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Traffic Grooming Algorithms for Reducing Electronic
Multiplexing Costs in WDM Ring Networks

Angela L. Chiu and Eytan H. Modiano

_Abstract—We develop traffic grooming algorithms for uni-  OC-48 SONET ring. This network is used to provide OC-3 cir-
directional SONET/WDM ring networks. The objective is to  cuits between nodes and SONET ADM’s are used to combine
assign calls to wavelengths in a way that minimizes the total cost up to 16 OC-3 circuits into a single OC-48 that is carried on a

of electronic equipment [e.g., the number of SONET add/drop . -
multiplexers (ADM’s)]. We show that the general traffic grooming wavelength. With WDM technology providing dozens of wave-

problem is NP-complete. However, for some special cases wel€ngths on a fiber, as many OC-48 rings can be supported per
obtain algorithms that result in a significant reduction in the fiber pair instead of just one. This tremendous increase in net-
number of ADM'’s. When the traffic from all nodes is destined  work capacity, of course, comes at the expense of needing addi-
to a single node, and all traffic rates are the same, we obtain a 4| electronic multiplexing equipment. With the emergence
solution that minimizes the number of ADM’s. In the more general fWDM technol the domi t ¢ ti twork
case of all-to-all uniform traffic we obtain a lower bound on the _0 echnology, e_ ominant cost component in ne pr S
number of ADM'’s required, and provide a heuristic algorithm 1S N0 longer the cost of fiber but rather the cost of electronics.
that performs closely to that bound. To account for more realistic The SONET/WDM architecture shown in Fig. 1 is potentially
traffic scenarios, we also consider distance dependent traffic, wasteful of SONET ADM'’s because every wavelength (ring)
where the traffic load between two nodes is inversely proportional - reqjires a SONET ADM at every node. An alternative architec-
to the distance between them, and again provide a nearly optimal ture, shown in Fig. 2, makes use of WDM add drop multiplexers
heuristic algorithm that results in substantial ADM savings. e 9.4, . P P )
Finally, we consider the use of a hub node, where traffic can be (WADM's) to reduce the number of required SONET ADM's.
switched between different wavelength, and obtain an optimal A WADM at a given node is capable of dropping and adding
algorithm which minimizes the number of ADM's by efficiently  any number of wavelengths at that node. In order for a node
multiplexing and switching the traffic at the hub. Moreover, we 4 transmit or receive traffic on a wavelength, the wavelength
show that any solution not using a hub can be transformed into a t be added or d d atthat nod d S,ONET ADM t
solution with a hub using fewer or the same number of ADM’s. mustbe added or roppe a_ atnodeanda s _mus
be used. Therefore, with a single WADM at each node it is no
longer necessary to have a SONET ADM for every wavelength
atevery node, but rather only for those wavelengths that are used
at that node. Therefore, in order to limit the number of SONET
ADM'’s used, it is better to groom traffic in such a way that all
. INTRODUCTION of the traffic, to and from a node, is carried on the minimum

UCH of today’s physical layer network infrastructuréumber of wavelengths. Notice that this is not the same as min-

is built around synchronous optical network (SONETYMiZINg the total number pf wavelengths used, a problem that
rings. Typically, a SONET ring is constructed using fiber (on8as received much attention recently [1].
or two fiber pairs are typically used in order to provide protec- Recent work on wavelength assignment in WDM networks
tion) to connect SONET add drop multiplexers (ADM's). Eackonsidered how to assign wavelength to calls, so that the total
SONET ADM has the ability to separate a high rate SONE‘T{meer of wayelengths required is minimized [1]. The under-
signal into lower rate components. For example, four OC-3 ching assumption was that calls required a full wavelength. In
cuits can be multiplexed together into an OC-12 circuit and fyactice this is rarely the case. Typically, calls require a small
OC-3's can be multiplexed into an OC-48. The recent emdfaction of a wavelength and network providers use electronic
gence of wavelength-division multiplexing (WDM) technomg)multiplexing to allow many users to share a wavelength. For ex-
has resulted in the ability to support multiple SONET rings ofMPple, SONET multiplexers can be used to aggregate as many
a single fiber pair. Consider, for example, the SONET ring nédS 16 OC-3 circuits onto a single OC-48, which in turn can be

work shown in Fig. 1, where each wavelength is used to form &aied on a single wavelength. o
A large part of the cost in providing network services is in

_ _ _ the size and complexity of electronic multiplexing equipment.
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Fig. 1. SONET/WDM rings.

costs not just the number of wavelengths. In this context, tirea way that minimizes the total number of SONET ADM’s re-
problem is to design traffic grooming algorithms to minimizeuired. Consider, for example, the following two circuit assign-
electronic costs at network edges and to make efficient useménts of traffic: Assignment 1A1: 1 « 2,3 « 4; A2: 1 «

wavelengths. 3,2 < 4;A3: 1 < 4,2 < 3;and Assignment 2A1: 1 <
In this paper we consider a unidirectional WDM ring network, 1 < 3; A\2: 2 < 3, 2 < 4; A3: 1 < 4, 3 < 4. Sinceg = 16
with NV nodes numbered, 2, ..., IV distributed on the ring in andr;; = 8 each wavelength can support all of the traffic be-

the clockwise direction. Each nodeg has one WADM and); tween two pairs of nodes. With the first assignment, each node
SONET ADM'’s. Each SONET ADM is used to aggregatew has some traffic on every wavelength. For example wavelength 1
rate circuits onto a single high-rate circuit that is carried onaarries the traffic between nodes 1 and 2 and the traffic between
wavelength. For example, each SONET ADM can be usednodes 3 and 4. Therefore, each node would require an ADM on
multiplex 16 OC-3's ¢ = 16) or four OC-12's § = 4) onto a every wavelength for a total of 12 ADM’s. With the second as-
single OC-48. The traffic requirement is for; low rate circuits signment each wavelength contains traffic from only three nodes
from node: to nodey, for any: # j. With a WADM at a given and hence only nine ADM'’s are needed. Notice that both assign-
node, a wavelength can bypass that node if there is no traffictents carry the same amount of total traffic (8 OC-3’s between
be received or transmitted from that node, which results in tleach pair of nodes).
saving of a SONET ADM. The objective is to minimize the total Most previous work in this area has focused on the virtual
number of SONET ADM'’s used in the network to support all ofopology design problem for known and fixed (static) traffic
the traffic by intelligently assigning traffic to wavelengths.  patterns [2], [3]. The general problem of virtual topology de-
As a simple, illustrative example, consider a ring networgign can be formulated as a mixed integer programming problem
with four nodes. Suppose that each wavelength is used to swich is known to be difficult. Heuristic algorithms have been
port an OC-48 ring, and that the traffic requirement is for eigliteveloped to design virtual topologies that minimize the number
OC-3 circuits between each pair of nodes. In this case we hafevavelengths, delays or blocking probabilities.
g = 16 (16 OC-3's in an OC-48) and;; = 8 for all ¢ # j. While the general topology design problem is known to be
In this example we have six node pairs and the total traffic lodwtractable, the traffic grooming problem is a special instance
is equal to 48 OC-3’s or equivalently three OC-48 rings. Thef the virtual topology design problem for which, in certain cir-
question is how to assign the traffic to these three OC-48 ringgmstances, a solution can be found. For example, [4] considers
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Fig. 2. Using WADM's to reduce the number of SONET ADM'’s.

traffic grooming for a bidirectional ring with uniform traffic.

In this paper we describe solutions for unidirectional rings. In
Section Il, we consider the simple case of an egress node from
which all of the traffic is directed and in Section I, we consider
the more general case of all-to-all uniform traffic in a ring net-
work. In Section 1V, we extend our traffic model to account for
distance dependent traffic and in Section V, we consider the case
of a ring network with a hub node, where traffic can be switched
between different SONET rings using a SONET cross connect.
We summarize the results with remaining issues in Section VI.

Il. EGRESSNODE

. . . Fig. 3. Unidirectional ring network with an egress node.
We start by considering a very simple case of the traffic’ 9 g

grooming problem, where all of the traffic on the ring is o
destined to a single node that we call the egress node. This cadeenote the egress node as node 0 and assume that it lies be-
is of particular importance in access networks where trafff¢€en nodeV and node 1, as shownin Fig. 3.

from the various access nodes on the ring is all destined to thd Ne traffic rate between nodéand; takes on positive values
telephone company’s central offieén fact, in today’s access ONly whenj = 0 andi = 1, ..., V. Since the ring is unidirec-
networks most of the traffic is destined to the central officdonal, all traffic has to go through the link between nddend
from where it is routed to more distant locations. Only a smdpode 0. Therefore, linkV, 0) carries the heaviest load, which
fraction of the traffic travels between nodes on the same accks§Ven by Lumax = 3 iy rio-

ring. Further, the discussion of the egress node case is alsblence the minimum number of wavelength required to sup-
significant because it provides insight to the general traffRort this load isWin = [Lmax/g]-

grooming problem. For example, we use this case to show thatVithout loss of generality, we can assumg < g for all % for

the general traffic grooming problem is NP-complete. the rest of this section. This is because whgn> g, the por-
tion of the circuits that can fill up a wavelength can be carried on

IFor simplicity of presentation, we discuss the egress node case. Howe\gageparate Wavelength without the need to be groomed together
this discussion also applies to the case of an ingress node where all the traffi

comes from one node as well as the case of a single node from and to whicH’\Qﬁh traffic from other nodes. That i$ri0/g] wavelengths can
of the traffic is destined. be filled with [r;0/¢] * g low rate circuits. The remaining cir-
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cuit can be groomed with traffic from other nodes. Hence, tlexactly one wavelength is dropped at each node) plus at the
problem is reduced to that of grooming traffic streams of raggress node one ADM is needed for each wavelength (since all
70 < g. The objective of the traffic grooming problem is to aswavelengths are dropped at the egress node). Note that the re-
sign circuits to wavelengths in such a way that the total numbgulting number of SONET rings may be larger than the min-
of SONET ADM's in the network is minimized. imum number of rings required (taking the case= 4, g = 7,

We start by observing that the general traffic groomingndr = 5 as an example). Next we provide a solution that uses
problem, even in this special egress node case, is NP-compléte. minimum number of ADM’s required subject to using the

Theorem 1: The traffic grooming problem is NP-complete. minimum number of SONET rings (or wavelengths).

Proof: We prove this result by showing that the Bin

Packing problem can be transformed into the traffic groomiry Minimizing ADM’s Subject to the Minimum Number of
problem in polynomial time. Since the Bin Packing problenivavelengths

is known to be NP-complete [5], the traffic grooming problem Here we require that the solution will use the minimum
must be NP—CompIete as well. First we show that there eXiiﬁ:@mber of Wave|engthszin and find an a|gorithm that
an optimal solution such that no traffic from a node is split ontginimizes the number of ADM’s subject to this constraint.
two SONET rings. We prove this claim by showing that for anpence, the total number of ADM’s required will includ®,;,,
solution with split traffic, there exist a corresponding solutiodDM'’s at the egress node (one for each ring), plus the total
without split traffic that uses the same number or fewer ADM'ssumber of ADM's at all the regular nodes. Since we are now
Consider a circuit assignment that has traffic from a node splstricted to using the minimum number of wavelengths, traffic
onto two or more SONET rings. Clearly, each node with traffigom a node may have to be split onto multiple rings and each
on two or more rings must have at least two ADM's. Sincode will have one ADM for each SONET ring used to carry
;0 < g, all of the traffic from that node can be accommodateigs traffic. We say that a split occurs when some traffic from
on a separate SONET ring with two ADM'’s (one at that nodg node is divided onto two rings. For example, if traffic from
and the other at the egress node). Hence, any circuit assignmghbde is divided onto three rings two splits have occurred.
can be transformed into one where no node has traffic on m@garly, for each traffic split, a new ADM is needed. Each
than one ring using the same number or fewer ADM’s. Thugode needs one ADM plus an additional ADM for each traffic
there exists a solution that minimizes the number of ADM'§p||t at that node. Hence the total number of ADM’s needed
without splitting traffic from a node onto more than one ring. s equal toW,,i, + N + S where S is the total number of
For any optimal solution with no split traffic, only one ADM traffic splits over all nodes. Therefore, the minimum number of
is needed for each node while one ADM at each SONET ring&ONET ADM'’s subject to minimum number of SONET rings
needed for the egress node. Since at least one ADM is needed afchieved by minimizing the total number of traffic splits.
every node, the problem is reduced to that of minimizing tot@jbviougy, if all of the traffic can fit on théV,.;, rings with
number of SONET rings used. This can be achieved by cop need for traffic splitting then we have the minimum ADM
bining the traffic from multiple nodes onto a single ring. Thisgolution. For each ring with no split traffic, the maximum link
infact, is the well known Bin Packing problem [5]. Specificallyload isL,,, = |g/r] * r.
the wavelengths correspond to bins, where each bin has finite_ et W, be the maximum number of rings containing no split

capacityg; ther;o’s correspond to the sizes of the items to bgaffic, with L,,, circuits each. Since, the remaining/{i, —
packed into the bins; and the goal is to minimize the number Wns) rings contain at mosj circuits, we have

bins used. Hence, any solution to the traffic grooming problem

can be used to obtain a solution to the bin packing problem in = Wy * Lps + (Winin — Was) 9 > Linax = 7% N,
polynomial time. Since it is known that for genegaandr;,’s, )

the bin packing problem is NP-complete, we have shown tH4€r€Wmin = [r * N/g]. Therefore, the maximum number of
the traffic grooming problem must also be NP-complete. N&IN9S With no split traffic is given by,

tice, also, that by showing that the traffic grooming problem . g% Winin — Limax

in the egress node case in NP-complete we have also shown ~ Wns = mln{Wmim { L J}

that the general traffic grooming problem with all-to-all traffic g "

is NP-complete. However, in the special case where all of thelf W,,, = Wy, then all of the traffic can be accommo-
rio are equal (i.e.r;o = r for all ¢) an exact solution for the dated without any need to split traffic and the optimal solution
minimum number of ADM'’s required and how they should bés found. Hence, in the following we focus on the case where

assigned to circuits can be found. Wis < Whin In this case not all of the traffic can be ac-
commodated without the need for traffic splitting which im-
A. Special Caser;g = r plies that there exists at least one traffic-split. The algorithm

Using the proof of Theorem 1 we know that there exists an of€lOW assigns circuits to wavelengths in a way that minimizes
timal solution that does not require traffic from a node to be spf€ number of traffic splits and hence the number of ADM's.
onto multiple wavelengths. Since, without splitting traffic, we n€ algorithm works for arbitrary positive integer valuesgof
can groom the traffic from at mosy/r | nodes on one SONET @nd+ and is not restricted to the casesok g. The algorithm
ring, the number of SONET rings neededi, = [N/|g/r|]. IS iterative with the following three steps.

Hence, the minimum numb_er of SONET ADMME i = . 2The algorithm and its optimality proof were provided by Z. Tang of AT&T
N + W, because one ADM is needed at every node (sincebs, 200 Laurel Ave., Middletown, NJ 07748 USA.
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1) Algorithm: is filled with traffic from exactly one node (step 2). To see this
consider an optimal solution where each of ieaings takes all
Step 1: traffic from | g/r| nodes (without splitting the traffic) and one
Fill each of W = Wy fings with the ring has its remaining capacity; = g — |g/r]r < r, filled
unsplit traffic from lg/r] nodes. The with split traffic from more than one node, say nodes 1, 2. We
remaining capacity for each of the 154 can swap node 2's traffic assigned to this ring with node 1's
rings is g1 =g —|g/r]r <r and the traffic traffic assigned to other rings, and repeat this process for cases
from Ny = N — |g/r|W nodes still needs with more than two nodes, until all the split traffic of this ring
to be assigned. Notice that Ny is less is from node 1 only. Clearly, this swapping will not increase the
than W, since the remaining unassigned number of traffic splits and hence maintain the optimality of the
traffic, Nir, needs to fit on the total traffic assignment. This process can be repeated until the all the
remaining capacity, aW. remaining capacity oV, = N — | g/r|W rings is filled by the
Step 2: traffic from each of theV, = N — |¢/»|W nodes.
Fill the remaining capacity g1 of each Since the algorithm repeatedly uses steps 1 and 2 until all
of N rings by the traffic from each of traffic has been assigned, it results in the minimum number of
the remaining N; nodes. The remaining traffic splits. This is because after steps 1 and 2, we are left with
traffic of each of N; nodes becomes N; = N — |g/r]W nodes each with; = » — g, traffic to be
=7 — 4. assigned ant¥; = W — IV, rings each with remaining capacity
Step 3: g1 = g— |g/r]r. Assigning the traffic from thes®&; nodes to
Now, there are W, = W — N rings that the W, wavelength using steps 1 and 2 of the algorithm will,
each has capacity g1 left, and N1 nodes again, result in the minimum number of traffic splits. Clearly,
that each has traffic ry left. Update repeating this process until all traffic has been assigned will re-
W = W, g .= g, N := Ny, and » := r; sultinan optimal solution.
and repeat Steps 1-3 until the traffic Next, we consider the more general case of a ring network
from all nodes has been assigned (i.e., with traffic between all node pairs.
™ = 0)

1. ALL-TO-ALL UNIFORM TRAFFIC
2) Example-~ =5, r =5, g=9,andW =3: Instep 1,

we fill each of three rings with9/5| = 1 node’s traffic. Aca-  Inthis section, we consider the more general case of all-to-all
pacity of four remains for each ring and the traffic of two nodesaffic in the ring. Since the solution to the general problem
has not yet been assigned. In step 2, we fill up all remainirg NP-complete, we consider a more limited case of uniform
capacity of two rings by the traffic from each of two nodes leftraffic. Thatis,;; = » forall i # j, wherer is some positive in-
over. There is only one ring left with capacity of four and a singleeger representing the number of low rate circuits between each
circuit from each of two nodes remains to be assigned. In steppair of nodes. Again, the traffic granularity, is equal to the
we assign those two circuits to the ring with remaining capacityumber of low rate circuits that can fit on a single SONET ring
The total number of traffic-splits resulted is two. (or wavelength). An interesting observation that significantly
In order to prove the optimality of the above algorithm, wsimplifies the solution for unidirectional rings is that the routing
start by showing that there always exists an optimal solutigmoblem is eliminated. All circuits travel in the same direction,
that uses steps 1 and 2 of the algorithm. First, we show tleatd as long as traffic is symmetric (i.e;; = r;; for all ¢, j),
there always exists an optimal solution such that eack’of all links carry an equal load. This is in contrast to a bidirectional
rings is assigned all of the traffic frohg /» | nodes without split- ring where link loads depend on how calls are routed.
ting (step 1). To see this consider an optimal solution such thatWe begin with a few definitions that will help our discussion.
there is one ring, say ring 1, whose unsplit traffic is from fewdret the node load be the number of low rate circuits originating
than|g/»| nodes. By assumption, there exists at least one nooleterminating at a node, theb; = (N — 1)r. Let the link
whose traffic is split, say node 1. We can swap node 1's trafficad be the number of low rate circuits traversing a link. Clearly,
assigned to rings other than ring 1 with some split traffic ad- = N(N — 1)r/2, because there aré(N — 1)/2 node pairs
signed toring 1 such that all node 1's trafficis onring 1. Clearlgach withr circuits between each pair. Now, a lower bound on
such swapping will not increase the number of traffic-splits artde number of ADM’s needed is given By > [L;/g|N. This
hence maintain the optimality of the traffic assignment. We carumber is simply the minimum number of wavelengths required
repeat this process until each ring is assigned unsplit traffic fraxmcarry the traffic to and from a node multiplied by the number
|g/r| nodes. Notice thatg /| is also the maximum number of of nodes (since each wavelength dropped at a node requires an
nodes whose traffic can be assigned to a ring without splittindhDM). A tighter lower bound is provided in the next section.
Next, we also show that there exists an optimal solution sué¢he minimum number of wavelengths required to carry all of
that all traffic from|g/»| nodes is assigned without splittingthe traffic in the network is equal to the link load divided dy
to each ring, and each of the remaining = N — |g/r|W i.e., Wiin = [L/g]. This minimum can be achieved by drop-
nodes have their traffic assigned to the remaining capacity opag every wavelengths at every node and would reqdg,,
ring in a one node to one ring fashion witty < W. Thatis, ADM’s at each node yielding an upper bound on the minimum
the remaining capacity of each 8f; = N — |g/r|W rings number of ADM’s, henceM i, < Winin % N.
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Similarly, an upper bound on the number of wavelengths usBd Lower Bound on Number of ADM(s = 1)
is obtained by using dedicated wavelengths between each pair
f nodes. With thi A lengths will b ded . -
ornoaes. Wi 's approacfy/g] wavelengths will be neede We obtain a lower bound on the number of ADM’s by finding

for each pair of nodes and the total number of wavelengtts ¢ efficient " traffic bet d h
would beW,... = [r/g]N(N — 1)/2, and the corresponding e most efficient ways to carry traffic between nodes on the

number of ADM's M — 2TV, which is another upperboundsame wavelength. That is, we determine the maximum average
on M- Notice that wher;ai 1 both the upper and lower number of circuits that can be supported by an ADM, and use

bounds on the number of ADM’s are equakty (N — 1) and, :Eat m:mbekr Itotlr(])_wer b?und the ntumtber %f.ADM y retqutlrr]ed n
therefore the solution is optimal. e network. In this section we restrict our discussion to the case

of = 1, however our approach can be generalized to other
values ofr (for example, see Section IV on distance dependent
traffic). For a given wavelength, with nodes (anch ADM’s),

A. Minimizing the Number of Wavelengths and ADM’s we classify the traffic into two classes. In the first class, which
Simultaneously we call “all-to-all traffic” a circuit is set-up between every pair
of nodes. Withn nodes on the wavelength, the total number of
circuits isn(n — 1)/2 usingn ADM’s. Since at mosy circuits
®an be supported on a wavelengtfi —1)/2, must be less than
5 which

, . ; equal tog. In the second class, which we call “cross traffic,”
ADM S: Although th_e .CO_St of electronics dominates ”eFW‘”%’he nodes on the wavelength are divided into two groups of size
costs, in order to minimize network costs, one would like to

. . L 7y, andny wheren; + nes = n, and a circuit is set-up between
find a solution that minimizes both the number of wavelengtr‘13§1/ery n02de in onelgrou2p and every node in the othzr group. For

used and the _number of SONET ADM's. The example belo”ééross traffic” the link load isw; * no, and again this load must
ShOW.S that this may not always be possible. Hence for tBS less than or equal & For a given value of., the link load
remainder of th,'s paper we focus only on minimizing thes . ayimized whem; = |n/2]. Note that with all-to-all traffic
number of AD'_V' S . among a group of nodes all of the circuits between members of
.1? Example: In this example, a solution tha.t uses both th ose groups are established. While with cross traffic, only those
minimum number of wavelengths and the minimum number rcuits between members of the two groups are established but

ADM.,S does not .eXISI' . - circuits between the nodes within each individual group remain
This example is of a ring with five nodesV( = 5), three unassigned

circuits between every pair of nodes-£ 3) and granularity of Also notice that for a given number of ADM's, “all-to-all

I(r)]_ur (g = 4|) (Lf"l.olf I 12‘; En:;)m %?;\48 r|.ng). Note th:;t W'tfhtraffic" assignments can carry more circuits than “cross traffic”
IS example the fink load = st and the minimum numboer o assignments. This is because with cross traffic on average ap-

wavelengthdV,.;, = 8. X - . .
: i . . proximatelyn /4 circuits are supported per ADM while with
Firstwe show that there is a solution that uses only 20 ADM.§, +_a 1l traffic on averagén — 1),2 circuits are supported per

and then we show that any solution that uses only eight wavgs i ; -
o . For particular values of, this concept can be used to
lengths has to use more than 20 ADM’s. With five nodes the P b :

¢ d . d the traffic bet h pai b nerate a lower bound on the number of ADM’s. For example,
are ten node pairs and the traffic between eac p"f“r can b€ SR yemonstrate this approach for obtaining a lower bound when
ported on a single wavelength requiring two ADM’s per wave-

. . = 4 andg = 16.
length or a total of 20 ADM’s. Now, any solution using onlyg 1) Exan?ple—g — 4 (e.g., OC-12 Circuits on an OC-48
eight wavelength would have at least six of them full (contai e

‘ irouits). | der to fill lenath with f ircuits at ing): It can be shown that witly = 4 the most efficient
our circuits). In order to fill a wavelength with four circuits a circuit assignment requires 1 ADM per circuit. There are three
least three nodes would have to be on that wavelengths. Th

&ys in which circuits can be assigned to wavelengths requirin
fore, each of the six full wavelength requires three ADM’s. | Y g g g g

! L Bne ADM per circuit:
addition, the remaining two wavelengths must have at least two

nodes and, thus, two ADM'’s on each wavelength. Hence, thg three nodes per wavelength with all-to-all traffic among the
minimum number of ADM’s needed for an eight wavelength  npodes, for a link load of three using three ADM’s;

solution is 22. So we have shown that a minimum ADM s02) four nodes with cross traffic between pairs of nodes, for a
lution that uses the minimum number of wavelength does not |ink Joad of four using four ADM’s;

always exist. However, in many cases a solution using both the four nodes with all-to-all traffic among three nodes and cross
minimum number of wavelengths and ADM's can be found. In traffic between the fourth node and one of the three nodes,

particular, we have the following conjecture: for a link load of four using four ADM’s.
2) Conjecture: For+ = 1 (i.e., one circuit per source/des-

tination pair) and uniform traffic, the minimum number of In all three cases, we can support one circuit per ADM on
ADM'’s can be achieved with the minimum number of waveaverage. Notice, that due to the maximum link load of four cir-
lengths. cuits per wavelength, many assignments are not possible. For
While we are unable to prove this conjecture it appears éxample, all-to-all traffic among four nodes results in a link load
hold for all of the cases that we studied. For the remainder af six which cannot be supported on a single wavelength. It can
this section we focus on the special case ¢k 1. We begin be easily determined that many other assignments can be more
with the derivation of a lower bound on the number of ADM’sefficient. Hence, no matter how circuits are assigned, we need at

In this section, we show that it is not always possible
minimize both the number of wavelengths and the number
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least one ADM per circuit, leading to the following lower boundd. Second Heuristic Algorithm

on the number of ADM's: This algorithm attempts to assign nodes to wavelength

by efficiently packing the wavelengths. The algorithm is as

LB(g = 4) = (total link load L circuits)/ fO'I'_OW31 /5] and dviden into G = [N/ f
Lo B etn = |/g] and divideN into G = n| groups ofn
(1 ADMfcircuit) = N(N —1)/2. nodes, where the last group has only= (N mod n) nodes.
_ 2 i o We assign different pairs of groups to each wavelength with
2) Example—g = 16 (e.g, OC-3 Circuits on an OC-48 cross traffic between the two groups. By design, the cross traffic

Ring): It can be shown that the most efficient way to aSSigHetweentwo groups of size= |\/g| is less thar circuits and

nodes and circuits to a ring is six nodes with all-to-all traffic ~
: . . N . ¢an fit on a wavelength. In order to accommodate all of the cross
between them. This results in a link load of 15 circuits using S|X

ADM'’s and a utilization of 2.5 circuits per ADM. Alternatively, raffic between the groups a total of(¢/ — 1)/2 wavelengths

. ) . . : are needed. The remaining traffic is the all-to-all traffic within
eight nodes can be assigned to a ring with cross traffic between D s . .
o . .~ gach group and is fit on the existing wavelengths if possible,
two groups of four nodes resulting in a link load of 16 circuits : o ; ' .
) . : - —_ otherwise on additional wavelengths. We illustrate the idea with
using eight ADM’s or an efficiency of two circuits per ADM.

. ; iy ; . _the following two examples.
Since the maximum efficiency that can be achieved is 2.@1) Example—g — 4 (OC-12’s on an OC-48 Ring)Since

circuits per ADM, an immediate lower bound on the number ™ . ;
of ADM's is, LB(g = 16) = [L/2.5] whereL is the total folgw‘:n"é’ew?c')"f;;ze]v nodes into groups of 2 and have the
link Ioad_ and i.s equal th(].V. — 1)/2. This .bound can pe a) N even=> G = N/2: G(G - 1)/2 wavelengths can

made slightly tighter by noticing that there is only a I|m|ted0e filled with cross traffic between different pairs of groups
number of wavelengths that can be filled with all-to-all traf'ficrhe all-to-all traffic would require additiondl?/4] = [N/S] '

and that some wavelengths will have to carry cross traffic. F\(/)vravelengths with four groups on each wavelength. Hence, each

e he detallof g bound v omite, Sl e )2 AOW ot il o 122 ADVS.
P b) N odd=> G = (N + 1)/2: The firstG — 1 =

values ofg. Next we discuss heuristic algorithms that attempt
to assign circuits to rings in order to minimize the number glN — 1)/2 groups have two nodes and the last group has_ only
ADM’s required. one node_(G - (G - 2)/2 wayelengths can be fllle_d with
cross traffic between different pair of groups from the figst 1
_ . ) groups. An additional(G — 1)/2] wavelengths can be used
C. First Heuristic Algorithm for cross-traffic with the node from the last group, where each
This algorithm attempts to maximize the number of nodegavelength has two groups (four nodes) from the fitst— 1)
that only require one ADM, then of the remaining nodegroups and the node from the last group. If one of the wave-
maximize the number of nodes with two ADM’s and so orlength in the previous step is not full [i.€¢ — 1)/2 is not an
A node needd: ADM’s if it is on k& wavelengths. Letpf,,  integer], it can be used for the all-to-all traffic within two of the
be the number of nodes with ADM’'s (k¥ = 1 to W,,;,). firstG—1groups. The remaining all-to-all traffic can be handled
Then, the algorithms maximize¥, then maximizes\l,, ..., by assigning four groups to each wavelength. So the number of
maximizesi/,, i, —1. Clearly, the motivation of the algorithm ADM’s at each node i§7 = (N +1)/2 except for the last node
is that by maximizing the number of nodes that use fewathich uses (G — 1)/2] = [(N — 1)/4] ADM’s. Hence, the
ADM’s we ultimately reduce the total number of ADM’s usedtotal number of ADM’s used wherV is odd equals
It can be shown that/;, i = 1, 2, ..., Wy, IS given by

(N=1)(N+1)/24+[(N-1)/4] = (N*=1)/2+[(N-1)/4].

M; = max { Hs.t. Z (N=1-h)<ixg o _ _
Ot i Putting it all together the total number of ADM'’s required with
Z M g =4is
- ..

k=1ltoi—1

ADM(g =4) =(N — 1mod 2) * N?/2 + (N mod 2)
The algorithm fills each wavelength before assigning traffic to S (N2 = 1)/2 4 [(N — 1)/4])
a new wavelength, hence it always uses the minimum number '
of wavelengthd¥ ,;;,, and is optimal forlV,,,;,, < 2. For cases
where W,in > 2, the algorithm is not necessarily optimal. In both cases, since all the wavelengths except the last one
This is because by maximizing the number of nodes with ongre filled with four circuits, the resulting assignment only uses
a single ADM, the algorithm forces all other nodes to use thédi¥,,,;,, wavelengths. However, for genegglthe algorithm may
ADM's inefficiently. However, the algorithm results in substanresult in number of wavelengths that is slightly larger than
tial savings over a system where all wavelengths are droppedit,;,,.
all nodes as would be the case if no WADM'’s were used. The2) Example-¢ = 16 (OC-3's on an OC-48 Ring)sSince
next algorithm, however, results in much more substantial say= 16 we divide the/V nodes into groups of four. So we have

ings in ADM’s. G= [N/4] groups where7, = [N/4] of the groups have
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Number of ADMs vs. nodes
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Fig. 4. Comparison of heuristic algorithmg &€ 16, r = 1).

n = 4 nodes each andy{ — Gy) group hash; = (N mod 4)
nodes. We have the following three cases.
a) n1 = (Nmod4) =0 => G = Gy = N/4: In this

case,G(G — 1)/2 wavelengths can be filled with cross traffic
between different pair of groups. The all-to-all traffic within the g
groups can be handled by assigning two groups to each wav§
length with all-to-all traffic within each group. Hence, each node

has exactlyG ADM'’s for a total of NG = N? /4 ADM’s.
b) ny = (Nmod4) =1o0or2 => G = [N/4], Gy =

[V/4]: In this case(#(Go — 1)/2 wavelengths can be filled
with cross traffic between different pair of groups from the first
Gy groups. An additionad?, wavelength can be used to handle
the cross traffic between each of the fi€& groups and the last
group. Those wavelengths can also be used to carry the all-to-i

traffic within each group. This results in link load of £ 3/2 +
2x1/24+4%2=15)ifng = 20r@*3/24+4%1 = 10)
if ny = 1. So each node uses exacthy ADM’s for a total
NGy = N|N/4] ADM's.

C)ni = (Nmod4) = 3 => G = [N/4],Gy =

| N/4]: It can be shown, in a manner similar to that of the fir
two cases, that the total number of ADM’s needed in this cas

equaltoNGo+N —2— |N/4| = N|N/4|+ N —-2—|N/4|.
Putting the three cases together we have

ADM(g = 16) = max{N, N|N/4| + (N — 2 — |N/4])
* [ (Nmod4)/3]}.

E. Performance Comparison

17

ADM savings vs. number of nodes

g=1(0OC-48)

[
~

g=4 (0C-12)

g=16 (OC-3)

ADM Savings

[
2 7 12 17
Number of nodes

Fig. 5. Percent ADM savings due to grooming.

and lastly, the best solution that we have been able to find

S\Fja exhaustive search. As one can see from the figure, the
§8ult of the second heuristic algorithm are very close to the

lower bound and almost mirror the best solution. In Fig. 5,

we plot the percentage of ADM savings that can be achieved
using the second heuristic algorithm over dropping all of the

wavelengths at every node. As one can see from the figure,
the most savings are achieved when- 1. This, in fact, is

a trivial case because each wavelength can only carry the
traffic between two nodes and, hence, should only be dropped

In Fig. 4 we plot the number of ADM’s versus the numbeat those two nodes. It is interesting to note, however, that
of nodes on the WDM ring foy = 16 (OC-3 circuits on an in general it appears that greater savings can be achieved
OC-48 ring). Plotted in the figure are the lower bound, theith smaller values ofy. This is due to the fact that when
number of ADM’'s used by the first and second heuristig is small each wavelength can be filled with traffic from
algorithms, the number of ADM'’s that would be used ifust a few nodes while whep is large it takes traffic from
all wavelengths were dropped at every node (no groominglany nodes to fill a wavelength.
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IV. DISTANCE DEPENDENT TRAFFIC TABLE |
. . . . DISTANCE DEPENDENT TRAFFIC MATRIX
So far in this paper, we considered only uniform and hubbed WITH 4 NODES

traffic models. While, admittedly, those traffic models are often

L ) - . N|1|2]3]4
unrealistic, they proved very useful in providing analytically
tractable and insightful results. In order to account for more re- 110121 2
alistic traffic, in this section we consider the distance depen- 21200721
dent traffic model from [4]. In this model, the amount of traffic 311121012
between two nodes is inversely related to the physical distance

. , 41212100
separating them. So that the amount of traffic between the most

distant nodes is one unit of traffic and the traffic demand in-

creases by one unit as the distqnce k_)etween nodes decreaseAde which is the next most efficient way in which ADM'’s
one link. qu nodes arranged in arnng topology, we take F'&%n be used. So to improve the lower bound, we need to find
internode dlstancg to.be tha}t which W.Ol.”d r_esult when USINQt the maximum number of circuits that can be supported in
ShOTteSt path routing (if the fing were bidirectionaljhus, the the most efficient way with average of two circuits per ADM.
traffic de”_‘a”d be.tvv‘een‘nodc.sand] \_N(,)UId bETW =[N+ Then a tighter lower bound can be found by assuming that the
1)/2] — distance;, j) Vi # j and0ifi = j. An example of remaining circuits are packed in the next most efficient way

a distance dependent traffic matrix with 4 nodes is shown in., average of 1.5 circuits per ADM. L&Z(/V) be the max-

Ta\?\'/?r:' hi i del th | ber of circui i imum number of circuits between two nodes. By definition of
ith this traffic model, the total number of circuits (tra iCihe distance dependent traffic, fof > 3, C(N) = |N/2].

units) is given by (for\" odd), 2V E;?g\ V%= N(NQ ~ Next, let P(k) be number of node pairs with circuits be-
1)/4. Accounting for the fact that traffic between a pair of nodeg, oap, them, fork = 1,2, ..., C(N). Again based on the
s symmetric_: an_d can b.e sup_ported20n the same circuit, the tQfafiniion of the distané:e7deplendent traffie(k) = N for
nu_mberofcwcmts reqwre(L,|s]_V(]\_7 —1)/E_B.S|mllarly, when . < C(N), P(C(N)) = N/2if N is even, andV otherwise.
N is even, the total number of circuits requiredNg N2 +2N — Now, M, the maximum number of ADM’s that can be used
4)/8. in the most efficient way (supporting two circuits per ADM), is
, given by M, = 325 2.4 |k/4] = P(k). Finally, the rest of
A. Bounds on the Number of ADM’s the circuits will be assigned with at most 1.5 circuits per ADM,
Unfortunately, with this traffic model, we are no longer abléeading to the improved lower bound fgr= 4.
to obtain closed form expressions for the minimum number of
ADM’s required. However, we can still obtain some simple LB(g=4) =Mz + [(L — 2% M>)/1.5].
bounds and a heuristic algorithm that performs relatively well
compared to those bounds. These bounds are a straightforwar . .
extegsion of the bounds derived in Section IIl. Firstgobseﬁl\\% q—|eur|st|c Algorithm
that as before, the minimum number of wavelengths required a/Ve now use a simple “greedy” algorithm for assigning traffic
is equal to the number of circuits divided byand that without to wavelengths. The algorithm starts with wavelength 1 and
any grooming each of these wavelengths would have to Bede 1 and assigns as much traffic between nodes 1 and the
dropped at every node. This remains our upper limit on tfgher nodes (visited in sequential order). At each step, the al-
number of ADM'’s needed, i.el[L/g]. A sometimes tighter gorithm first attempts to assign traffic to the wavelength using
upper-bound can be obtained by placing the traffic betwegfdes that are already assigned to that wavelength. If that is not
nodes on dedicated wavelengths, so that each waveleng@ssible, the algorithm will add a new node to the wavelength if
carries traffic between two nodes only. This bound becom#égan assign traffic between the new node and an existing node
tight when the traffic between nodes is relatively large arglready on that wavelength. If traffic cannot be assigned by the
approaches or exceegs With the distance dependent trafficaddition of just one node, then the algorithm will start with a
model, this bound becomes particularly useful. Also, dfew wavelength.
obvious lower bound can be obtained by realizing that each
wavelength can at most carry circuits and has at least 2 Algorithm
ADM'’s. Hence, at mosty/2 circuits can be supported per
ADM and a lower bound on the number of ADM’s is the total
number of circuits divided by/2, i.e.,[2L/g].
The lower bound above assumed that all of the ADM’s are iting nodes in order as follows:
usgd in the most efﬁc_nentway possible. However, nqt all the cir- a) If possible, assign traffic among
cuits between all pairs of nodes can be supported in such way,qqes already assigned to wavelength
For example whey = 4, if there are only three circuits be- b) Otherwise, if there exists a node
tween a pair of nodes, the associated efficiency is 1.5 circuit penat is not already assigned to wave-

Start with wavelength 1 and node 1 as-
signed to it.
Assign traffic to wavelength i by vis-

_ L o ~length ¢ and that has traffic to a node
3Although shortest path routing would not be possible in a unidirectional ring, | d | h . dd th d
the traffic demand between two nodes is still correlated to the shortest path dis@lf€ady on wave engt b a that node
tance. to wavelength 1 (when multiple such
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nodes exist, they can be visited in ADM requirements with distance dependent traffic

order).

If wavelength ¢ is full or if it is not
possible to assign new traffic by just
adding a single node then start with a 1000 -
new wavelength.

10000

)
% 100 |
The above algorithm does not attempt to pack the traffic in § —4—Greedy algorithm

particularly efficient way but rather visits the nodes in order an 10 § —=—Nwmin
assigns the traffic on a first-fit basis. As an illustrative exampl \—4—Lower bound
consider the traffic matrix of Table 1 with= 4 (up to four cir- 1 2= Upper bound
cuits per wavelength). Start with the first wavelength and assi 4 6 8 10 12 14 16
to it the traffic between nodes 1 and 2 and nodes 1 and 3 and ¢ Nodes

circuit between 2 and 3. Assign to wavelength 2 the traffic be- _ _ _
tween 1 and 4 and the traffic between nodes 2—4. Finally, assfg#h 6 ADM requirement for distance dependent traffic 4).
the remaining traffic between nodes 2 and 3 and the traffic be-

tween 3 and 4 to wavelength 3. The resulting assignment wowglction that this is indeed the case, and in fact, the use of a hub
then be:Al: 1-2, 1-3, 2-3 (1)A2: 1-4 (1), 2-4,A3: 2-3 (1), often results in significant ADM savings.
3—4. Small improvements to the algorithms can be obtained by proof: Let nodelN be the hub node and consider any solu-
packing circuits more cleverly. For example, ah, instead of ' tjon where nodeV is not on every wavelength, there exists a cor-
putting the traffic between 1-3 and one circuit between 2-3, Wgsponding solution with the hub on every wavelength using the
could have assigned the circuits between 1-Alt@nd placed same or fewer ADM's. Since the hub node is also a regular node,
the circuit between 1-3 on a separate wavelength. This mingJery node has traffic going from and to the hub. Therefore each
improvement could result in a savings of one ADM (althoughf the nodes on those wavelength(s) without the hub must have
in this example it does not result in any savings). at least two ADM'’s (one on some wavelength without the hub
Fig. 6 shows the number of ADM’s needed for the distanGghd one on some wavelength with the hub). Since the traffic
dependent traffic with? = 4 (OC-12 circuits on an OC-48 from each node can be carried on a separate wavelength through
ring), using the above algorithm. As can be seen from the figukfie hub using just two ADM'’s, any assignment not using the hub
the algorithm performs somewhere between the upper and lowgh pe transformed into an assignment with the hub present on
bounds and results in significant improvement over having &ery wavelength using no additional ADM's. Of course, this
drop all wavelengths at all nodes. As the number of nodes igp|ution may not use the minimum number of wavelengths. A
creases the relative amount of ADM savings also increases. Tfiigher reduction in the number of ADM'’s can be obtained by

is due to the fact that with this traffic matrix, as the number gfacking the wavelengths optimally as we show next for the case
nodes increase, so does the amount of traffic between noqgs. — 1.

As the amount of traffic between nodes increases, significant
savings are obtained because traffic between pairs of ”Odesﬁ@‘rbptimal Algorithm whem = 1andLy =N —1< g

often be assigned dedicated wavelengths. ) )
With the same argument as used for the egress node case, it

can be shown that there exists a minimum ADM solution such
that no traffic to and from a node is split onto two rings. This
Here we allow one node to have a SONET cross-connect, sagans that only one ADM is needed for every node except the
node N, and we require that the cross-connect be present job, which had¥ ADM’s, where W is the number of wave-
every wavelength, so that all of the traffic can be routed througgngths used. This reduces the problem to minimizingwhich
it if needed. We denote this node as a hub. The hub can tagequivalent to maximizing the number of nodes carried on a
a circuit from one SONET ring and switch it to another ringwavelength. Lef{ be the maximum number of nodes on a wave-
Again, we focus on the case with all-to-all uniform traffic whergength (including the hub node), then each wavelength vith
ri; = rforall i # j, and we assume that; = (N — 1) < g nodes needs to carry two types of traffic. All-to-all traffic within
(i.e., all of the traffic to and from a node can be carried on onke K nodes that does not need to go through the hub, of which
wavelength). there areK (K — 1)/2 circuits; and cross traffic between the
Theorem 2: The optimal solution with one hub is either ag{ —1 (excluding the hub) nodes and the remainiig X nodes
good as or better than the optimal solution not using a hub it on the same wavelengths of which there(de-1)(N — K)
terms of minimizing the total number of ADM’s. circuits. This combined traffic load must be less than or equal
Theorem 2 states that if we require the hub to be presenttory, hence K (K — 1)/2+ (K — 1)(N — K) must be less than
every wavelength, the resulting number of ADM’s is not iner equal tag. Expanding this expression and using the quadratic
creased. While it may appear that the addition of a hub noftgmula we obtain
should not result in any additional ADM’s, it is not at all ob-
vious that forcing the hub to be on every wavelength does not K= |N4+ 1 4N2—4N-8g+1 .
require additional ADM’s. The following proof shows by con- 2 2

V. USING AHuUB WITH A SONET GROSSCONNECT
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It can be shown that as long &€ is less thanV (K = N
corresponds to the case Bf = 1 where all the traffic can
be carried on one wavelength), the above expression yields 53 )
real value forK. The corresponding number of wavelength is
W = [(N — 1)/(K — 1)] and the corresponding number of [
ADM's M = [(N —1)/(K — 1)] + N — 1, which is optimal.

(2]

(3]

(6]

This paper studies the problem of assigning circuits to
wavelengths with the objective of minimizing the cost of
electronic multiplexing equipment. In particular, we consider
the special case of SONET/WDM unidirectional ring networks,
and attempt to minimize the number of SONET ADM’s. While
we show that the general problem is NP-complete, we are able
to obtain encouraging results for some special cases where
circuit rates are the same. In particular, in the case of an egr
node we obtain the solution that minimizes the number |
ADM's as well as a solution that minimizes the number ¢
ADM'’s subject to using the minimum number of wavelengths
For all-to-all uniform traffic, and distance dependent traffic
we obtain a lower bounds on the number of ADM’s and simp
heuristic algorithms that perform close to the bounds.

We were also able to make a number of interesting obs

VI. CONCLUSION

vations and conjectures that provide insight into the traffignere she is now respo

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 18, NO. 1, JANUARY 2000

J. Bannister, L. Fratta, and M. Gerla, “Topological design of WDM net-
works,” in Proc. INFOCOM’'90

R. Ramaswami and K. Sivarajan, “Design of logical topologies for wave-
length routed optical networksEEE J. Select. Areas Commuwol. 14,

pp. 840-851, June 1996.

J. M. Simmons, E. L. Goldstein, and A. A. M. Saleh, “On the value
of wavelength-add/drop in WDM rings with uniform traffic,” iRroc.
OFC’98, San Jose, CA, Feb. 1998.

M. R. Garey and D. S. Johnso@omputers and IntractabilityNew
York: W. H. Freeman, 1979.

X. Zhang and C. Qiao, “An effective and comprehensive solution to
traffic glooming and wavelength assignmentin SONET/WDM rings,” in
Conf. On All-Optical Networking, SPIE Prqazol. 3531, Boston, MA,
Sept. 1998.

Angela L. Chiu received the B.S. degree in electrical
engineering from the University of Connecticut,
Storrs, in 1991 and the S.M. and Ph.D. degrees in
electrical engineering and computer science from
the Massachusetts Institute of Technology (MIT),
Cambridge, in 1993 and 1997, respectively.

She was a Research Staff Member in the Optical
Communication Technology Group of MIT Lincoln
Laboratory, Lexington, MA. She is currently a Senior
Technician Staff Member with the IP Data Services
Integration Division of AT&T Labs, Middletown, NJ,
nsible for the overall architecture and design in quality

grooming problem. For example, we were able to show thatoitservice (QoS) and multiprotocol label switching (MPLS) for AT&T Worldnet

is not always possible to minimize both the number of ADM’'# backbone. Her research interests include architecture, design, and analysis of
IP QoS, MPLS, WDM networks, and high-speed networks.

and the number of wavelengths simultaneously. We conjecture,
however, that when = 1 such a solution can be found.

Finally, we consider the use of a hub node where traffic can
be switched between SONET rings and show that, for the case
where all of the traffic to and from a node can be carried on a
single wavelength, a solution using a hub node always requigg
fewer or the same number of ADM’s compared to a solution n
using a hub node. We also obtain the optimal solution using
hub node and the corresponding minimum number of ADM’

Yet, the work of this paper is preliminary and considers on
a select number of special cases. Many interesting problems™
main to be solved. For example, we still need to find the o]
timal solution and the optimal algorithm in the all-to-all uniformny,
traffic case. Also, the benefits of using one or more hubs withBa

Eytan H. Modiano received the B.S. degree in
electrical engineering and computer science from
the University of Connecticut, Storrs, in 1986
and the M.S. and Ph.D. degrees, both in electrical
engineering from the University of Maryland,
College Park, in 1989 and 1992, respectively.

He was a Naval Research Laboratory Fellow
between 1987 and 1992 and a National Research
Council Postdoctoral Fellow during 1992-1993,
| where he was conducting research on security and
performance issues in distributed network protocols.

. etween 1993 and 1999, he was with the Communications Division at the MIT
cross-connect require further study. Lincoln Laboratory, Cambridge, where he worked on communication protocols
for satellite, wireless, and optical networks and was the Project Leader for the
REFERENCES MIT _Lincoln Laboratory’s Next Generation Internet (I\_IGI) project. In 1999,

he joined the faculty of the Aeronautics and Astronautics Department, and the
[1] O. Gerstel, G. Sasaki, and R. Ramaswami, “Dynamic wavelength allbaboratory for Information and Decision Systems (LIDS) at MIT, where he
cation in WDM ring networks with little or no wavelength conversion,”conducts research on communication networks and protocols with emphasis on
in Proc. 1996 Allerton ConfOct. 1996. satellite and hybrid networks, and high-speed networks.



