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Abstract—We develop traffic grooming algorithms for wom  issues. Most of the algorithms aim to groom traffic in such
networks with multi-layer switches. We consider a node as an a way that all the traffic between any given pair of nodes is
N-layer switch, in which a given layerk is an aggregated set of - 4 ried on the minimum number of wavelengths (efficient use

elements of layerk — 1. Typical examples of layers are wave- '
lengths, bands and fibers. The cost of a given node depends on of the fiber). However, a large part of the cost depends on the

the number of input and output ports of each layer. Assuming Siz€ of multiplexing equipment required at each node. Hence,
this model and a traffic matrix - with unity elements in layer 0-  in order to minimize the overall network cost, algorithms have

minimizing the cost of the network will consist in grooming traf-  to take into account a tradeoff between the number of wave-
fic in such a way that as much traffic as possible will be switched lengths used and the number of required ADM’s [1], [5].

in the higher possible layer (fibers in our example). . . - : .
When some traffic is switched along a path in the network In this article we consider a model of network in which

an associated linear cost depending on the current layer and on of hierarchical optical containers. For example wavelengths
the number of nodes crossed in that pipe. In the case of a two (W) are included in bands (B) that are included in fibers (F).
layers model the prob_lem was considered in [1] for rings or in  E5ch |evel in the hierarchy is calledayer and is mapped to
[2] for general topologies. - oy

We present an integer linear programming formulation for a Spe_CIfIC switching cost. . . . ) )
this model that aims to minimize the overall cost of the network This model has been defined with our industrial partners in
for a given input traffic matrix. We ran experiments using the  the PORTO project as an abstraction of the existing devices.
CPLEX optimization package on various topologies such as actual This includes systems made of Optical Cross Connect operat-
n_etworks like the Pan-European all optical network [3] as well as ing in different layers F-OXC, B-OXC, W-OXC or Photonic
rings and meshes of various sizes. Switches (PXC [6]). We believe that it is general enough so
that the results may be useful for more specific networks by
adjusting the cost function and the number of layers.

] . . ] In section Il we introduce the network model with a 3 layers
Optical networks usingvbm are now widely deployed in gxample. In section 11l we define the grooming problem as-

carrier networks. One important problem is the design anghciated with that network model. In section I1I-A we present
planning of such networks. Given a traffic matrix of demandg,e integer linear program, the algorithms and heuristics we
between all node pairs, and given capacity constraints on theg, e implemented. Then we discuss complexity and effi-

links, the problem is to find the best traffic routing and traffic;jency issues in section IV. Results of tests and experiments
grooming solution that minimizes the cost of the equipmeny, provided in section V.

required in the nodes. We have developed a software tool

Qedicated to that problem within the ca_dre_ of the F_rench na- Il. OPTICAL NETWORK MODEL

tional research program in telecommunications (pragectT ) -

PORTO. In this article we present the model of network de- Ve state the model for WDM optical network by describing

fined in that project and the grooming algorithms we havi® Switching capabilities and by defining pipes.

developed. The physical paths assigned to the demands are

computed in the first step of the optimization process. Hende Multi-layer switches

the set of paths used as an input of the grooming problem mayFor sake of simplicity we first introduce switching capabil-

not lead to an optimal solution of the general problem (routingies in the 3 layers case. The corresponding switch is pictured

and grooming). However, the optimization process may ben Fig. 1.

done in several steps over subsets of demands (for instance by.et us consider the example of traffic on Fig. 2. The net-

sorting them according to their sizes) and the physical pathgrk is a tree made of 7 nodesy, .., Ng, connected with one

could have been fixed by the manager of the network on sorfiber per link. A fiber is a container of size 2 bands and each

geographical or protection purposes. band is a container of size 2 wavelengths. Three demands of
A lot of work has been done on traffic grooming insize 1 wavelength eactiVf — N5, Ng — Ng, N1 — Ng)

SONET/SDH WDM rings. The general traffic grooming prob- are routed using shortest paths. In the wavelength layer this

lem being NP-complete [4], recent works focus on specificorresponds to the 3 arrow paths.

I. INTRODUCTION
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Fig. 1. A 3-layer switch

Now let us focus on the processing of these paths by the 3-
layer switches of nodes N3, N3 and V4. Switch N, processes
the incoming traffic at the band layer as depicted on Fig. 1
using black bold arrows. N3 has to select the included bands
of the two incoming fibers from Ny and N; and also has to
multiplex them into the same outgoing fiber to N3. This pro-
cessing step requires one F-OXC equipped with at least two
input ports and two output port connected to a B-OXC so we
could look inside these two fibers. Then, the B-OXC will use
4 input ports in order to process the 4 bands included in the
2 input fibers and 2 output ports for the resulting output ded-
icated to N3. The two bands will be fitted into one input port
of the F-OXC box and switched through one additional output
port. The case of node Nj is different: all the bands included
in the input fiber have to be switched onto the same output
fiber connected to Ny. In this case we only need to provide
N3 with an F-OXC with one input port and one output port.
This is the best grooming one can expect since switching oc-
curs with the simplest OXC, that is the F-OXC one. Last, N4
has to use a W-OXC to separate Ng — N5 and Ny — Ng.

Wavelongth

Fig. 2. A grooming example

B. Pipe definition

When some traffic is routed along a path in the network and
switched within the same layer on some sub-path, we repre-
sent it with a pipe.

In the example of Fig. 2 we observe that some traffic is
carried on the network within the same layer on certain sub-
paths. This is the case of demand N — Ng that crosses the
network in the band layer and never has to be processed by a
W-OXC. We will call that sequence of bands from Ny to Ng
a band-pipe. Another band-pipe exists from Ny to N4. Note
also a fiber-pipe from N to Ny. The grooming algorithm
decides the way pipes of lower layers are included in pipes of
upper layers. A different grooming could have been done by
multiplexing Ng — Ng and Ny — Ng at node Ny and would
have lead to a different set of pipes.

Usually one considers that F-OXC’s are much less expen-
sive than B-OXC’s and that B-OXC’s are much less expensive
than W-OXC’s. Hence the grooming algorithm has a strong
influence on the cost of nodes.

Note that we do not consider here the wavelength-
continuity constraint along a pipe but usually a good groom-
ing algorithm leads to a simpler wavelength assignment prob-
lem. The general wavelength assignment problem was deeply
treated in [7].

III. THE GROOMING PROBLEM

The topology of the physical layer, the links capacity, the
traffic demand of each node-pair and the routing of demands
are fixed as input of the grooming problem. The output is a
set of pipes that could transport the traffic under capacity con-
straints and that minimize the cost of pipes defined below. In
example 2 fiber-pipes are layer 3 pipes with capacity 2, bands-
pipes are layer 2 pipes with capacity 2 and wavelengths-pipes
are layer 1 pipes.

Demands of size s are considered as s demands of size 1
that have each an associated path computed in the routing
phase of the optimization process.

In order to generate “solvable” problems, we define the
grooming problem over only two layers. However, solving
this problem on k layers can be approximated by solving the
problem recursively. In the case of example 2 that means a
two steps algorithm: first step is grooming of wavelengths
into bands, and second step is grooming of bands into fibers.

Each pipe of layer [ has a capacity (number of pipes of layer
I — 1 it can carry) and an associated price depending both on
the pipe length and on [.

A pipe belonging to layer I could be defined as a virtual -
sized and priced - edge of the virtual graph G| that represents
the connections available in layer [. The initial set of demands
defines the set of arcs of Gy.

The design of the network consists in choosing which pipes
are used in each layer such that the pipes of layer [ are carried
in the pipes of layer | + 1 and the number of pipes of layer &
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going through an edgeof the physical network do not exceed A. Integer linear problem formulation

the capacity of that edge. Here we present the integer linear formulation of grooming
Example 1:in the case of the problem of Fig. 2, one sodayer ! pipes into layer + 1 pipes. Recall that the traffic
lution is to use the 4 band-pipe¥, — N4, N, — Ng, demands can be formally considered as ldypipes.
N, — Ns, N, — Ng. Another solution would consist in 1) Model for the physical networkThe network is mod-
using pipesNy — Na, N; — Na, No — Ng, Ny — Nj. eled by a directed grapfi = (V, E).
e V ={v1,...,v,} the set of thex nodes of the network.
= {ejy,...,en} the set ofm edges of the physical
networke; = (Jci,yi) s (.%‘i,yl‘) e V2.
e D={di,...,d,} the set ofg unit traffic demands. For-
mally d; is the dipath assigned to the demand (i.e. a path

Then the problem is to find the min-cost set of pipes among
all possible pipes that can be selected at each layer. The set of
all elementary dipaths of the network has an exponential size
but, hopefully, pipes that are not a sub-path of a traffic demand
dipath are not to be considered. Indeed it is impossible to use .
them while a traffic demand entering a pipe is carried till the on the physical graph).. ) ,
other pipe extremity. An example is shown on Fig. 3. Hence, As thg edges have capacity constraints, let define the capac-
we restrict the set of pipes to the set of all sub-dipaths of evefy function by:Co : E—=N; e=Cy(e).
demand dipath. Leb be the set of demands, and tbe D let 2) Model for the logical network: We suppose that the
|d| be the length of the physical path assigned.t@hen the set.of potential pipes of the current layer, their capacity and
size of the pipe set s less thah,,p (|d| x (|d|+1))/2. This their cost are known. Let b& = {p,....px,....pp} be

is suitable for practical computations as the average Iengthme set ofp pipes. Formally.we can considey, as an el- )
demands dipaths is usually small (less than 3). ementary dlpath_ of the physpal network. To _each potential
pipep are associated a capacttyup(p) and a pricecost(p):
P—N ,p—Cap(p); P—N ,p—cost(p).
Demand 1 Note that for practical application at layeiCap(p) will be
usually a constan®; equal to the number of layér 1 pipes

Demand 2 X
that a pipe of layet can carry.
(O (D s ) m—-w— ) We also define the following sets :
Set of pipes e Ve; € E, T'; is the set of pipes using the edge Vp;, €
IEEEEE——"T S EEEE— P e Cpr=prel}y

e Vd; € D, Q; is the set of pipes that the traffic demafyd
canusev¥p, € P pp Cd; = pr € Q;

None of the demands can use this pipe Last we define the sdt; ; = Q; N T;. It represents the set
_ _ of pipes that the traffic demanti can use on the edgg.
Fig. 3. Useless pipes 3) Variables of the model:

o X, ; €{0,1}, indicating if the traffic demand; uses the
pipep; or not.
As we said before we restrict our study to the two layers « P; € N gives the number of used pipgs
sub-problem : pipes of laydrare considered as traffic de- 4) Constraints:
mands that must be carried by the layer 1 that we aim

to design. Therefore, when considering a pair of consecutive Vd; €D,\Ve; €E: Y Xip =1, 1)

layers, we are facing an assignment problem: a set of pipes is PrEPi,;

available, and a set of demands (lower layer pipes) have to be

groomed inside them. Vpr € P, dZD Xie < PrCap(pr) @
i€

This model has some advantages: it prevents from mod-
eling a switch (which would increase the complexity of the Ve € E, Z Cap(p;) x P; < Calai) ®)
model, as in [2]); and it gives a more generic approach to the PRED:
problem: it introduces a pure grooming problem in terms of

o . ; Equation 1 ensures that the grooming is consistent, that
an intuitive combinatorial problem .

is a traffic demand uses exactly one pipe on each edge of
This bottom-up approach is not necessarily optimal, since the network, thus if a demand uses more than one pipe,

an optimum cost for layefd could turn out to be poorly the pipes follow each other.

groomable in layeR. This question will not be addressed « Equation 2 states the capacity constraint for the layer

here, since we focus on establishing a framework and giving 1 pipes : it ensures that the number of layeipes using

results for a two layer network which can be used recursively  one layer; + 1 pipe of kindp; is less than the capacity

for several layer networks. allowed by this pipe which i®;Cap(p;).
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« Equation 3 is the capacity constraint on an edge of thearrying4 units of traffic. One partis sent alongB andBD,
physical network. It ensures that the next stage of thihe other one alondC andC D.
grooming will always be feasible. In order to take this splitting technique into account
5) Objective function: The main purpose of this study is we allow each demand of weight/ to be split into
to minimize the cost of the pipes. The objective function iSma= Similar virtual demands with some non fixed weights
naturally:Min 3> . cost(p;)P; wy, Wa, ... Wy, satisfyingz_wi = M Then, each vir-_
tual demand must be packed into a unique sequence of pipes.
The linear program is then written by considering these vir-
tual variable weighted demands as being the initial demands
We choose as a set of potential pipes in layerl the set of the problem.
of all the subpaths of existing pipes in layer The main advantage is that this reduces notably the size of
The switching equipment cost and the bandwidth cost atee problem, especially when the weight of some demand is
taking into account by pricing the layérpipes. A simple large. Note that the choice of the parametgy,. is quite im-
cost function for that is a linear one which prices a layer portant, since choosing,,.,, = 1 is equivalent to forbid the
pipe of lengthn with cost = «; + 3;n whereq; represents splitting of demand which can lead to poor quality solutions.
the cost induced by having at each pipe extremity switchin@n the opposite, taking,,., equal to the maximum weight
equipment suitable for laydr— 1 pipes,5;n represents the of a demand always leads to an exact formulation but is equiv-
cost of the bandwidth used and also the cost of the simplatent to the unitary model and increases the size of the linear
intermediary switches able to process containers in layer problem. In order to be able to use a small valuesfgr,. the
Note that choosing; = 0 means that no economy is madeidea is to perform a preliminary phase allowing to decrease
when grooming. Then the grooming problem becomes trividhe demand weight.
since choosing pipes of lengtHi.e. edges) in such a way that
the capacity constraint is satisfied is an optimal solution. OB. A preliminary phase to reduce demand maximum weight

the opposite, takjngl = Umeans that our aim is to minimiz_e In order to decrease the weight of the demands, we perform
the number of pipes, even .'f this induces a Iarge banqw'dtﬁi}st some trivial grooming. By trivial we means that if a de-
waste. In practical appllcatl.ons the cogt function provides fhand weight is larger than the capacity of a pipe, we decide
tradeoff between the bandwidth and switches costs. to use a direct pipe following exactly the demand dipath to
carry C; units of the demand. Note that during this phase no
IV. COMPLEXITY AND EFFICIENCY capacity is_wasted. _
Let I be the maximum length of a path on the physical Once this phase has been performed, the demand weight

network, » the number of traffic demandg,the number of I's smaller than the pipe Cap"?“:@i’ which aIonv; us to use
. . a small number of splits. This has a dramatic impact on the
pipes, andn the number of edges. The number of equations is

O(pL2); and the number of variables@ (m--p)p). In order num_ber of variables (and especially of decision variables) of
L L : the linear program generated.
to reduce this size, we perform some additional operations.

B. Potential pipes set and pipes cost

C. Filtering the set of potential pipes

From initial experiments it turned out that taking all the
A slight modification of the initial linear problem allows to subpaths of existing demands as the set of potential pipes was
treat A/ multiple unit demands almost as a single one. Thetill leading to hard integral linear program, indeed this set
idea is to replace unit demands by weighted ones. Note thatas still too large.
this cannot be done trivially since to obtain an efficient solu- Hence the idea was to decrease its size by removing pipes
tion one demand with weight/ may be carried by several which are a priori useless. The main goal was to discard any
sequences of pipes; which means that the demand may hasrg pipe that would in any case be almost empty. We focused
to besplit. of those pipes for several reasons: first, the vast majority of
Example 2:Let consider al nodes patd — B — C' —  the pipes belong to this set, since there is only a few short
D and assume that every pipe of letdhas capacity. Sup- pipes, and most long pipes are likely to be used by only a
pose thel demands of sizé: Ry = A — B, R, = A — C, few units of traffic. Secondly such pipes are not likely to be
Ry =C — D,Ry =B — D,anddemant®®s = A — D used, since they “waste” a lot of capacity. Last, the existence
of size8. Then a good solution would be to use thpipes of such pipes hardens the problem a lot since it induces very
AB, AC,CD, BD; the traffic would then be carried as fol- large gaps between the integral and the real solution of the
lows : Ry usesAB, Ry usesAC, Rz usesCD and R4 uses linear system.
BD. Note that once this is done each pipe still can cdrry Example 3: Assume the path of example 2 and demands
more units of traffic. Hence we splRs into two parts, each A — D with weight1 and B — D with weight7. A good

A. Multiple demands and split
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solution would be to choose two pipds3 andBD in such a VI. NUMERICAL RESULTS

way that the pipeB D will be completely filled, and the pipe  The glgorithms have been implemented in C++ and use the
AB with length1 would be onlyl/8 filled. If the pipeADis || 5g-cpLEX optimizer for the linear programming part. Ex-

taken as a member of the potential pipes set, the real solutigriments have been done on real networks like COST239 [3]
of the linear program would be to take pipeD and1/8 of o the French backbone (Long distance) as well as for random

the pipeAD. o ___instances on rings and meshes.
In this situation the real solution is quite far from the inte-

gral one, our idea is then to forbid pipeD since it is a long
pipe which is such that only one unit of traffic can use it. A Tradeoff

In order to eliminate such pathological pipes we use an Due to the linear cost of pipes in layigr; + 3;n, the nature
evaluation functionf that given a pipe, its lengthh and of the problem depends on the ratig/ ;. Wheno, << £,
the maximum amount of traffi¢ that it can use, assigns a grooming is useless while whef >> «; all the pipes have
pipe gradef(l,t). All pipes receiving a grade lower than the same cost (which means that one must minimize the num-
mingrade are discarded. Note that by tuning the valuéber of pipes). In Fig. 4 the impact of this ratio is depicted,
mingrade the selectivity of this process can be adjusted (asote the continuous evolution from a situation where groom-
an example we can keep 10 percents of the best pipes).  ing is high and profitable (whefi, << «;, to a situation in

For experiments we choosi!,t) = It. Note that other which grooming do not yield any profit wheh >> «;). For
kinds of criteriap — grade(p) can be used. the same reason, the total number of pipes will increase with
. . 0, while the total bandwidth in use should mainly decrease
D. Conclusion on the LP section (since a high grooming induces bandwidth wasting). This is

The brute LP problem was quite long to solve, even 0gepicted in Fig. 5. In both figures, the results are given in

small networks, but once the preliminary greedy allocatiogoted line for the Long distance network and in solid line for
and the pipe filtering were performed, we obtained fast rung 20 nodes ring witl30 demands.

ning times (with a split values,,, taken small § for in-
stance). Moreover, the quality of the solution did not suffered 22
too much from the3 simplifications (greedy allocation, pipe
filtering and controlled split) that we performed.

T a0
long dist ~———

V. “GREEDY” ALGORITHMS

In this part we outline greedy algorithms that we have im-
plemented, they are simple, naive and very fast. They all rely
on well known principles for covering problems (selection of
minimal cost, or best payoff, element for covering, see [8]).

In order to use such an algorithm we need a way to evaluate
how good is a pipe. For this we use a functipmade(p) which
assigns some pertinence factor to each pipe. The greedy algo-  *% 200 w0 w00 w00
rithm then follows :

While it exists demands and while the capacity constraints areFig. 4. Average length of pipes when the valugdpigrows ¢v; is 100)
respected

1) For each pipe € P, computeyrade(p).

2) Letpy € P s.t.grade(po) = mazpcp{grade(p)}. B. Number of splits

3) Checkiif the problem is still feasible i, is chosen. In this section we give some practical results on the impact
4) If YES, addp, in the set of selected pipes, and updatgy ihe number of splits. As already claimed, a small number
the traffl_c considering the use p§. of splits induces smaller ILP and considerably shorter running
5) IfNO, discardp,. , times. We observed that allowirsgsplits was enough to reach
Note that the algorithm depends mainly on how we gradgnimaiity in all the examples we have tested. Note that our
the pipes. Indeed the algorithm performing first the preliminear programming formulation allows the number of splits
nary phase of the LP algorithm and then using pipes of |eng{§§ gepend on the request weight which would probably turn

1 belongs to the greedy family. ___outto be a better choice than a uniform number of splits.
As we wish for full and long pipes, natural grade functions

arelt (wherel is the pipe length, and the potential traffic o

crossing), but several others can be used (one could for exafn- PiPe filtering

ple require a pipe to have a potential use of at Is8agtercents In this section, we provide some practical results on how
of its capacity to receive a good grade). the filtering of pipes according grades impacts on the solution
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used a pipe pricing function in order to capture the node
equipment and bandwidth costs. Our approach is more gen-
eral and more accurate than existing ones that use to minimize
the number of add-drop nodes.

We also have proposed several problem simplifications
(greedy pre-processing, the use of splits, pipe filtering) allow-
ing to find almost optimal solutions for existing networks and
some computer generated ones. Last, we proposed fast greedy
algorithms.

Our experimental results showed that these simplifications
are reasonable, and they highlight an existing tradeoff be-
tween grooming the traffic and using the bandwidth effi-
ciently.

From a theoretical point of view, the exact difficulty of the
problem is still unknown, indeed the problem is NP-hard but
we don't know if polynomial approximation algorithms ex-

quality. We take as an example the French optical backboit or not. Moreover efficiency of fast algorithms (e.g. like
network with different pipe grade thresholds. The numbegreedy selection of best payoff pipes) is unknown. Note that
of pipes decreases with higher thresholds, and this reduage problem difficulty depends highly on the pipe pricing:
highly the average solving time. Note that a high selectivityith a pipe cost proportional to its length the problem is triv-
seems to be the good approach (see Fig. 6). We even notidabwhile with a constant pipe cost the problem is equivalent
that, in some cases, the solution found with a high threshotd minimizing the number of add-drop nodes which is much
was slightly better than the solution found with the whole pipéarder.

set (threshold equals 0). This phenomena was due to the timePractically, more experiments should be done, especially

limits we gave tacpLEX for finding a solution.

6200

6000

5800 -

5600

5400

5200

5000

4800 -

4600 -

4400

4200
0

Fig. 6. Cost in function of the threshold

D. Greedy algorithms

we intend to improve greedy algorithms first by finding bet-
ter grading functions, and secondly by mixing them with ILP
approach.

Finally, a very important point that we wish to address is to
mix routing and grooming. In this work we assumed that the
routing was given and fixed. Such a routing could be the one
minimizing the bandwidth used but the suitability for groom-
ing may be improved.
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