffic demands are non-uniform and are

spread over a relatively wide range, a ring using multiple line . 4 I

speeds would lead to a lower cost, owing to the economy of

scale seen in devices, in particular, electronic ADMs, running ADM || ADM
at higher speeds. We give novel Integer Linear Programming ’muﬁ uﬁ M“
(ILP) formulations for the problem. We also propose techniques ! DCC (optional)
that exploit the problem structure and, thereby, reduce the

computation time. As a result, many problem instances can be X

solved exactly. For large size problems, we propose an efficient
heuristic algorithm that achieves a similar cost using a fraction of
the computation time. We show that, by allowing WDM/SONET
rings to run at different line speeds, we can greatly reduce the
ADM cost. We also study the cost benefits of traffic switching,
compare UPSR and BLSR, and study the trade-offs of shortest access networks, whereas BLSR is commonly used in Metro

Fig. 1. Node architecture.

path routing in BLSR. backbone networks.
Index  Terms—Simulations,  mathematical  program- A traffic demand can be routed on any one of the wave-
ming/optimization. lengths. If the traffic demand is routed on one wavelength,

then an ADM has to be installed on that wavelength at both
the source and destination nodes. Fig. 1 shows an example
of the node architecture. In the example, a fiber with three
DM/SONET architecture is gaining popularity becausgavelengths is connected to the node through an OADM.
it provides an easy upgrade path, avoiding the neggavelengthw, andw; are dropped at the node, and the other
to lay out additional fibers to meet the traffic growth. Inavelength ;) is passed through transparently. Thus, only
WDM/SONET, many rings run in parallel and each ring rungvo electronic ADMs are needed at the node. The ADMs can
on a separate wavelength. Each node needs one Optical Agldld or drop individual traffic streams into the corresponding
Drop Multiplexer (OADM), which allows the node to add/dropyavelength. An optional Digital Cross Connect (DCC) may
a selected subset of the wavelengths into and out of the fibgs. also present at the node to switch traffic from one ADM
Each node may also need up¥ié electronic ADMs, one for to another.
each wavelength on which the node originates or terminatesa major design goal of a WDM/SONET network is to
some traffic demands. minimize the total equipment cost by intelligently arranging
There are two types of SONET rings: Unidirectional Patthe traffic demands onto the different SONET rings. This is
Switched Rings (UPSR) and Bidirectional Line Switchedommonly referred to as traffic grooming. Since an OADM is
Rings (BLSR)[4]. In UPSR, traffic is always routed in ong\eeded at every node, the cost of OADMs is fixed. However,
direction (e.g., clockwise). To route a symmetric traffic strearthe cost of electronic ADMs varies depending on how traffic
i.e., the same amount of traffic from node A to B and fromy groomed. A naive solution is to install an ADM on every
node B to A, the same amount of capacity is reserved Qvelength at each node. Unfortunately, such a solution is
every fiber along the ring. Therefore, no spatial capacifery costly. An example is given in [5] which shows that
reuse is possible. UPSR ring consists of 2 fibers where ogignificant cost savings could be achieved by intelligently
of the fibers is dedicated for protection purpose. In BLSRyranging traffic demands onto different rings. The potential
traffic can be either routed in the clockwise or routed iBavings can be significant and grow with both the network size
the counter-clockwise direction. BLSR consists of either twgnd internodal demand [6]. Although only very simple traffic
or four fibers. They are commonly referred to as BLSR/demand matrices are considered in [6], we would expect the
and BLSR/4 respectively. UPSR is commonly used in Metigavings to be significant for other traffic patterns too.
. . _ In addition to determining the routing, it is also important
Manuscript rgcelved D_ecember 18, 2005_; revised December 20, 20(&)6.d rmine what lin d h wavelenath should b
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with low line speed to reduce ADM cost. network cost using a simple lower bound. The lower bound
Despite of the recent progress, designing a low cosidicates that having two line speeds available might lower
WDM/SONET network that supports multiple line speedsetwork cost under certain cases. Traffic grooming in UPSR
remains a difficult task. When the network operators desigimgs with a central hub node was considered in [15] [16]
the network, they would have to guess what line speed thesgkere all traffic terminates at the central hub node. The authors
rings have to be set to. Choosing the wrong line speed could not take the number of wavelengths as a constraint, as
greatly increase the cost. Even if they can choose the liaeresult, the solution may not be feasible if only a limited
speed correctly, the cost still could be much higher than rilumber of wavelengths are available. No problem formulation
a mixture of line speeds can be chosen, especially whengeneral solution methodology has been given in [4] [15]
the traffic demands are heterogeneous. One can attempfls], and furthermore, their analysis assume specific cost and
guess what line speed each ring should be set to. But, wapacity ratios between two different line speeds. The result
only it is impossible to enumerate all possible line speedsnnot be easily generalized when the ratios are different.
assignments, but there is also no methodology available to
design the network with mixed line speeds, even if the lir®. Assumptions

speeds assignments have been done correctly. Similar to prior work on traffic grooming [4] [15] [16]

_In this paper, for the first time, we propose a comprehefy) 110 we limit ourselves to consider only bidirectional
sive methodology to solve the traffic grooming problem i atic demands. However, we make no specific assumption
WDM/SONET rings with multiple line speeds. Our solutioneqarqing the cost and speed ratios between different line
approach includes both Integer Linear Programming (“-%}Jeeds. Unlike previous work [16] [15] where no limit on
formulations, which can be used to solve small size problem}s, number of wavelengths is assumed, we take the number
exactly, and an efficient heuristic algorithm that can solvg wavelengths available as a constraint, since a WDM system

large size problems quickly. Our solution approach makgs,icajly supports a fixed number of wavelengths, such as 8,
no specific assumption regarding the cost and speed rates,, 4o wavelengths, in a single fiber.
between different line speeds, therefore, it can be applied '

directly to real network designs. C. Organization of this paper

The paper is organized as follows. In section I, we present
A. Prior work novel ILP formulations which can be used to solve the traffic
The traffic grooming problem where all SONET rings ar@rooming problem exactly. The formulations can not only
restricted to the same line speed was first considered in [BHuce the computation time, but also allow us to study the
[8] [4]. It was first considered in two separate steps: traffieost benefits of allowing traffic to switch across rings at
routing [7] and wavelength assignment [8]. In the subsequeiftme nodes. In section I, we propose several techniques that
paper [4], it was shown that considering the traffic groomingan reduce the computational complexity. These techniques,
problem in one single step could lead to lower cost. TraffRlong with our novel ILP formulations, allow us to solve
grooming in SONET UPSR rings with one single line speeduch larger problem instances and allow us to further validate
has been considered in [9], where heuristic algorithms we@gr heuristic algorithms. In section IV, we present efficient
proposed for specific traffic patterns, and in [10] [11], wher@euristic algorithms that can obtain comparable results in a
an Integer Linear Programming (ILP) formulation was givernuch shorter amount of time. In section V, we evaluate our
Traffic grooming in SONET BLSR rings with only onealgorithms and approaches. Then, in section VI, we present
line speed has also been studied. An ILP problem formulati§@me numerical results. Finally, in section VII, we conclude
has been given in [12] which imposes the timeslot continuifj}€ paper.
constraint (A circuit has to occupy the same time slot from
its source to its destination). A multi-hop formulation where NOMENCLATURE
only one node can switch traffic was given in [12], where it « N: The number of nodes in the ring, i.e., the number of
was assumed that the hub node can have as many ADMs as traffic add/drop sites around the ring. Nodes are labeled
the number of wavelengths. Another ILP formulation has been 0,1,..., N — 1 in the clockwise direction.
given in [13] where the time slot continuity constraint is re- « TW: The number of wavelengths available in the WDM
laxed. Several heuristic algorithms have been proposed before system.
too. In [14], a circle construction algorithm was proposed. « R: The number of line speeds available. For example,
It is a two step approach; the first step is to build circles, if OC-3, OC-12 and OC-48 line speeds are available,
then the second step is to group circles. This approach is only R = 3.
applicable when the timeslot continuity constraint can not bee. w: When used as a subscript, it denotes a wavelength.

relaxed. Another simulated annealing based heuristic was also we1,...,W.

proposed in [12]. « r: When used as a subscript, it denotes a line speed.
These results unfortunately do not apply when a wavelength r € 1,..., R.

can choose from a set of available line speeds. Prior work one i,j,s,d: They denote nodes on the rings.j,s,d €

traffic grooming with multiple line speeds can be found in 1,...,N.

[4] [15] [16]. Traffic grooming in UPSR rings with two line « f;;: f;; is an integer that describes the total traffic demand
speeds was first briefly discussed in [4]. The authors compared from nodei to nodej in terms of the lowest traffic
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granularity. For example, if the lowest traffic granularityproblem is to minimize the cost of ADMs. It can be expressed
is OC-3, and the traffic demand between nadand; as
is one OC-48 circuit, therf;; = 16. We assumef;; is min> > "> epyi(w,r) (1)
always 0. PR

« g-: Capacity of therth line speed in multiples of the 0 st constraint—the demand met constraint—makes

lowest traffic granularity. If the lowest traffic granularitySure that the total traffic demand is routed on some rings.
is OC-3, then line speed at OC-3 has capacity of 1, line

speed at OC-12 has capacity of 4 and line speed at OC- DSOS atw,r) = fua Vsd )
48 has capacity of 16. We assume that the capacity is an roow
integer number throughout this paper. The second constraint—the capacity constraint—makes sure

« ¢ The cost of an ADM running at theth line speed. hat the total capacity of each ring is not violated.
An OC-48 ADM will cost more than an OC-12 ADM,

which in turn cost more than an OC-3 ADM. Z:L’Sd(wﬂ") < urgr Yw,r 3)
o M: A large constant. sd

The third constraint—called the ADM constraint—relates
yi(w,r) to z%%(w,r) variables. It forces the;(w, r) variable
to be 1 if anz*?(w, r) variable is nonzero and either= i or
The traffic grooming problem can be formulated as af= ;.
Integer Linear Programming (ILP) problem and solved using , . )
commercial ILP solvers. The ILP formulation for UPSR for Mui(w,7) > Zmld(“’”’) T chm(w’r) Vi,w,r  (4)
the single line speed case was first given in [10] [11]. The d s
formulation can be easily extended to the multiple line speedsLastly, a wavelength constraint makes sure that only one
case by creatingr different rings for each wavelength, eactout of the R rings on wavelengthv can carry traffic.
running at one of theR available line speeds. An additional

II. ILP FORMULATIONS

constraint makes sure that only one of them is chosen. We use Z Owr <1V (®)
the term “ringwr” to refer to the ring running at theth line "
speed on wavelengtin. The ILP formulation above is an easy extension of the

One advantage of the ILP approach is that we can easi@ymulation given in [10] [11] for the single line speed case.
extend the formulations to accommodate a number of othBis formulation has two shortcomings. First of all, a traffic
constraints and considerations. For example, the formulatid@mand has to stay on the same ring from its source to its
could take switching cost into consideration, take limited nunglestination. If we allow traffic to be switched at any node
ber of ADM equipment as a constraint or disallow bifurcatioffom one ring to another, potentially large savings are possible.
of traffic. The detail of these can be found in [17]. There are two ways of switching traffic at a node as described

We use the following notations to describe the formulatiof? [4]. One is by manually connecting one traffic port from an
ADM to one traffic port on another ADM sitting on a different

i sd s
¢ V\!e use x variables (e.g. 2*(w,r), I”(l.”’r)’ wavelength. Another is to utilize DCC which can switch traffic
xi; 1(w,r) ) to denote the amount of traffic. The .
byt treams through programming control.

superscript refers to one or more traffic demands, whiélh N .
P b The second shortcoming is that the formulation treats each

we refer to as a commodity. We usé to denote the traffic demand as a separate commodity, therefore, there are a
traffic demand between nodesand d and s to denote pare Y, Ihe '

! . large number of commodities. Each commodity corresponds to
all traffic demands from node. The subscript denotesa aparate flo b-broblem that must satisfies the demand met
on which link or node the commodity is routed through'osnsltiraint (e Vl\JIaS;liJor;pZ) and these éjusbS rtlj)llersns are connectec
The parametefw, r) specifies on which wavelength an(ﬁ the ca ac?t constra’\int (equation 3) pIf we coafghregate
line speed this traffic is carried on. In general, the y pacity q ' coagyreg

. . many traffic demands, such as all those originating from a
variables are all integers. ingle node, as one single commodity, the number of com-
« We usey variables to denote where ADMs have to b?no?jities cofjld be reatlg reduced (frz’m(NQ) o O(N))
installed.y;(w, r) = 1 if an ADM is needed at nodgon As a result, the ngmbe)r/ of flow sub-problems is red.uced
avelength ith line speedr. ariables are binar ' . . i
way gthw with A P y van inary and the computation time could be much shorter. Aggregate

variables, i.e., they can only be either 0 or 1. . ) .
. We used,, variables to denote the line speed of gormulatlon has been used in network design problems [18]

wavelength. It is 1 if ringwr can carry traffic, otherwise and in Loglc_al Topology _des_lgn problems [19] Wher? It
L . . showed promise for reduction in computational complexity.
it is 0. ., are binary variables.

B. Aggregate ILP formulation with traffic switching for UPSR

A. Disaggregate ILP formulation for UPSR In this section, we introduce a novel formulation—the

We first present the formulation that extends the formulatiaaggregate formulation—which allows all traffic demands orig-
in [10][11] to the multiple line speed case. We call it theénating from a node (or all traffic demands terminating at a
disaggregate formulation because it treats each traffic demanodie) to be treated as a single commodity. Furthermore, the
as a separate commodity. The objective of the traffic groomifigrmulation also allows traffic to switch at every node.
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In the formulation, we use a pair of variables$-(w,r) met constraint (equation 6) can be simplified as follows.
andzi_(w,r). x5, (w,r) (xi_(w,r)) is the amount of traffic

originating from nodes that leaves from (arrive at) nodeon Yz (wr) =3 fs Vs (10)
ring wr. Nodei is not necessarily the source or destination of rw . J . .
some traffic demands because the traffic could be switching ZT:%:@—(“”T) =fsi  VsiisFd (11)

from (to) another ring at nodé There areKk NW R number

of z7 (w,r) variables and an equal number of_(w,r) Also, equation (7) can be simplified to be

variables, wherel is the number of commodities, e.g., the

number of nodes that originate some traffic. o, (w,r) — fo,(wm) =0 VYw,rs (12)
The optimization objective is the same as before, i.e., i

equation (1). The demand met constraint should be rewritte

as follows.

DD (@ (wr)—ai_(w,r) =

"rhe objective function and the rest of the constraints remain
the same as in the previous section.
{ >ofiy ifs=i . In this formulation, we haveX W R number ofz}, (w,r)
/ Vs,i  variables, one for each source node on eachuinge;_ (w, r)
©) variables are used only whefy; is non-zero. Therefore, there
are only K'W R number ofz;_(w,r) variables, wherd{”’ is

Since we now use a pair of variables, we have to make SUE total number of traffic demands

that the traffic generated on a ring also terminates on the samﬁlote that this formulation solves exactly the same problem

J
—fs  otherwise

fng. . . as that of the disaggregate formulation. Equation (12) can
D (@ (w,r) —aj_(w,r) =0 Vuw,r,s (7)  be viewed as a definition of a new variable which sums up
i all traffic originating from a source node. This new variable

The capacity and ADM constraints are the same as befof&;+ (w, 7)) is used in equation (10) to restate the demand met

but, need to be modified to use the new variables. Note thg@nstraint and is also used in equation (8) and (9) to replace

for the capacity constraint, we only need to count flows th#finecessary summations. _
originate on the ring, hence, we are only adding (w,) Although this formulation has both more variables and more

variables. constraints, as hinted at by earlier work in a different area [19]
[18] and confirmed by our experimental study, this formulation
Z Z zi (w,r) < durgr  Yw,r  (8) actually greatly reduce the computation time. On average, the
s i new formulation takes half as much time. The reason that
My;(w,r) > Z($f+(w>7") + 2 (w,r) Vi,w,r (9) this new formulation performs better is that it exposes the
, problem structure better, as a result, it helps the branch and
] ) bound algorithm to find the optimal integer solution faster.
Lastly, the wavelength constraint remains the same asy s a1s0 possible to restrict the set of nodes that can switch
before, i.e., equation (5). _ _ traffic. We only introducer;, (w,r) andz_(w, ) variables
The sollut|on tlme for a mixed integer linear programmingyr any node; that is capable of switching traffic, and apply
problem is heavily dependent on the number of integgfyation (6) to make sure that the traffic demands are met.
variables in the formulation, because a branch and bougg other nodes, we apply equation (10) and (11), and only

algorithm has to branch on each integer variable in turn fﬁtroducefor(w,r) andz?_(w,r) variables if they are non-
arrive at the optimal solution. The following theorem showsgq

that the actual number of integer variables in the formulation general, the more nodes we allow switching, the higher

is, much smaller than it appears. This applies to '?Oth, t!?ﬁe potential for ADM cost savings. Fig. 2 shows an example
disaggregate and aggregate formulations. The proof is simi{gfere allowing node 2 and 5 to switch traffic can result in
to that in [10]_’ thus it is left out for brevity. _ lower total ADM cost. In the figure, a pair of squares are
~ Theorem L:If the integer constraint on the variables ,seq to denote the source and destination node of a traffic
is removed, there is still an optimal solution where the gemand. The link between them shows the path the traffic
variables are integers. _ _ ~ demand follows. The traffic demand between node 1 and 3
The proof for the theorem is constructive. If after removingges not need a separate ADM at node 3 on ring 3, it can
the integer constraint, the ILP solver finds an optimal solutiafjyitch to ring 2 at node 2 and then terminate at the ADM
to the ILP formulation that has fractionalvariables, we can gt node 3 on that ring. Similarly, for traffic demand between

easily construct another optimal solution wherexallariables ode 4 and 6, we can save one ADM by switching traffic at
are integers. node 5.

S

Note that, even if only one node is capable of switching
C. Aggregate ILP formulation with no traffic switching forFrafﬁc, it is still different from thg hub architecturg as described
UPSR in [7][9][15][20]. In a hup grchltecture, aII_traf_flc has to tra-

verse to the hub before it is forwarded to its final destination.

For the case of no traffic switching, we only need to hawhereas in our formulation, we only switch traffic at the node
zj, (w,r) variables for nodes that originate some traffic< if it helps to reduce the network cost. Some traffic may bypass
s), andz{_(w, r) variables if f,; # 0. Therefore, the demandthe hub (switching) nodes if routing it directly can reduce cost.
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DB:HD ring 1 Lastly, we also need the Wayelength cqnstraint (equation
—J 5) to make sure that only one line speed is chosen for each
0— .
H—H ring 2 wavelength.
D_‘
00 o ring 3 I1l. COMPUTATION TECHNIQUES FOR THHLP
00 FORMULATIONS

nodes 12 3 45 6 Compared to the disaggregate formulation, our novel ag-

Fig. 2. Allowing two nodes to switch traffic results in lower total ADM gregate formulations greatly reduce the computational .Com'
cost. plexity. In this section, we further propose several techniques
that can be used to reduce the computational complexity of
. . ) . the ILP formulations, and thus allow a much larger problem
D. Aggregate ILP formulation with traffic switching for BLSI%o be solved gerp

~ Adisaggregate formulation for BLSR with no traffic switch- - Qur first technique changes how the traffic demands are ex-
ing for the single line speed case was given in [13]. It cafressed so that the resulting number of (aggregated) commodi-
be easily extended to the multiple line speeds case. In thiss is small, which translates directly into shorter computation
section, we present a novel aggregate formulation which algge.

allows traffic to switch across rings. Existing formulations The other two techniques exploit the fact that there are a
in the literature (only for the single line speed case) eithgfrge number of equivalent solutions in the solution space
consider only specific scenario or unnecessarily restrict thg a result of the line speed assignments and the color
solution space, which will lead to higher cost [21] [12]. Taassignments. The second technique eliminates the duplication
the best of our knowledge, this is the first time a compleig line speed assignments. The third technique eliminates the

formulation is given for this problem. duplication in color assignments for wavelengths having the
The optimization objective remains the same as shown dame line speeds. Both techniques allow us to search only
equation (1). the unique solution space, therefore cut down the solution

In BLSR, the two unidirectional traffic demands makingpace dramatically. The reason that there are a large number of
up a bidirectional traffic demand are routed on separaiguivalent solutions is because, in the demand met constraint
fiber rings running in opposite directions (one clockwise, thgf the |LP (e.g. equation (2)), we only make sure that the sum
other counter-clockwise), but along the same arc. Becaus@raffic routed on all rings meets the traffic demand, but we
of symmetry, it is sufficient to consider only one fiber ringyre not specifying which set of rings the traffic should be
and all unidirectional traffic demands on it. The demand mgfyted on. Therefore, given a solution to the traffic grooming
constraint can be expressed as in the following equation. N@f®dblem, we could permute the traffic assignment from one
that we treat all traffic demands from the same source nodeyggy to another and obtain an equivalent solution.

a single commodity. The equation sums up traffic going out These proposed techniques can be used together to obtair
of nodei ((#7,,(w,r) andxz;;_,(w,r)), and then subtracts compined computation time reduction. With these techniques,
traffic going into nodei ( zj_, ;(w,r) andzj,, ;(w,7)). The \ye are able to solve a problem instance in a much shorter
resulting amount is the total traffic originating (or terminatingmount of time. If we have to terminate the computation early

if negative) at node on ring wr. for large size problems, the techniques allow us to explore a
Z Z(f”f,iﬂ(w’ r)— iy (w,r) +a o (w,r) — larger portion of the solution space in a fixeq amount of time,
— therefore, we are able to obtain better solutions.
S fy i s=i It is worth noting that other techniques have also been
25 (w,r)) = { b Vs,i (13) proposed to reduce the computation time. For example, in
’ —fsi  otherwise [11], the authors attempt to reduce the computation time

The capacity constraint can be expressed by summing % e'xploiting the block diagonall structure in the constraint
both the clockwise and counter-clockwise traffic on each lifRatrix and use column generation technique to decompose

(i,i+ 1) on each ringor, and making sure that it is less tharfhe problem into smaller and easier to solve sub-problems.
the link capacity. The column generation technique can be used to speed up the

' _ computation of the relaxed Linear Programming problem at

> (@i (w,r) + 25y, (w,r) < duwrgr Yw,ri (14)  any iteration of a branch and bound algorithm.

The_ ADM constraint can bg stated as in the followin A Aggregate commodities
equation. The terms on the right hand side sum up traffic : ) _
leaving node on ringwr. If this sum is non-zero, an ADM has ~ The aggregate formulation treats multiple traffic demands as
to be installed. Note that, because we are taking the absolff¢ smglle commodity. Since our _trafflc model is bidirectional,
value of the right hand side, this equation corresponds to tifdS €quivalent to express a t_rafflq demand from nade j
separate constraints: one takes the positive value of the rigt2 traffic demand from nodgto <. Given the choices, we

hand side, the other takes the negative value. should choose how to express the traffic demands intelligently
. . in order to reduce the total number of commodities. Since
My;i(w,r) = |27, (w,r) + a7, (w,r) = the complexity of the formulation grows as the number of

wiyq (w,r) —xi_q(w,r)] Vi,w,r,s (15) commodities increases, reducing the number of commodities
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will help to keep the problem formulation small, allowing itunique combination, therefore, there are oflly+ 1 unique
to be solved quickly. In the following, we show how the rurtombinations out of the"” possibilities.
time can be further reduced by changing how a traffic demandin general, the number of uniqgue combinations when there

is expressed. are many line speeds available is determined by the following
The problem of determining how each traffic demand shoufdrmula.

be expressed such that the total number of commodities is Z Z Z 1

minimized can be easily transformed into a vertex covering

problem. The vertex covering problem is NP-complete. Al- h=0k=h

R—2
lp_1= Z l;
though many heuristic algorithms exist, we propose to solve im1
it exactly because our problem is small enough (SONET camyhen two line speeds are available, the above formula

have at most 16 nodes). _ becomesiW + 1, and when three line speeds are available,
The problem can be formulated as the following ILRhe apove formula becomésl’ + 1)(W + 2)/2. Consider a

problem. network with 10 wavelengths and 3 line speeds, the number of
N unique line speed assignments is 66 out of¥Hepossibilities.
min Z Tq (16) If we can examine only these unique assignments, we can

=1

reatly reduce the solution space, and at the same time,
st Ty +Tag > 1 Vk a7 9reay b

guarantee that the optimal solution can still be found.
z; € {0,1} (18) To eliminate the redundant solutions, we propose to de-

. - .. compose the problem into many subproblems, where each
We use ther; variables to indicate whether a commodit P P y P

. ) . ysubproblem corresponds to one possible way of line speed
will be defined for nodei. If so, all traffic demands that signment. Once the line speed assignment is determined.

h dei f their end nodes should b &l
ave node: as one ot their énd nodes should be EXPresSEh, -5, tormulate the subproblems as ILP problems and solve

as orlglgitmg fr?{? nf(?_de(,j S0 th%t they all bedcotme part of t:wth m directly. Thus, the decomposition allows us to eliminate
commodity. Each traflic demand corresponds to one constr %Iicate solutions by choosing to solve only the subproblems

. ; u
as expressed by equation (17). The constraint makes sure { correspond to unique line speed assignments. The detailec

at least one commodity is defined at either of the two e . . . . :
nodes of the traffic demand. If a commaodity is defined at bo gorithm of this computation technique can be found in [2].

end nodes, i.e.z4;) andzy;, are both 1, then the traffic _ . .
demand can be expressed as originating from either node. TheEXploit symmetry in color assignments
objective function (16) tries to minimize the total number of The technique presented in the last section only eliminates
commodities. duplicate solutions resulting from the line speed assignments
to wavelengths. There are still a large number of duplicate
solutions resulting from the equivalency in the color assign-
ments. In this section, we propose to exploit it through a new
The ILP formulation contains a large humber of duplicateulti-variable branch and bound technique.
solutions. Consider a solution to the traffic grooming problem Consider a solution to the traffic grooming problem and any
where theith wavelength is set to thgth line speed and the two wavelengths running at the same line speedand w’,
jth wavelength is set to thejth line speed, we can constructve can easily permuter andw’ to obtain another equivalent
an equivalent solution by setting tlih wavelength to use the solution. Again, the ILP formulation treats them as separate
r;th line speed and setting thi¢h wavelength to use thgth  solutions.
line speed, then moving all traffic routed on wavelengtto The number of duplicate solutions resulting from the equiv-
wavelengthi and moving all traffic routed on wavelengitto alency is large. Consider thg (w,r) variables in the ILP
wavelengthy. The solution thus constructed is clearly identicgformulation for a single line speed?(= 1). Eachy;(w,r)
to the original solution, however, the ILP formulation treatgariable can take on the value of either 0 or 1. Therefore,
them as separate solutions. the total number of all combinations of value assignments is
We observe thav,, are binary variables, and because™*W . However, the number of unique combinations after
of equation (5), at most one out of the number ofd,, eliminating equivalent solutions is much smaller. l@&t;
variables for anyw can be 1. Therefore, the total number oflenote the number of unique combinations with nodes
possible assignments fdr,, variables, as would have beerand W wavelengths. To deriv&'y 1, let us consider one
enumerated by an ILP solver, B". However, out of the node at a time. Without loss of generality, let us assume the
RWY combinations ofs,,,. variables, only a limited subset isnode is 0. There ar8" combinations of value assignments
unique. The exact line speed assignment for each wavelenfgth the yo(w, ) variables. However, the number of unique
is not important, but rather, the number of wavelengths setmbinations is small. We note that the numberygfw, r)
to any line speed is more important in determining a uniquariables that are assigned 1 determines whether a combi-
solution. nation is unique. Therefore, there are onlly + 1 unique
For example, if two line speeds are available, therumber combinations. Once we fix an ADM assignment for node 0
of wavelengths can be set to the first line speed Bnhd- =z (e.g., an ADM on the firstv wavelengths and no ADM on
number of wavelengths can be set to the second line speiie, otherlW — w wavelengths at node 0), we can proceed to
wherez € {0,1,...,W?}. Each value of: corresponds to one consider node 1. The first wavelengths are still equivalent

B. Exploit symmetry in line speed assignments
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because there all have an ADM at node 0O; hence, the number use depth first policy in the branch and bound algorithm,
of unique combinations for these wavelengths isCx_1.,. then there can at most benumber of branch and bound nodes
Similarly, the number of uniqgue combinations for the otheat any time. For each branch and bound node, we only need to
W —w wavelengths i<Cy_; w_.,. The total is a product of keep O(W) amount of information on variable equivalency.
the two terms summed over all possible assignments at nddesrefore, we need(vW) amount of extra storage, which
0; henceC'y w can be recursively defined as follows: is quite a small amount of overhead.

We refer interested readers to a technical report [17] for the

w . . .
full details of this technique.
Cnw = Z Cn_t,w X ON—1,w—w g
w=0 IV. HEURISTIC ALGORITHMS
Note thatCn w is 1 if N =0or W = 0. The ILP formulation can be solved exactly to get the

The number of all combinations is much larger than theptimal solution. Although we can now solve a reasonable size
number of unique combinations. As an example, with 208roblem optimally with our techniques, it is still time consum-
wavelengths, the number of all combinations is more thamg to solve large size problems. For these large problems, we
10'® times larger than that of the unique combinations. Theropose efficient heuristic algorithms. Our improvements on
difference grows as the number of wavelengths increases. Tihis ILP approach allow us to extensively validate our proposed
is expected because the number of duplicated solutions grdvesiristic algorithms, and show that the heuristic algorithms
exponentially as the number of wavelengths. can give near optimal results within a much shorter amount

We should note that a branch and bound routine will nof time.
necessarily explore all combinations because it can frequentlyWe note that our algorithms are the first heuristic algorithms
prune large solution space based on the current bound. Théeehandle arbitrary traffic demand matrices, even in the case
fore, the extra time taken for a branch and bound routine where only one line speed is available.
explore the whole solution space rather than only the uniqueOur heuristic algorithms route traffic onto one ring at a
solution space may not be proportionally longer. Still, wéime. When routing traffic onto a ring, we try to minimize the
expect significant savings if we could limit our search onlgverage cost per unit of routed traffic. Once some traffic has
to the unique solution space. been routed on one ring, we proceed to the next ring to route

The branch and bound algorithm normally branches on oftee remaining traffic. Our algorithms are greedy in nature since
fractional integer variable at a time. This works well on manye route traffic onto a ring based on the best average cost on
problems. However, it performs poorly on problems with that ring. We note that such a local optimal decision may not
symmetric structure. This is because even though we forcéecessarily lead to the global optimal.
variable with fractional value to be integer when we branch, In the following, we first describe the CPD ratio which is
the same fractional value will re-appear on other variablée essential criteria we use to determine which traffic to route
because of the symmetry. For example, if&w, r) variable onto each ring. Then we describe how to determine the CPD
is fractional and we force it to be either 1 or 0, then anothé&atios for both UPSR and BLSR. Lastly, we will describe the
y;(w', ) variable will become fractional because wavelengtheuristic algorithm.

w andw’ are symmetric and it is equivalent to install an ADM ]

onw or onw’. To force an integer solution, af}(w,r) vw A The CPD ratio

variables have to be forced to integer values eventually throughOur heuristic algorithms are based on the idea of reducing
the branch and bound algorithm. The number of branch nodés Cost Per unit DemandCPD) ratio. The CPD ratio has
created in this process is large and it is proportionatfa  been used in [9][14] to derive a lower bound and in [22] to

To overcome this problem, we propose a new multi-variabtterive optimal solutions for uniform all-to-all traffic demands.
branch and bound technique which will branch on multiplelowever, our algorithms are the first to use the CPD ratio to
variables at a time instead of only on one single variable. Fguide the search for a solution. We first define the CPD ratio
example, if ay; (w, ) variable is fractional, we will branch onin the following.
all y;(w,r) Vuw variables at the same time. Because of the Given a traffic matrix7, we want to route some traffic
symmetric structure, we do not have to cre2fé number of demands on a ring running at theh line speed. For an
branch nodes. Instead, we only need to cré&ite- 1 nodes, arbitrary integern (n < N), let D(n,r) denote the maxi-
one for each unique value assignment. mum amount of traffic among any nodes inT' that could

When some integer variables have been fixed to some pa@- routed on the ring running at theh line speed, and
ticular values at any step of the branch and bound algorithfat 7'(n,7) = [t(n,r).q] denote the corresponding traffic
the symmetric structure will change. For exampley;ifw,r) matrix that is routed on the ring. By definition, we have
is fixed to 1 andy; (w’, r) is fixed to 0, i.e., an ADM is installed D(n,r7) = __,t(n,7)sqa. Furthermore, because there is no
at nodei on wavelengthw, but not on wavelengthy’, then spatial capacity reuse in UPSR, and because a ring running
vy (w,r) andy; (w',r) variables are no longer equivalent tcat therth line speed can support at magt traffic streams,
each other. Our branch and bound algorithm keeps track @f > D(n,r). The CPD ratiop(n,r) is then defined as the
what variables have been fixed in order to determine whi¢atio between the ADM cost(ADMs each costing:,) and
set of variables to branch on to eliminate the symmetry. ~the amount of routed trafficZ{(n, )).

The amount of extra information to keep track of is minimal. Cr X1
Assuming we have number of variables, and assuming that pln,r) = D(n,r)
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The CPD ratio is essentially the minimum average cost t@lue in the equation i®(n, r). Therefore, computing(n, r)
route some traffic streams on a ring running at ttfe line (finding the minimum CPD ratio) is equivalent to finding the
speed using: nodes. Naturally, the lower the ratio, the lowemaximumD(n,r). For computingD(n, r), i.e., the maximum
the cost to routeD(n,r) traffic streams. Note that the CPDamount of traffic one can fit on a ring at th¢h line speed
ratio is defined for a specific traffic matrix. If the traffic with n ADMs, we break down the task into two phases.
matrix is different, the corresponding CPD ratios will be all In the first phase, our heuristic first seleetsout of the
different. N nodes to place ADMs. Since our goal is to maximize

In general, there could be many traffic matri@gs:, ) such the amount of routed traffic, the algorithm chooses the set
that D(n,r) = > ,t(n,r)sa. Any of these traffic matrices of n nodes that have the most amount of unrouted traffic
could be routed on the ring to achieve the same CPD ratio.demands among themselves. Although it is possible that we
our heuristic algorithms, we arbitrarily pick one of the traffican accommodate more traffic on the current wavelength if a
matrices. different set ofn nodes is chosen, we find that choosing the

We say a CPD ratip(n, ) dominatesanother CPD ratio n nodes with the most amount of unrouted traffic works well
p(n, ") if p(n,r) < p(n/,r") and D(n,r) > D(n',+"). If in practice.

no other CPD ratios dominate(n,r), we sayp(n,r) is a In the second phase, we try to fit as much traffic from the
dominantCPD ratio, and we say(n,r) is a non-dominant n nodes as possible on to the current wavelength. This phase
CPD ratio if otherwise. works as follows. The algorithm first routes all unrouted traffic

Our heuristic algorithms are greedy in nature. Therefordemands among thesenodes on to the current wavelength
there is no reason we should use a non-dominant CPD ratiauging the shortest path. If the current wavelength (at line speed
route traffic demands. For a non-dominant CPD ratio, ), r) can accommodate them all, thed(n,r) is simply the
we can always find another lower CPD ratign’,r’) < sum of all unrouted traffic. Otherwise, the algorithm takes
p(n,r) such that it can accommodate more traffic streams ont traffic streams one by one, as described below, until all
the same ring, i.eD(n/,r") > D(n,r). When we route traffic remaining traffic streams can be accommodated in the current
demands onto a ring, we first evaluate the CPD rafio,”) wavelength.
for all possiblen and all possibler, and remove all non- Let /; denote theload on the arc(i,i + 1), i.e., the total
dominant CPD ratios. We then sort the remaining dominantimber of traffic streams on arg,i + 1). We say an arc
CPD ratios in increasing order, and number them based @n; + 1) is overloadedf /; > g,.. Let o, denote theoverload
their order as follows: factor of a traffic streamk, which is defined as the number
of overloaded arcs that the traffic stream crosses. We say a
traffic stream iscompletely overloaded every arc it crosses

Because we have removed all non-dominant CPD ratids,overloaded. Similarly, we say a traffic streampiartially
the corresponding amount of routed traffic should be in sorteglerloadedif at least one arc it crosses is overloaded but no
order as well, i.e., all arcs it crosses are overloaded.

We rank all completely overloaded traffic streams based
on their overload factor and remove them from the current

It is desirable to usp(nq,71) when routing traffic demands wavelength one by one. After all completely overloaded traffic
onto each ring because it has the lowest average cost. Unfireams are removed, we rank all partially overloaded traffic
tunately, this may not be possible because we only havestaeams, breaking tie by the length of the path (longest path
limited number of wavelengths available. Thus we need tffigst), then remove the partially overloaded traffic streams one
higher CPD ratiog(n;, r;) wherei > 1 to pack more traffic by one until the current wavelength can support the remaining
onto a ring so that we can route all traffic demands onithe traffic streams. Itis important to note that the list of completely

p(ni,r1) < p(ng,re) < p(ng,r3) < ...

D(nl,rl) S D(’n,g,’l“g) S D(n3,7‘3) S

wavelengths. overloaded and partially overloaded traffic streams have to be
recomputed after a traffic stream is removed. This is because
B. Computing CPD ratio for UPSR the load on an arc could potentially change as a result of the
. - emoval.
For UPSRp(n,r) can be easily computed by examining al[

o : . Lastly, the algorithm randomly chooses one of the removed
(f{) combinations of choosing nodes, and then summing up,, Y 9 y

tha traffi th d T te all CPD rati affic streams, and see if it can be routed on the current
€ tralfic among these nodes . 1o compute a ra 'oswavelength using non-shortest path routing. If so, this traffic

N
at a particular line speed, we have to examng (]:L’) < 2N stream is added back in. This process continues until no more

n=2 : .
combinations. This may appear to be time consuming at firt%"f‘ﬁ'lf strf?am; can be accodmmodatéh{mr) is then the sum
glance. Fortunately, in the SONET architectuié,is limited ot all traffic that was routed.
to at most 16, and examining &l combinations only takes

a very small amount of time. D. The HCPDF heuristic algorithm
_ _ In general, we want to use the lowest dominant CPD ratio
C. Computing CPD ratio for BLSR as much as possible, and only use the higher dominant ratios

For BLSR, computing CPD ratios exactly is more difficultas necessary to pack more traffic onto a ring so that we can
Therefore, we resort to a heuristic algorithm. Recall théit all traffic demands into thél” wavelengths. When we are
p(n,r) = ¢. xn/D(n,r). Given ann andr, the only unknown forced to use a higher dominant CPD ratio, it is beneficial
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to use it early on, i.e., use the higher CPD ratio first on rings possible when there are more unrouted traffic, so that there
1, then on ring 2, and so on. This is because when we @@ more chances for a more optimized solution.
routing traffic on the first few rings, there is more unrouted Note that if a pointep; is changed in step 3.2, then the CPD
traffic, so that there are higher chances for a more optimizegtios have to be recalculated in step 2.2 in the next iteration
solution. Our heuristic algorithm tries to use the higher CP@r any wavelengtly such thatj > i. This is because when a
ratios early, therefore, we call it the High CPD ratio Firstlifferent CPD ratio is used on wavelengtha different set of
(HCPDRF)is algorithm. traffic is routed on wavelength Since the remaining traffic

We maintain a set of pointens;, one for each ring. They for the rest of the wavelengths will be different, the CPD ratios
are used to remember which CPD ratios should be used witl be different.
a particular ring, i.e., on théh ring, thep;th dominant ratio
should be used. o . . ) V. ALGORITHMS AND TECHNIQUES EVALUATION

The HCPDF heuristic is shown in the following algorithm.

Algorithm HCPDF _heuristic

Input: 7, N and W

Output: Cost of routing traffic demands

T using W wavelengths

To evaluate our proposed formulation and techniques, we
consider three SONET networks supporting OC-3 traffic
streams. All traffic demands are expressed as multiples of
OC-3 circuits. The first network has only one line speed, e.g.,
OC-48. This is the network considered in [7] [9]. The second

1 Initialize network has two line speeds available, e.g., OC-12 and OC-

11 Set p,=1,Vi 48. This is the network considered in [4] [16]. Lastly, we also

2 Route traffic demands based on the consider a network with three line speeds, i.e., OC-3, OC-12
current  p;. and OC-48. Even though we use OC-3, OC-12 and OC-48 in

2.1 For each ring 7 from 1 to W, repeat our examples, the same principle applies to higher line speeds
step 2.2 _ _ such as OC-192 and OC-768.

2.2 Find the  pith dominant CPD ratio, then We consider several traffic patterns for evaluation, including
route  T(ny,,rp,) on the ith ring. Set the uniform traffic pattern with 1 OC-3 demand between every
T =T —T(np,,rp;), then repeat step 2.2 node pair, the central traffic pattern with 1 OC-3 demand
for other rings. between every node and a central hub node and the random

3 Check if fea5|ble _ traffic pattern where the demands are randomly generated.

3.1 If all traffic demands are routed in We use the same cost ratio assumption as in [4], i.e., OC-
step 2, a solution has been found, 48 ADMs are 2.5 times more costly than OC-12 ADMs, and
reun , OC-12 ADMs are 2.5 time more costly than OC-3 ADMs. The

3.2 Otherwise, find the largest i such capacity ratio is 4, i.e., OC-48 has 4 times the capacity of OC-
that  pi—1 >pi, and increment  p;. If all 12 and OC-12 has 4 times the capacity of OC-3. We normalize
p; are equal, increment p1- Then for the cost of an OC-3 ADM to be 1. Therefore, an OC-12 ADM
all j>i, reset p;=1. Return to step will cost 2.5 and an OC-48 ADM will cost 6.25. Even though
2. we use these set of fixed ratios in our experiments, we note that

Initially, all p; are 1, meaning that we will use the bespur formulations and heuristic algorithms are general enough
CPD ratio for each ring. In the second step, we route all traffie handle any cost and capacity ratio.
demands based on the set of pointersWe first compute all ~ We implemented an ILP solver that incorporates the tech-
dominant CPD ratios for the first ring, then we choosertite  niques we proposed, and we also implemented the heuristic
CPD ratio. In other words, we routg(n,, , r,, ) traffic on the algorithms. We run all experiments on a Sun Blade 2000 work-
first ring. We repeat the process for other rings as well, i.&tation with UltraSPARC Ill+ 900Mhz CPUs. All computation
we use thep;th dominant CPD ratio when routing traffic ontime shown is in seconds in CPU time on the Sun workstations.
the ith ring. This process continues until all traffic demandg/e impose an upper limit on the computation time for the ILP
are routed, or no more rings are left. solver to be 10000 seconds. If the ILP solver takes more than
In the third step, we first determine if a feasible solutiothe time allowed, we terminate the computation and record
has been found. If all traffic demands have been routed, We best solution it is able to find up to that point.
return. Otherwise if there is still traffic to route, but there are We only include limited set of computation comparisons. A
no more rings left, we will pick a ring and increase; by 1  full set of comparisons are available in [17].
so that we can route more traffic on that ring. Because more
traffic is routed on ringi, there is a chance that we might
be able to route the remaining traffic using lower CPD ratio§
Therefore, we reset all; = 1,Vj > 1. With our proposed techniques, we are able to solve a large
We pick ap; to increase by 1 such that the relationship dfet of problem instances optimally. For larger size problems,
p1 > p2 > ps ... Is always maintained. We do so by choosingve can terminate the ILP solver early and use the best solution
the largest such thap;_, > p;. If all p, are equal, we chooseit can find up to that point. We find that the ILP solver can
the first pointerp; to increase by 1. The reason we maintaitypically get optimal or near optimal solution very early on,
this relationship is because if we need to use a higher CPDt spends a lot of time searching the whole solution space for
ratio to route more traffic streams, we should do so as eabgtter solutions. In Fig. 3, we show the computation progress

. Computational feasibility of the ILP approach
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35 TABLE Il
30 - best integer solution HEURISTIC ALGORITHM EVALUATION. UPSR, RINDOM TRAFFIC, W=10,
5 25 3 LINE SPEEDS
§ = (/’K_’/
b LP bound
[a)
< 10 # of ILP HCPDF-
5 | nodes cost cost time
0 : : : : 4 7.5¢ 8 0.04
100 10100 20100 30100 40100 5 15 16 014
num of BB nodes 6 16.5° 18 021
7 18.5¢ 20 0.3
Fig. 3. Computation progress of the ILP solver. UPSR, uniform traffic, 8 19.5¢ 20 0.37
W=10, 5 nodes, 2 line speeds. 9 23 5 235 0.78
TABLE | 10 34* 34 1.68
11 36.5 37 231
THE SIZE OF THE NETWORK THAT CAN BE SOLVED UPSR,UNIFORM 12 51 51 3.16
TRAFFIC, W=10. 13 575 595 3.99
14 77.5 83.25 8.68
1LS 3LS 3LSnew 15 95 85.75 9.43
Solved exactly 7 4 9 16 97.5| 103.25 10.7

Terminated  early 13 8 14
but still optimal

lengths, 3 line speeds and up to 16 nodes can be solved exactly

within 200 seconds of computation time. It is worth noting that

of the ILP solver for a 5 node 2 line speeds (OC-12 and OGse central traffic pattern is exactly the traffic pattern in the
48) UPSR network with 10 wavelengths supporting uniforgnqie hub architecture as considered in [7] [9] [15] [16]. It is

traffic demands. The top line shows the best integer solution dinarkable that we can solve these problems exactly within
has found so far, and the bottom line shows the best boungd, nundred seconds.
has found through linear relaxation. These are shown againSMore detailed comparison of the aggregate formulation and

the ngmber of branch'and bou'n(?i'nodes that haye been eXpqued proposed technigues, including their individual contribu-
(x axis). The solver finds an initial solution with cost of 33ti0n to the run time reduction, can be found in [17]

and quickly improves it to the optimal solution of 25. This
all happens within the first 100 branch and bound nodes, so it

is hard to see in the figure. Even though the optimal solution . ) .
has been found very early on, the solver still takes a lot gf Heuristic algorithms evaluation

time to improve the bound to confirm the optimality of the Tg evaluate the heuristic algorithms, we consider the ran-
current solution. We believe this is a very common behaviglom traffic pattern. In our experiments, we randomly generate
for the traffic grooming problem. Therefore, by terminatingne traffic matrix for a network with: nodes. The traffic
the computation early, we are able to solve a even larger g@dtrix hasmax{n(n—1)/8, n—1} traffic demands and the size
of problem instances optimally using the ILP approach.  of each traffic demand is randomly chosen between 1 and 2
To see what problems can be solved optimally using the ILBC-3 circuits. Random traffic pattern is a good approximation
approach, we consider uniform traffic pattern and a UPS# real life traffic pattern.
network with 10 wavelengths. Table | lists the size of the The results from the ILP solver and the heuristic algorithms
network in terms of the number of nodes that can be 50|Ve&’ssuming 10 wavelengths and 3 line speeds for UPSR are
Under the column “1 LS”, we show what problems can bgnhown in Table Il. We put an asterisk next to the ILP results
solved using the ILP formulation in [10][11] for the single lineyhen the ILP solver finishes the computation before the
speed case. Under the column “3 LS”, we show what problergowed time, so those results are known to be optimal. As
can be solved with 3 line speeds using the disaggregaifown, the HCPDF algorithm can produce solutions that are
formulation with mUltlple line SpeedS. Since USing mu|t|p|Qery close to those from the ILP solver. In one Case:(15),
line speeds complicates the formulation, we can only solyge HCPDF algorithm even produced better result. Also, the
a much smaller problem. For problems that can be solvefEpDF algorithm takes much less computation time. Even

exactly, we can only solve for a network with 4 nodes insteag the largest problemn( = 16), it takes only 10 seconds.
of 7 nodes. For problems where we terminate the computatigfg see similar results for BLSR networks.

early but still get the optimal solutions, we can solve for a

network with only 8 nodes instead of 13. Under the column

“3 LS new”, we show the result of the new formulation and VI. NUMERICAL RESULTS

techniques. We now can solve for a network with 9 nodes

exactly, and obtain optimal results for a network with 14 nodes In this section, we use the ILP formulation and the heuristic

if we terminate the computation early. algorithm to study the cost benefit of traffic switching and the
For central traffic pattern, a UPSR network with 10 wavesost benefit of using multiple line speeds.
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@ no switching

300 | ®1 node switching
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Fig. 4. Cost benefit of traffic switching. UPSR, uniform traffic, one line ‘ )
speed, W=10. Fig. 5. Cost savings. UPSR, 16 nodes, 1/3 demands of size OC-3, OC-12
and OC-48.

A. Traffic switching _ . : .
_ o OC-12 ADMs. But, if OC-48 line speed is also available, we
Traffic switching can lower the network cost as shown IBan use only 2 OC-48 ADMs instead. In general, 2 OC-48

Fig. 2. The aggregate formulation allows traffic to switch s will cost less than 8 OC-12 ADMs. ’

across different rings at_a selected subset of nodes. ThuS\Ne now try to characterize the conditions under which
using our novel formulation, we are able to study the COﬁliultiple line speeds can lower cost. To make the experiments

benefit of traffic switching. We consider a network with Onl3§tatistically significant, we run each data point 10 times and

one line speed (OC-48) and 10 wavelengths available. The Bn take the average, i.e., for each data point used in this

savings for umform traffic in UPSR when one node 1S alloWpfgection, we randomly generated 10 different instances and then
to switch traffic, when two nodes are allowed to switch trafflfzook the average of their cost. We used the HCPDF algorithm

¥Or all experiments because it can produce very good results

n E|g. 42 qu comparison, we also show the case W_hen Uging very little computation time. For these experiments,
traffic switching is allowed. The results are obtained using tr\ﬁ

ILP sol As sh th ¢ . h q e specified a largéV in order to guarantee that a feasible
_ SOlver. AS shown, the Cost savings When oné Node Cag, yiinn can be found. This will also result in the lowest cost
switch traffic are up to 33%. Having more nodes switchin

. . possible with multiple line speeds, because, otherwise, we may
only reduces the cost further marginally. It suggests that | L forced to pack traffic using higher cost ADMs
setting up switching at one node may be good enough. Thi e first consider a 16-node UPSR network. The traffic

observation is consistent with that in [20], where they foun(?emands are randomlv generated. where 1/3 of them require
that the number of switching nodes should be approximate y 9 ' a

) he OC-3 circuit, 1/3 of them require one OC-12 circuit and
the same as the number of wavelengths of traffic generated ¥ . / . o ; |
each node. the remaining 1/3 require one OC-48 circuit. In Fig. 5, we plot

' . . the cost savings of using 3 line speeds (OC-3, OC-12 and OC-
For random traffic patterns, we see similar cost savngB) versus using a fixed line speed (OC-3 or OC-12 or OC-48).

However, for central traffic pattern, we are not able to see ) : : .
. . o It only OC-3 line speed is available, the network cost is very
any cost savings when we introduce switching nodes. This Is

because traffic switching only helps to reduce cost when h'rgh because many ADMs are needed to support one OC-48

ADM has to be installed at the switching node for other trafﬂcramc' Ifonly OC-12 line speed is available, the network cost

S ) IS lower because come traffic aggregation can be achieved.
demands anyway. This is not true for central traffic pattern ggreg

For BLSR, we also see large reductions in cost fror]’;]. only OC-48 line speed is available, the network cost is

oo ' high when the number of traffic demands is small because an
switching traffic, however, compared to UPSR, the amou .
L2 C-48 ADM may have to be installed to accommodate an
of saving is smaller.

OC-3 traffic. When the number of traffic demands increases,
the network cost decreases because it becomes possible tc
B. Multiple line speeds aggregate more OC-3 and OC-12 traffic.

Multiple line speeds can lower cost in two different cases. As shown in the figure, no matter which single line speed
The first case happens when no lower line speed is availalsiee chooses, the network cost will always be significantly
Therefore, one is forced to use the more expensive ADMégher compared to the case where multiple line speeds are
even if the traffic to support is small. If lower and less costlysed.
line speed is available, we can use that instead to lower thaMe next consider a 16-node UPSR network with 60 ran-
overall cost. For example, if the only line speed available domly generated traffic demands. The size of each traffic
0OC-48 and the traffic demand between two nodes is only odemand is randomly generated between 1 and a fixed number
OC-3 circuit, then we can use OC-3 ADMs to lower the cos{, therefore, the average size of a demand/8. The cost
and still support the same traffic. savings of using 3 line speeds as compared to using 1 single

The second case happens when no higher line speedirie speed are shown in Fig. 6. Whéhis small, OC-3 costs
available. Therefore, one can not achieve enough aggregatioa least; and whely is big, OC-48 costs the least. Wheéh
to realize the economy of scale. For example, if the only lirie in between, using only OC-12 line speed gives the lowest
speed available is OC-12 and the traffic demand between tmetwork cost. Again, no matter which fixed line speed is
nodes is one OC-48 worth of traffic, then we have to usedcBosen, there is a large region Sfwhere roughly 20% cost
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Fig. 6. Cost savings. UPSR, 16 nodes, 60 demands, each demand rafggs8. Utilization ratio. UPSR, 16 nodes, 60 demands, each demand ranges
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Fig. 9. Reducing ADM cost using more wavelengths. 5 nodes, random
Fig. 7. Number of wavelengths used. UPSR, 16 nodes, 60 demands, eiaffic, 8 demands, demand size ranges from 1 to 4 OC-3 circuits.
demand ranges from 1 t8.

Therefore, the resulting network cost will be higher. We study
savings can be achieved by using 3 line speeds. If the fixéu cost savings as a function of the number of wavelengths for
line speed is not chosen intelligently, much higher cost saving$ nodes network with 8 randomly generated traffic demands
could be achieved by using multiple line speeds. ranging from 1 to 4 OC-3 circuits. The result obtained from the

We also show the number of wavelengths used in Fig. [LP solver is shown in Fig. 9. The total ADM cost decreases
As expected, OC-48 uses the least number of wavelengths asdmore wavelengths become available. However, no further
OC-12 tends to use many more wavelengths especially Whegost savings could be achieved beyond a certain point. For 2
is large. In comparison, multiple line speeds only uses slightipe speeds, there are no cost savings beyond 5 wavelengths
more wavelengths than OC-48. Since many wavelengths @ad for 3 line speeds, there are no cost savings beyond 8
least 40) are available in a typical DWDM system, this seer@velengths. We also note that most of the cost savings could
to be a small price to pay for the large reduction in the netwokle achieved using only 2 line speeds. Adding the third line
cost. speed only reduces the cost further marginally.

When S is small € 6), multiple line speeds use more So far we have assumed that the cost ratio is exactly 2.5.
wavelengths than OC-12. This shows that the cost savings Bi@wvever, in practice, the ratio could vary a lot. We now look
a result of the first case, where introducing lower line spe@i how the cost ratio can affect the savings. We consider a 10
(OC-3) can lower cost. Whef is large ¢ 7), multiple line nodes network with 10 traffic demands, each demand ranges
speeds use fewer wavelengths than OC-12. This shows thatfteé 1 to 16 in size. We vary the cost ratio from 2 to 3 and
cost savings are a result of the second case, where introdudgihgw the result in Fig. 10.
higher line speed (OC-48) can lower cost. As cost ratio increases, OC-48 cost increases. This is

Multiple line speeds can also increase capacity utilizatioRecause multiple line speed has an increasing chance finding
The capacity utilization is defined as the ratio between tif@ver cost alternatives using lower line speeds. However, as
total amount of traffic routed and the sum of capacity of ea@®st ratio increases, OC-12 cost decreases. This is because th
wavelength. As shown in Fig. 8, multiple line speeds has mu€RSt savings as a result of aggregation tend to diminish as the
high utilization ratio than OC-48 because aggregation is ng@St ratio increases.
always possible. Although multiple line speeds has slightly
worst utilization ratio than OC-12 whef is large, we note C. UPSR and BLSR cost comparison
that OC-12 costs significant more in the same region (Fig. 6).It is proved in [15] that BLSR/2 will never cost more than

We observe similar cost savings in BLSR networks. FQPSR in the single hub architecture. In the following, we will
brevity, the results are not shown. prove that BLSR/2 will never cost more than UPSR, regardless

The results we have shown (Fig. 5-8) assume that a largiethe traffic pattern.
number of wavelengths are available. When the number ofTheorem 2:Given any set of traffic demands and given
wavelengths available is small, we are forced to use the maney set of supported line speeds, BLSR/2 costs no more than
costly ADMs at a higher line speed to route all traffic demandslPSR.
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35.00% TABLE Il
30.00% ",‘ COST COMPARISON BETWEENJPSRAND BLSR/2. UNIFORM TRAFFIC,
@ 25.00% ) w=3
< 20.00%
2 15.00% # of 1 line speed (OC-48) 2 line speeds (OC-12 & OC-48)
8 10.00% - 0C-48 nodes | UPSR BLSR/2| UPSR BLSR/2
° - OC12 Z 25 25 175 10
5.00% r 5 31.25 31.25| 25 12.5
0.00% 6 375 375| 375 22.5
2 21 22 23 24 25 26 27 28 29 3 7 68.75 43.75| 575 30
_ 8 87.5 50 85 40
costratio 9 112.5 56.25| 975 45
_ _ _ ‘ 10 125 62.5| 125 62.5
Fig. 10. Cost savings as a function of the cost ratio. 10 nodes, 10 demands:
TABLE IV
Proof: Consider the Optlmal trafﬁc grooming SOlUtion COST AND RUN TIME COMPARISON OF SHORTEST PATH ROUTING IN
in UPSR, we can construct an equivalent BLSR/2 grooming BLSR. RANDOM TRAFFIC, W=3, 3LINE SPEEDS
solution as follows. Letw be a ring in the UPSR solution,
and let f* be the portion of thekth traffic demand that is # of cost runtime
carried on wavelengty. We assign wavelengty in BLSR 2°des B'g sg oBf:s oSoF;
to use the same line speed, and royfe/2 traffic in the 5 10 125| 049 0.09
clockwise direction and route the rest in the counter-clockwise 6 95 145| 036 0.16
direction on wavelengthu. Since the traffic on wavelength ; o i‘;g ig% 060;
w in UPSR is less than the ring capacity, the traffic on 9 18.5 21| 511 051
wavelengthw in BLSR will always be less than 50% of the 10 255 255| 138 145
capacity, guaranteeing that enough capacity will be reserved in E ggg 305-3 1%2? 11-%
BLSR for protection. Therefore, the solution thus constructed 13 40 425 13032 33
is valid and it costs the same as the UPSR grooming solution. 14 71.25 76.25| 3380 37.32
- 15 68.25 75.75| 18721 215

16 88.75 95| 6114 2197

Although we prove that BLSR/2 will never cost more
than UPSR, it is unknown how much cost savings BLSR/2
could achieve. In Table Ill, we show the cost comparison
between UPSR and BLSR/2 when supporting uniform traffan be found in a much shorter amount of time. In this section,
(1 OC-3 demand between every node pair) in a network withe quantify the tradeoffs of using only fixed shortest path
3 wavelengths. The results are derived by solving the ILPUting.
formulations directly using the ILP solver. We consider networks with varying number of nodes and

We have to install at least one ADM at each node teupporting random traffic pattern. For networks wifhnodes,
support uniform traffic. With a single line speed (OC-48)e randomly generatenax{N(N — 1)/8, N — 1} traffic
when the total traffic demand is low, one ADM per nodéemands, each demand is either 1 or 2 OC-3 circuits. The cost
is sufficient. Therefore, both BLSR/2 and UPSR will cosand run time comparison when 3 line speeds (OC-3, OC-12
the same. As traffic demand goes up, UPSR has to wed OC-48) are available is shown in Table IV. The columns
more wavelengths, and therefore, has to install more ADMghder “BD” show results when both routes can be used and
However, BLSR/2 can more efficiently utilize the capacity anthe columns under “SP” show results when only the shortest
need less wavelengths. Therefore, fewer ADMs are needgéth route can be used.
which translates into significant cost savings. The cost savingsVe note that in most cases, shortest path routing will
are up to 50%. increase cost. In a few cases, the cost increase could be more

With 2 line speeds (OC-12 and OC-48), BLSR/2 can lowdhan 50%. It suggests that using non-shortest path routing for
cost even when the total traffic demand is low. This is becaugndom traffic pattern may be very important. Although the
BLSR/2 can choose a lower cost line speed and still be alglest is higher, shortest path routing simplifies the problem
to support all traffic demands. As traffic demand goes up, tfermulation, therefore, significantly reduces the run time. On
cost savings are more significant compared to the single lif¢erage, it takes one tenth of the time to compute an optimal
speed case. Sometimes, the cost savings are more than 5808tion using only shortest path routing.

We also studied uniform traffic pattern. For all the cases that
) ) L .. we are able to solve exactly, we find the cost remains the same

_D. Fixed shortest path routing vs. routing in both dlrectlongven if we use only the shortest path routing. Even though we

in BLSR can not prove it, we conjecture that this is true in general for

In BLSR, we have a choice of routing traffic either alonginiform traffic demands. This is because the traffic is very
the shortest path or along the other arc between the source syitimetric in the uniform traffic pattern so that the shortest
destination nodes. Routing along the shortest path simplifigath routing can still average out the traffic flowing on each
the routing decision, as a result, the complexity of the ILFnk. It suggests that if the traffic demands are uniform or
formulations will be greatly reduced and an optimal solutiodlose to be uniform, then using only the shortest path routing
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would not increase the cost too much, and at the same tim®] X. Li, P. Wan, and L. Liu, “Select line speeds for single-hub
can greatly reduce the computation time. SONET/WDM ring networks,” inProc. ICC 2000 pp. 495-499.

[17] H. Liu and F. Tobagi, “Traffic grooming in WDM SONET rings
supporting multiple line speeds,” Stanford University, Tech. Rep., 2004.

VII. CONCLUSION [18] D. Bienstock and O. Gunluk, “Computational experience with a difficult

We consider the traffic grooming problem in WDM/SONET mixed-integer multi-commodity flow problemMathemat. Program.

UPSR rings with multiple line speeds. We study two dif[lgl

vol. 68, pp. 213-237, 1995.
R. M. Krishnaswamy and K. N. Sivarajan, “Design of logical topologies:

ferent approaches to solve the traffic grooming problem. To a linear formulation for wavelength-routed optical networks with no
solve the problem optimally, we propose new aggregate ILP wavelength changersifEEE/ACM Trans. Networkingsol. 9, no. 2, Apr.

formulations and several new techniques that can reduce

2001.
R. Berry and E. Modiano, “The role of switching in reducing the number

computation time, thereby, allowing many problem instances of electronic ports in WDM networks IEEE J. Sel. Areas Commuyn.
to be solved exactly. For larger problem instances, we propgse Vol 22, no. 8, pp. 1396-1405, Oct. 2004.

521] R. Dutta and G. N. Rouskas, “On optimal traffic grooming in WDM

an e_fﬁuentl h_eurlstlc algorithm that can dgrlve comparable™ |i\os» |EEE J. Sel. Areas Communiol. 20, no. 1, pp. 110-121, Jan.
solutions within a much shorter amount of time. 2002.
We show that having more line speeds could greatly redul@gl J-Q. Hu, “Optimal traffic grooming for wavelength-division-

multiplexing rings with all-to-all uniform traffic,J. Optical Networking

the network cost, especially when the traffic demands are non- ;"1 "no. 1, pp. 32-42, Jan. 2002.
uniform. We quantify the region where the cost savings are

most pronounced. We also show that multiple line speeds ¢~
increase capacity utilization. Our novel aggregate formulatiol
allow traffic to switch across rings. Using the formulation, we
show that traffic switching can reduce cost further and th

Huan Liu received his Ph.D. degree in Electrical
Engineering from Stanford University in 2006. He is
currently a Research Manager with Accenture Tech-
nology Labs in Palo Alto, California. His research
interests include network design, optical switching

most of the cost savings could be achieved by allowing on o and load balancing.
one node to switch traffic. N’
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