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Abstract core networks, and also because when virtual topology
problems were first considered it was not realized exactly
Traffic grooming has recently emerged as an important how large the bandwidth of optical networks was going to
area in wide area wavelength-routed optical networks re- be, it was deemed a reasonable assumption by most re-
search. This research area addresses the problem of mul-searchers that individual traffic demands would be compara-
tiplexing lower rate traffic demands into wavelength chan- ble in bandwidth to whole lightpath(s). It has subsequently
nels of high bandwidth, so as to reduce network equipmentbecome clear that realistically they are typically conside
cost by maximizing the optical (wavelength) routing and ably smaller, and sucsub-wavelengttraffic must be mul-
minimizing electronic routing. Recently, there have been tiplexed (using electronic TDM methods) into individual
efforts to extend studies of this kind to cases of dynamicwavelength channels to obtain good utilization of network
traffic. However, this area is still comparatively new, and bandwidth. This process has been cattadfic grooming
most of the proposed approaches ignore the optical routing  Network design with sub-wavelength traffic demands
maximization aspect in favor of simply considering block- has grown more and more worthy of consideration because
ing probability. In this position paper, we describe a range of several reasons. Optical networks are being extended
of problems that we consider appropriate for consideration closer and closer to end users, where more flexibilities to
under the umbrella of dynamic grooming, and show what set up and tear down low speed traffic demands are required.
the various dimensions are along which various flavors of GMPLS-awareDptical Cross-ConnedtOXC) are expected
this class of problems may be found. We provide some samto assign incoming LSPs to lightpaths (higher level LSPs)
ple formulations describing some of these problems pre-using some kind of traffic grooming algorithm. Again, be-
cisely. cause of the emerging optical technologies, the bandwidth
available on a single wavelength is increasing, from 2.5
Gbit/s to 10 Gbit/s, probably even higher in future. In ad-
dition, although the number of wavelengths available on
a single fiber by the use diNavelength Division Multi-
plexing (WDM) is increasing, it is still one of the limi-
Wavelength-routed optical networks have long been rec-ations in optical networksOptical Add-Drop Multiplex-
ognized as the backbone networks of tomorrow. The attrac-gg (OADM) can selectively switch some optical channels
tive qualities of optical transmission, together with theh- while dropping others to electronic equipment, but only by
nology of routing individual wavelength channels without \yngle wavelengths. Thus assigning whole lightpaths to

the need for intermediate Opto-Electro-Optic (OEO) inter- smal| sub-wavelength traffic demands will result in severe
conversion, has further made such technology attractive fo ynder-utilization of optical backbones.

a future in which the backbone will be characterized by the
need for high speeds with highly predictable performance.
The literature on theirtual topology desigrproblem has

focused on the possibility of formidgghtpathsor clear op- o
tical channels that can then be viewed as traffic that mustbe  Most of the attention in literature has been so far focused

routed and assigned wavelengths on the physical topologyPn this problem when the node-to-node traffic demands do
of the network. not vary significantly over timei.e. when they are well-

rrepresented by a static matrix of traffic demands. The static
grooming problem is a large optimization problem. Given
*This research was supported in part by NSF grant # ANI-032210 the traffic matrix, a physical network and constraints such

1 Introduction

1.1 Static Traffic Grooming Context

Because optical networks are envisaged to be used i




as the number of wavelengths per link, the objective of the the fluctuation caused by individual traffic demands arriv-

design is to minimize the network OEO equipment cost in

ing or leaving are “smoothed out”, and the aggregate traffic

some sense. In terms of OEO, the costliest network designis effectively static. However, such assumptions are yikel

is one in which every node ispaque that is all lightpaths

to become challenged in the future when traffic grooming

traverse only one physical link and are terminated at everyconsiderations need to be extended into arenas where traffic
node (so no optical channel can pass through the node). Thexhibits more variation with time; indeed this is the sub-
objective of design is to reduce the OEO requirements fromject of this paperHowever, it remains important to keep in

this completely opaque case.

Several different cost functions have been studied. In
[12], the authors studied SONET rings on multiple wave-
lengths, and argued that the first-order goal of weve-
length assignmerWLA) problem should be to minimize
the number of SONET ADMs. This objective may be
generalized to minimizing theumber of Line Terminating
Equipment (LTE) needddtaled over all the network nodes
- a direct reflection of OEO equipment cost. The study
in [12] showed that minimizing the number of ADMs is in
general not equivalent to minimizing the number of wave-
lengths. In [4], heuristics to minimize the number of ADMs

mind that traffic grooming is a problem of OEO cost mini-
mization as well as a problem of multiplexing. In the next
section, we examine the traffic characteristics for which dy
namic traffic grooming may be appropriate, and review cur-
rent literature on the subject. Section 3 presents our views
on the different flavors of problems that come under the
area, and precise formulations for some specific problems.
Section 4 concludes this paper.

In what follows, we refer to severaubproblemsom-
monly perceived as making up the traffic grooming prob-
lem. It is necessary to note that a practical solution to a
traffic grooming problem will not necessarily consist of sep

subject to the minimum number of wavelengths were also arate solutions to these subproblems; rather these are con-

proposed.

Another candidate objective ithe overall electronic
routing performed, totaled over all the network nodes [9—
11]. This model focuses on the cost of actual electronic
processing involved in OEO routing. While it does not cap-
ture the cost of OEO equipment directly, it is a more fine-
grained measure of the OEO routing, since it does not penal-
ize the traffic actually originating or terminating at a node
It reflects the delay (and other possible drawbacks of OEO
routing, such as possibility of error or buffer overflow loss
during electronic processing) suffered by the traffic due to
OEO routing more accurately, and may be more useful for
QoS considerations at higher layers.

A third objective is to minimizehe maximum number
of lightpaths originating/terminating at a network nqases
in [3]. This objective also directory focuses on LTE cost, bu
rather than attempting to minimize the total over the whole
network, it concentrates on the node at which the largest
such equipment must be deployed. The practical rationale
for this is that all network nodes are often built identigall
in actual deployment, rather than with custom equipment
at each node as would be required to implement a solution
provided by total LTE minimization. This kind of min-max
problems have been studied extensively in the context of
traffic flow problems.

Many other network performance metrics are of practi-
cal interest, for example, the network throughput or mini-
mum blocking rate [22]. The maximum network through-
put problem and minimum network blocking rate problem
are dual problems which have been studied extensively in
the data network arenas. In the context of traffic grooming
in optical networks, this model is at odds with the statif-tra
fic model where it is considered reasonable to assume that

ceptually identifiable parts of the complete problem.

1. Virtual topology designpr deciding the set of light-
paths to establish. A virtual topology is a digraph
G(V, A), where vertices correspond to network nodes,
with equipment such as OADMs, OXCs, etc., and there
is an edge between two vertic#isthere is a lightpath
established between the corresponding nodes.

. Lightpath routing on physical links. This is a version
of the general routing problem which has been stud-
ied extensively for decades. However, in this case,
lightpaths represent the traffic demands. There may
be specific additional constraints for lightpath routing
in WDM networks;e.g. physical impairments such as
loss, chromatic dispersion and nonlinear effects may
constrain the physical hops in a lightpath. In general,
the constrained routing problem is NP-Hard [1].

. Wavelength Assignmertb lightpaths, obeying the
wavelength continuity constraint and avoiding wave-
length clash. Wavelengths are one of the critical re-
sources in optical networks. The number of wave-
lengths that can be multiplexed onto a single fiber is
limited. The high costs dbense Wavelength Division
Multiplexing(DWDM) has given rise t&Coarse Wave-
length Division Multiplexing CWDM). In [5], it was
shows that the general WLA problem is NP-Complete
by a reduction from the classical graph coloring prob-
lem.

4. Traffic Routing. Once the virtual topology has been
decided and realized, the actual node-to-node traffic
flows have to be routed over the lightpaths. This is

again the general routing problem mentioned above.



2 Dynamic Traffic Grooming 2.1 Prior Work

Recently, studies on dynamic traffic grooming have ap-
peared in the literature. Most of them consider discrete
Recently, the topic of dynamic traffic grooming has call arrival and departure models, and focus on the block-

gained in interest. Reconfigurable optical add-drop mul- N9 Probability experienced by sub-wavelength calls as the

tiplexors (ROADM) are becoming commercially available. '€lévant performance metric.
This means that the concerns of all the above subproblems N [7], the authors study the performance analysis prob-
could be dynamically adjustable. In practice, this is seen a |€m on the traffic grooming in single hop mesh networks. A
an opportunity to improve network performance by dynam- close-form formula is derived by introducing several sim-
ically reacting to dynamically varying traffic. plifications such as a single-wavelength link (SWL) block-
ing model; converting the multi-rate arrivals into bulk ar-
Dynamic traffic must be considered because the traffic rivals and approximated departures; and assuming overflow
grooming locations are envisaged to be extending from coretraffic is Poisson. Then a reduced load model is used to
networks to metropolitan area networks and even further tocompute the end-to-end blocking probability. Through sim-
end users. At such points, traffic demands are more likely toulations, the authors claim that the analytic model matches
be much less than the capacity of a lightpath, and variationswell with the numerical results. The work in [6] is an ex-
in them are less likely to be smoothed out by aggregation.tension of [7] by taking multi-hop routing into considera-
We offer a highly idealized schematic view of the changing tion. The authors assumed a simple admission algorithm at
nature of traffic at various levels of aggregation corregpon @ source node for each incoming traffic demands. Routing
ing to various levels of network from the end user to the Strategy is given such that the SWL model introduced in the
core in Figure 1. It has two dimensions, the traffic peaked- previous work can be extended to include multi-hop traffic
ness/burstiness and the bandwidth requirement. In the legarrivals. Instead of the sequential overflow model, a ran-
ends,C indicates the bandwidth of a single wavelength, dom selection of two-hop paths for the overflow multi-hop
represents the magnitude of the typical node-to-node traf-traffic demand is performed. The study in [16] also pro-
fic demand placed on the network, and represents the  vides an analytical model for evaluating the traffic block-
magnitude of the typical variation seen in the traffic at in- ing performance. A Trunk-Switched-Network with full-
dividual traffic change epochs. We show only four levels permutation nodes model is assumed (each wavelength is a
of aggregation for the purpose of illustration. At the lotves trunk). Multi-hop paths are decomposed into two-link paths
level, individual traffic packets are generated, and thficra  and analyzed using multi-rate traffic model. Then taking
bandwidth is very low while the burstiness is very high. In the link load correlation into account, the two-link paths
general, with successive levels of aggregation by stochas-are extended to the general multi-hop case. The authors
tic multiplexing, we expect that the bandwidth of the traf- of [18] study the blocking probability on tandem networks,
fic would increase, while the burstiness would be smoothedthat is a unidirectional path virtual topology. The authors
out. When the traffic is effectively static, as expected i th consider the multi-rate arrival model on existing lightpat
core network, the magnitude of the traffic may be compa- A path network is first decomposed into subsystems com-
rable to full wavelength bandwidth, in which case a virtual prising two adjacent nodes and analyzed exactly by a mod-
topology design or some other approaci$tatic Lightpath  ification of Courtois’ method. Using the multi-rate model,
Establishmen{SLE) is appropriate. On the other hand, if the conditional steady-state probability is computed.nlhe
the typical traffic magnitude is still sub-wavelength, istat  the link load correlation is considered by proposing an iter
traffic grooming is the appropriate response. In the interme ative algorithm.
diate levels of aggregation, the variation in traffic is clga In [13], the authors study the dynamic traffic grooming
sub-wavelength, but each variation is significantly srmalle problem with rearrangement on ring networks. The authors
than the overall traffic magnitude. This would appear to be provide a reconfiguration algorithm, called bridge-anti-ro
the appropriate domain for the as yet ill delineated field of (BR), such that the number of LTEs is reduced while keep-
dynamic traffic grooming. Note that from these stages, net-ing the network as bandwidth efficient as a full opaque net-
work policy might dictate burstization, thus artificiallgis- work. Putting different constraints on the resource, some
ing both traffic magnitude and burstiness. In that case, somdnteresting traffic models are introduced to illustrate éhe
Dynamic Lightpath Establishme@LE) approach would  gorithm. In addition, to reduce the cost of traffic disrugtin
be suitable, possiblptical Burst Switchingof course, bounds are provided in terms of the number of BRs. The
such techniques are also appropriate in other networks indynamic traffic grooming problem in Mesh networks using
which these characteristics arise not due to aggregation fo a graph modelis studied in [21]. This model creates an aux-
lowed by burstization but some other mechanism). iliary graph and by assigning different weights to the edges
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Figure 1. Schematic representation of different traffic cha racteristics

different grooming policies using various objectivescanb 3 Research Problems in Dynamic Traffic
implemented. The study in [19] also proposes some graph- Grooming
based dynamic traffic grooming algorithms. The main con-
straints considered are the number of transceiversandwavez 1 Different Flavors of Dynamic Grooming
length continuity. The authors propose different graplts an
links, upon which diffe_rent routing algorithms for differe While some of current work in dynamic traffic groom-
grooming polices are introduced. The authors of [8] study jg has focused on analyzing the blocking characterisfics o
the traffic grooming problem for WDM rings, both unidi-  {he network under given grooming strategies, others have
rectional and bidirectional, with the objective of minimiz  continyed to treat the OEO cost minimization design as the
ing the number of ADMs. A heuristic method in combi-  yrimary problem. Unfortunately, the given grooming condi-
nation with the ILP formulation is proposed. The heuristic ong assumed by blocking probability studies are not neces
involves two phases, first, an ILP is solved to minimize the sarily very useful from an OEO design perspective; for ex-
number of wavelengths; then, based on the solution pro-5mple many such studies assume that the network is totally
vided by the first stage, “subwavelength circles” are com- onaque, which means that the worst possible OEO situation
bined into wavelengths such that the number of ADMS is is the one being analyzed.
reduced as much as possible. It is interesting to note that \ye feel that these and other choices of assumptions give
the first stage, solving an ILP can be computationally much yjse to a variety of problems that may all be called dynamic
easier than solving the same ILP with the objective to min- 44oming problems. In table 3.1, we articulate dimensions
imize the number of ADMs directly. along which these problems might vary. Most existing work
on dynamic grooming can be categorized into these flavors;
in addition, there are some that are not currently addressed
in literature.
At the broadest level, we can classify possible problems
into two categories, those ahalysisanddesign Current



Analysis virtual topology | given static opaque [14,18]
(of Blocking | assumption=? | dynamic, strategy given single-hop [7]

Probability) multi-hop [6]
modelling link load correlation correlated [16, 18]
technique=2? uncorrelated [6, 7]
traffic rate model multi-rate [16-18]
single-rate
traffic variation | arrival departure model| Poisson model
model=7?
Design traffic variation | arrival departure model| Poisson model
(Performance| model=? incremental [15]
Optimization) traffic matrix constrainty peak constraint [2,13]
slightly varying sequence of matrices

set of matrices with probabilities
increments, with probabilities
objective of blocking probability strict sense [2]

design="? wide sense

rearrangeable [13, 20]

utilization, delay
OEO costs number of ADMs [2, 8]
amount of electronic proc.

virtual topology | static
allowed="? one per traffic pattern
sequence, schedule [13]

Table 1. Different Flavors of Dynamic Grooming

studies attempting to analyze the behavior of networks with nately hard to study analytically. This broad class of stadi
dynamic sub-wavelength traffic have concentrated exclu-has till date related more to prior queueing and blocking
sively on analyzing the blocking probability of a given net- studies in other networking contexts, rather than to thfe tra
work design, and the arrival-departure model of trafficvari fic grooming area.
ation. However, there is no reason why other metrics cannot  The other broad class, that of network design, has fo-
be analyzed, possibly under other traffic models such as thecused on developing the strategies for obtaining the \lirtua
slightly varying traffic we articulated in Figure 1. topology and traffic routing solutions, to optimize some ob-
Of the blocking probability studies, we distinguish two jective (which may, indeed, be the blocking probability).
approaches in the blocking probability analysis. One as-As far as dynamic traffic grooming is concerned, the first
sumes a given static virtual topology, the other assumes thaquestion might be what traffic model is studied. Different
the virtual topology is dynamic but strategies how to change models may form different problems. For example, we may
the virtual topology are given (how to set up/tear down a have an arrival-and-departure model, or we can put differ-
lightpath, how to reconfigure the virtual topology, for ex- ent constraints on the traffic matri&,g, degree constraints
ample). In dynamic traffic grooming networks, one main for each node, such that only some set of traffic matrices are
concern is the modelling of the traffic demands. The perfor- allowed. We may also be interested in traffic demands that
mance problem has been extensively studied in other netchange slightly/slowly.
works, such as data networks and telecom networks. How- One main concern in networking problems is to opti-
ever, the performance study in wavelength routed networksmize some kind of objectives which are subject to some
is even more complicated because of the integration of dif- constraints. Along this dimension, different flavors may be
ferent subproblems. For example, because of the wave-of interest. As we have mentioned, the blocking probabil-
length continuity constraint, correlated models may have ity is an important metric that should be optimized. When
to be used to get more exact blocking probabilities. Also, the strict sense blocking probability is concerned, we may
we need to consider bulk-arrival and bulk-departure system need to design a network (virtual topologyg) such that
(multi-rate), and overflow problems if setting up new light- the blocking probability for allowed traffic is minimized.
paths is allowed for traffic demands that are unable to beMoreover, the blocking probability can be of interest in the
accommodated by the existing topology, which are unfortu- wide sense, that is, minimized by further study on algo-



rithms (RWA, grooming, etc.). Another approach is the re-
configuration problem. Reconfigurations take a static view
of the network and optimize it globally; however, they may
disrupt existing traffic, which is undesirable and can be for
mulated as a form of cost. Therefore, a trade-off between
the reward and cost is to be achieved. Delay and utiliza-

4. traffic demands] = {t; sq}, Wheret; 4 is t%¢, the
traffic demand from nodeto d, if i = s, —t5¢if s = d
and0 otherwise. With loss of generality, we assume
thatts? < C,

5. the cost function.

tion are also common metrics that are of interest. Generally \yie need to find:

service providers always try to better the utilization lvefo
considering an upgrade of their networks and investment on
new equipment.

As we have mentioned before, minimizing OEO cost is
a primary concern for static traffic grooming, and it is rea-
sonable to expect that the same concerns hold for dynamic
traffic grooming. For example, when a network upgrade is
necessary, we may need to find a solution such that the over-
all amount of electronic routing is minimized. A coarser
objective that captures the network cost more directly migh
be to minimize the number of electronic ports. We remark
that both objectives are directly important in the statidfic
grooming problem; however, in dynamic traffic grooming,
we are more interested in sorpelicy that can be followed
by the service provider so that the objectives can be opti-
mized in some way.

Network management policy or other design circum-
stances may constrain the virtual topologies and traffit-rou
ing that can be used as a solution. For example, the solu-
tion can be constrained to make use of a single unchanging
virtual topology; this can make the whole problem signif-
icantly simpler, but it loses the powerful flexibility of the
virtual layer. Another possibility is to design a sequence
of virtual topologies, one each for a set of traffic matrices.

This approach seems to be amenable to analytic study due

to the significantly reduced state space.

3.2 An ILP Formulation For the Static Traffic
Grooming Problem

In order to create a baseline for formulating dynamic
grooming problems, we first formulate the static groom-
ing problem as a reference. ILPs for the static grooming
problem exist in literature; however, we choose to fornailat
it afresh because the following formulation using node-arc
matrices is particularly focused toward allowing genewli
tion into dynamic problems.

We are given:

1. aphysical topolog¥ = {p;.mn}, Wherep; s 1S frn,
the number of fibers from node: to n, if 1 = m,
—fmn if i = n and 0 otherwise. We assume that

1. avirtual topologyV = {v;;}, wherev,; is 1 if the
lightpath! originates at node, —1 if it terminates at
nodei, 0 otherwise,

2. the wavelength assignment, represented as a set of bi-
nary variablesV* = {v}"; },wherev}, is 1 if the light-
path! originates at nodéand uses wavelengih, —1
if it terminates at nodéand uses wavelength, 0 oth-
erwise. Notice that, we havé = > V",

3. routing of the virtual topology, i.e., a route for each
lightpath on the physical topology, represented as
BY = {by,, 1}, b,y = 1, if the lightpathl traverses
the physical link{mn} and uses the wavelength 0

otherwise,

4. the grooming scheme, 1ét = {f; .4} be the traffic

flow from nodes to d, using the lightpatt.

The constraints imposed are:

e for the routing and wavelength assignment problem
(RWA), we have:
PBY = V" VYu (1)

Z byny < 1 Vw,mn (2
1

o for the routing of traffic on the virtual topology, we
have:

VF=T (3)
o for the grooming problem, we have:
> fra <OV 4)
sd
e nonnegativity and integer constraints:
b5 Vit Vi € 10,1}, VI, mn, w (5)
fi,sa € Z3 V1, sd (6)

Constraint (1) guarantees that a lightpath is assigned a
wavelength and properly routed (assume no wavelength
conversion); (2) guarantees that two lightpaths travgrsin

the same link must be assigned with different wavelengths;
(3) makes sure that traffic demands are properly routed on

fmn G {0; 1}1
2. the capacity of each wavelength

3. the number of wavelengths per physical lifK,



the virtual topology and (4) is the capacity constraint on
each lightpath.

The objective can be represented as some linear function Trafic Demands
of all variables, without loss of generality, i.e.,

min Ct({b%n,l}v {v;i.,)l}a {fl.,sd})'

We notice that the above constraints for the virtual topol-
ogy routing and grooming subproblem, i.e., constraints (3)
and (4), do not rule out the possibility of traffic bifurcatio
In many practical cases it is desirable to forbid bifurcated
routing, and in such a case an alternate formulation using
path-flow indicators can be made. Note that new variables
can also be used to form constraints forbidding any traffic
component from describing a route on the physical topol-
ogy that involves a loop. This would not be required in a Routing Wavelength
traditional routing problem because such a solution would ienment
not be optimal; however, it may be appropriate here because
a loop could form after a traffic component is routed on two
successive lightpaths, each individually loop-free. Sach Physical Topology
solution might not be automatically suboptimal if the cost
metric relates to OEO cost. However, because of network
management issues, such a solution might be undesirable.
We do not discuss these extensions any further here. Figure 2. A layered view of the traffic groom-

Note that constraint (3) has product of two variables on  ing problem
its right-hand side, so it might appear that linearity hasrbe
lost in this formulation. Actually this is a notational canv
nience.}_,, V' in this constraint can be replaced by afull 147, the current solution remains feasible until the capac-
mesh virtual topology with multiple arcs, represente#as i, constraints (4) become active. Thus, in order to satisfy
and the capacity constraint (4) would still continue to guar he changing traffic matrices, the grooming solution is also
antee that traffic can only be routed on lightpaths that are4 f,nction of time. We denote the grooming solution as
actually available. Sinc&. is a constant, the formulation SO, = {v¥ b frsa.¥sd, 1, mn}. As the traffic
has not lost its linearity. i B mm b

Let the number of nodes b#/, then the number of
lightpaths is inO(W N?2), the number of physical links in
O(N?), the number of — D pairs inO(N?); thus we have
O(W?2N3) nontrivial constraints. The number of variables
isin O(W?2N*). We, of course, can combine arc flows into rooming solutions adist,_... = ||SO, — SO,||, and as-
path flows, a representation that has much less number Ogume that the cost functio(-) is a linear function of dis-

constraints and larger number of variables. Using columngnce  This embodies the need to avoid frequent changes.
generation technique, we will have a more efficient formu- ina)ly the overall objective now becomes to minimize the

Grooming

Virtual Topology

demands change, we possibly want to change the groom-
ing, either because the existing grooming solution is infea

sible, or the change is advantageous in the long run. How-
ever, changing the grooming does not come without cost.
Without loss of generality, define the distance between two

lation. overall OEO cost incurred over the entire period of time for
) ) ) which the traffic conditions are specifiezhmbined withthe
3.3 An ILP Formulation For a Dynamic Traffic cost incurred in all the changes of the grooming over that
Grooming problem period.

o ] To bring our previous concern into consideration, we

grooming problem can be depicted as in Fig.2.

Now, suppose that the traffic demands change as a func- PBY = V*Vuw, T (7)
tion of time 7. That is, we havd’, = {¢; sa,-}. Let this
information be provided over some period of time, from the Z by i < 1Yw,mn, T (8)
!

initial time 7; to the final timer;. The physical topology’
of the network is assumed to remain constant over this pe-
riod. From the sensitivity point of view, wheh. changes V. F, =T, Yw, T 9



route and assign wavelengths for them (RWA); and if re-
Zﬁysdﬁ <C, Vi, 1 (10) configuration is performed, how to change the virtual topol-
sd ogy and RWA (reconfiguration). The state space can be
Non-negativity and integer contraints must be imposed sim-S = {t; sd, Vi1, by, > f1,54Vi, sd, I, mn}. Unfortunately,
ilarly as in the static case. the huge size of the state space of any realistic system defies
The objective we are interested in is: an exact solution. However, focusing on different aspects

- - gnd assgmptions, a large numb.er of variant MDP formula-

min o </ ZZfz,sd,TdT) 43 (/ d(diStT—m")) 7 tions exist. Next, we show a s_lmple example that allows
n 59 - re-grooming of the existing traffic.

) ) ) Assume that traffic arrivals are from different source-
Whe_rea(-) is some cost function of the amount of electronic  yastination pairs and with different capacity requirersent
routing. In addition, arrivals are associated with different weight
which could be simply the capacity requirements or some
other measures. When there is a traffic arrival, we have
to make a decision whether to regroom existing traffic or
, not. The regrooming is done by choosing some traffic

In the case formulatgd above, all trgfﬂc chfinges ' jemands on the most congested lightpath and rerouting
known to the network.deS|gn_ertogethervv_lth thetimeswhen o o1 the least congested one or simply block them to
changes occur. In this section, we consider the case Wher?nake way for new arrivals. The selection list is sorted ac-

trafn_c variations are known only n stz_;ltlstlcal terr_ns. As- cording to their weights, such that traffic with less weight
suming that the processes of traffic arrivals are Poisson Pro ;g preferred. Therefore, the actions to be chosen is in

cesses and the holding times are exponentially distributed {not regroom, reroute, block}. Let the state space at de-
and decisions are made at the epoch when there is an arx ’ |

. .- ) . cision epoch be S; = {N;, T;}, whereN; is the network
rival, the problem of determining the optimal policy con- P L = AN T} l

. MDP bl N hat. | d of usi h state andl; is the traffic matrix. Then, upon an arrival the
stitutes a problem. Note that, instead of using the ..t state at epocH is Sy = {Ny, T}, depending on

transﬁlon rate from one st'atggo_ another, we clan eg_sny COMthe action takend; can be equal t&5;). We classify the
\{ert tMeDcPontlr)uours]-tlme_f . mt_o an eﬂu!va ent |sr::rehte- network states into two classes;ccess ful, which means
time using the uniformization technique, such that y,. o yraffic demands are satisfied by the network, and

thg trar?snlonblprobablhtles can beb\llvell deflned.d Todcc])rn- unsuccess ful, which means that some traffic demands are
sider the problem as an MDP problem, we need to definey,, 1qq f the operation igeroute, we need to pay some

the MDP tuple{S, A, P, R}, wheres is the set of states, cost for disrupting and delaying traffic, let it 6§ N;, Ny );

“_4 IS thz sethof allowgt:l actl_ong?l 'ﬁ thg transkl]non fL;]nC'h if some traffic demands are blocked, we lose some revenue,
tion, andR, the reward function. It has been shown that the let it be R(S;,Sir). Then, what we are interested in is to

MDP formulation can be an effective tool in problems such
as: Reconfiguration, Call Admission Control and Routing
and Wavelength Assignment. Different problems may have 1 k
different emphases. For example, in the call admission con-  lim —E {Z [a(R(S1, Sr)) + B(C (N, Nl’))]} ;
trol (CAC) problem, actions are a call is accepted or not 1=0

accepted; in the RWA problem, actions are a call is ac-
cepted or not and if accepted how to route it and assign it
some wavelength; in the reconfiguration problem, actions
are if reconfiguration should be undertaken and if so, how .
to reconfigure the network. The state space is the set o4 Conclusion

network states that will be affected by the corresponding

actions. Different problems also have different objecjve We have articulated the problem of dynamic traffic
generally, in terms of minimizing some cost functions. The grooming in the context of the more traditional traffic
cost function can be a combination of the cost paid to an grooming problem, and have discussed the traffic character-
action and the reward received when reaching a state. Foistics which are appropriate to consider for such problems.
a general description of the dynamic traffic grooming prob- We believe this area is much broader than current literature
lem, in addition to theses subproblems, we need to considessuggests, and we have described the different dimensions
the routing of sub-wavelength traffic. That is, the actions along which different flavors of problems may be found.
can be: whether a call is accepted or not (CAC); if accepted,We feel that while blocking probability computations are
how to route the call on the virtual topology (traffic groom- important analytical tools, network design problems to-min
ing); if some new lightpaths are setup for the call, how to imize OEO cost continues to be a significant problem in the

3.4 A Markov Decision Process (MDP) Formula-
tion

minimize

wherea(-) and5(-) are some nondecreasing functions of
R(S;,Si) andC (N, Ny ) respectively.



context of dynamic traffic grooming. Different methodolo-
gies can be used to formulate different problems in this,area
and we have provided some sample formulations. We are
currently working on designing good grooming algorithms
for such problems, and hope to present results soon.
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