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Abstract—In high-speed SONET rings with point-to-point
WDM links, the cost of SONET add–drop multiplexers (S-ADMs)
can be dominantly high. However, by grooming traffic (i.e., mul-
tiplexing lower-rate streams) appropriately and using wavelength
ADMs (WADMs), the number of S-ADMs can be dramatically
reduced. In this paper, we propose optimal or near-optimal algo-
rithms for traffic grooming and wavelength assignment to reduce
both the number of wavelengths and the number of S-ADMs. The
algorithms proposed are generic in that they can be applied to
both unidirectional and bidirectional rings having an arbitrary
number of nodes under both uniform and nonuniform (i.e.,
arbitrary) traffic with an arbitrary grooming factor. Some lower
bounds on the number of wavelengths and S-ADMs required
for a given traffic pattern are derived, and used to determine
the optimality of the proposed algorithms. Our study shows that
using the proposed algorithms, these lower bounds can be closely
approached in most cases or even achieved in some cases. In
addition, even when using a minimum number of wavelengths,
the savings in S-ADMs due to traffic grooming (and the use of
WADMs) are significant, especially for large networks.

Index Terms—ADMs, SONET, traffic grooming, wavelength as-
signment, WDM rings.

I. INTRODUCTION

SYNCHRONOUS optical network (SONET) rings are
widely used in today’s network infrastructures. Each

SONET ring is constructed by using fibers to connect SONET
add-drop multiplexers (hereafter called S-ADM for simplicity).
Typically, for each working fiber, there is a protection fiber and
hence, two and four fibers are usually used to construct unidi-
rectional and bidirectional rings, respectively. One of the critical
operations of the S-ADMs is traffic grooming. Specifically, each
S-ADM can multiplex multiple lower-rate streams to form a
higher-rate stream, or demultiplex a higher-rate stream to several
lower-rate ones. For example, four OC-12 streams can form one
OC-48 stream, in which case the grooming factor is 4.
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Fig. 1. Reducing the number of S-ADMs.

In a SONET ring with point-to-point WDM links, let be
the number of wavelengths needed to support a given traffic
pattern. If one S-ADM is used on every wavelength at every
node, the total number of S-ADMs is , where is the
number of nodes. When the number of wavelengths is large
(e.g., ) and each wavelength operates at OC-48 (or
higher), the dominant system cost is no longer the cost of the
fibers but that of S-ADMs. Fortunately, a node may not need to
add/drop streams on every wavelength, especially if the traffic
destined to the node can be groomed onto only one or a few
wavelengths (instead of spreading it over all wavelengths). By
employing wavelength routing at each node, that is, using a
wavelength ADM (WADM) capable of dropping (and adding)
only the wavelengths carrying traffic destined to (and origi-
nated from) a node, the number of S-ADMs needed can be dra-
matically reduced. For example, Fig. 1 shows a node with two
different configurations, the one at left using three S-ADMs
with point-to-point WDM links, and the other at right using
only one S-ADM plus a WADM (assuming that only car-
ries streams that need to be added/dropped at this node). Let
be the number of S-ADMs required when using WADMs and
traffic grooming to support the given traffic pattern, then the
saving percentage on the number of S-ADMs can be defined as

.
In this paper, we consider cost-effective designs of SONET

over WDM rings for a given (static) traffic pattern, where the
traffic from one node to another may require a fraction of the
bandwidth provided by one wavelength. We assume that at each
node, a WADM and as many S-ADMs as necessary may be
used. Our objective is to minimize the number of wavelengths
( ) and the total number of S-ADMs () required to support
the given traffic pattern by grooming (or multiplexing) traffic
between different source–destination node pairs at each node
whenever needed (and by assigning wavelengths appropriately).
Note that, one may not always be able to minimize both
and at the same time. An example in which they cannot be
minimized simultaneously is given in Section IV.
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A major difference between this work and other work done
previously is the generality of our approach in that the proposed
traffic grooming and wavelength assignment algorithms can be
applied to either unidirectional or bidirectional SONET/WDM
rings with an arbitrary network size and an arbitrary
grooming factor. More specifically, [4] considered wavelength
assignment for a given set of lightpaths in SONET/WDM rings
to reduce and/or but did not consider traffic grooming.
[6], [2] proposed heuristics for grooming uniform traffic in
unidirectional SONET/WDM rings. Traffic grooming for
uniform traffic in bidirectional SONET/WDM rings having an
odd number of nodes is discussed in [9] without specifying
the algorithm(s) or heuristic(s) employed, though a specific
type of nonuniform traffic, namely, distance-dependent traffic,
was recently studied in [8]. In [5], analytic results (such
as and required) were presented for several specific
optical WDM ring designs under uniform traffic (although a
framework allowing nonuniform traffic was also discussed).
The SONET/WDM rings considered in this paper differ from
all the designs considered in [5]. To our best knowledge, this
is also the first paper to report quantitative results for arbitrary
traffic grooming. This work also differs from others in that
it effectively separates wavelength assignment from traffic
grooming, and thus helps simplify both problems and obtain
efficient solutions (see Section II for more discussion).

The rest of the paper is organized as follows. Section II de-
scribes the problem of traffic grooming and the proposed generic
approach which has two major phases, namely, circle construc-
tion and circle grooming. Sections III and IV propose circle
construction algorithms for uniform and nonuniform traffic,
respectively. For uniform traffic, optimal circle construction
algorithms (i.e., those resulting in a minimum number of circles)
exist for both unidirectional and bidirectional SONET/WDM
rings. For nonuniform traffic, a heuristic is proposed which
uses the rules developed for uniform traffic as a first step of
circle construction and a greedy algorithm as a second step. In
Section V, lower bounds on the number of S-ADMs and the
number of wavelengths required are determined for the cases
with and without traffic grooming with uniform or nonuniform
traffic. A generic circle grooming algorithm, which is applicable
to both unidirectional and bidirectional rings, as well as to both
uniform traffic and nonuniform traffic, is proposed in Section VI.
Numerical results are presented and discussed in Section VII.
Finally, Section VIII concludes the paper.

II. GENERAL METHODOLOGY

To facilitate our presentation, we number thenodes in a
ring from 0 to , and use to denote a connection from
node to another node that is hops away along a shortest
path. Hereafter, such a connection will be said to have astride
(or hop count) of . Let be the bandwidth of one wavelength
(e.g., OC-48) and the base bandwidth of a connection (e.g.,
OC-3), where for some integer . In addition,
let (where ) denote the total bandwidth
required by the traffic from nodeto node which is hops
away. Note that can be considered as the number of con-
nections to be established fromto . If , these connec-

tions have to be groomed onto different wavelengths. However,
even if , these connections may still be groomed onto
different wavelengths in order to minimize and/or , which
is the objective of traffic grooming.

For arbitrary traffic, (and ) may vary with and .
Let be thegreatest common divider(GCD) of all nonzero

, i.e., . Without loss of generality,
we may assume that GCD is 1. This is because if

, connections from one node to another can be bundled
into a super-connection, which effectively increases the base
bandwidth by times, and reduces both and as well
as all (nonzero) ’s by times. In what follows, we define

to be thegrooming factor.When , each connection
will be established as a lightpath, and hence no traffic grooming
is needed. On the other hand, traffic grooming is needed when

.
The basic idea behind the proposed approach to traffic

grooming and wavelength assignment is as follows. First,
heuristic algorithms based on the scheduling algorithms pro-
posed in [7], [10], [11], are used to construct as fewcirclesas
possible to include all requested connections so as to minimize

, where each circle consists of multiple nonoverlapping
(i.e., link disjoint) connections. Second, after the circles are
constructed, another heuristic algorithm is used to groom up to

circles onto a wavelength (or) ring while trying to overlap
as many end nodes belonging to different circles as possible so
as to result in a small . Let be the total number of circles
constructed to support the given traffic pattern. There will be

-rings. That is, wavelengths are needed,
one for each of these-rings.

Note that wavelength assignment is normally a part of the
traffic grooming problem. Our approach, however, can effec-
tively separate wavelength assignment from traffic grooming,
and thus help simplify both problems and obtain efficient so-
lutions. Specifically, if does not need to be minimized, one
may arbitrarily groom circles onto each -ring. Otherwise,
these circles can be groomed in a more judicious way using
a grooming algorithm. In any case, once the-rings are con-
structed, an arbitrary available wavelength can be assigned to
each -ring. Note that, to some extent, wavelength assignment
has largely been accomplished in the circle construction phase.
In other words, once the circles are constructed, it has been de-
termined that the connections in each circle will be assigned the
same wavelength, and in addition, the number of wavelengths to
be used, , has also been determined (and possibly minimized).
In what follows, we first study circle construction algorithms for
uniform and nonuniform traffic, respectively. Then, we propose
a generic circle grooming algorithm.

III. CIRCLE CONSTRUCTION FORUNIFORM TRAFFIC

In uniform traffic, as a special case of arbitrary traffic,
is the same for every and , and thus we may let
and have . If (and ), each node needs
to establish one connection to every other node for a total of

connections from all nodes.
An algorithm was proposed in [10] to construct

circles in unidirectional rings. This algorithm, hereafter
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Fig. 2. An illustration of the two options in Algorithm IV.

referred to asAlgorithm I, combines two connections having
common end nodes (e.g., one fromto and the other from to
) to form afull circle (which spans every hop of the ring). Note

that, as to be discussed in more detail in Section V, having full
circles will minimize and when , minimize as well
(in addition, it will reduce when ).

Two algorithms called “Complementary Assembling with
Dual Strides” (hereafterAlgorithm II ) and “Complementary
Assembling with Triadic Strides” (hereafterAlgorithm III )
were proposed in [11] to construct full circles in bidirectional
rings with even and odd , respectively. Specifically, for an
even , Algorithm II combines either two or four connections,
while for an odd , Algorithm III combines either three or
four connections to form a full circle (both clockwise and
counter-clockwise). The total number of circles (in either
clockwise or counter-clockwise direction1 ) constructed by the
two algorithms are and , respectively.

Note that the case where is the same except that each
node will need connections to every other node, and the total
number of connections will be . Accordingly,
copies for each circle constructed in the case of will be
constructed.

IV. CIRCLE CONSTRUCTION FORNONUNIFORM TRAFFIC

In this section, we propose a heuristic algorithm to construct
circles for a given arbitrary traffic matrix .

Based on the previous discussion on uniform traffic, in order
to use a small and , it is natural to first construct as many
full circles as possible by combining two connections with
common end nodes in unidirectional rings, and up to four
connections with overlapping end nodes in bidirectional rings.
Assume that full circles can be constructed this way. After
these full circles are constructed, and the traffic matrix

is updated by removing the connections in those
circles, there may still be some nonzero corresponding to
connections that remain to be included in some circles. In other
words, it is possible that not all the requested connections can
be included in the way described above. Hence, we propose the
following heuristic algorithm,Algorithm IV (which is appli-
cable to both unidirectional and bidirectional rings), shown on
the next page, to construct additional (say) circles for a total
of circles. Note that each of the additional
circles could be full or partial due to the nonuniform nature of
the traffic demand. In a partial circle, there are one or more
“gaps” which cannot be fit in by any remaining connection to
be established, resulting in some bandwidth being wasted. The

1We are only interested in the number of circles in one direction as it will be
used to deriveW andD.

left-hand side of Fig. 2 shows two partial circles (assuming
connection has not been considered yet).

Intuitively, fewer gaps help reduce not only (due to better
bandwidth utilization and thus fewer circles), but also(more
formal discussion will be given in Section V-C). In order to
minimize the number of gaps, the proposed heuristic attempts
to fit each connection into existing circles without generating
an additional gap. More specifically, Algorithm IV (in pseudo
code) works as follows. It constructs circles using the connec-
tions having the longest stride in the traffic matrix first
(this is because connections with shorter strides are more likely
to be able to fit into the gaps generated by the connections with
longer strides). If the connection being considered shares at least
one end node (source or destination) with other connections al-
ready contained in the circle, it will be added into the circle (un-
less there is no room, or in other words, the new connection will
overlap with an existing one). If fitting a connection into any
existing circle will generate an additional gap, we will call this
connection a “gap maker,” and put it into aGapMakerlist which
is initially empty.

After all the connections in the traffic matrix have been ei-
ther included in some existing circles, or put into the GapMaker
list, we start to process the GapMaker list (that is, to include
its connections in existing or additional circles). Note that, it is
possible that a connection from the GapMaker list will now fit
into an existing circle without creating an additional gap. For
example, as shown in Fig. 2 (left), connectionwas put into
the GapMaker list because connectionhas not been included
in circle 1 at the time. However, after connectionis added to
circle 1, connection can be removed from the GapMaker list
and added to circle 1 as well without creating an additional gap.

If there are still some connections left in the GapMaker list
that cannot be fit into any existing circle without creating an
additional gap, we have two options: one is to minimize,
which in turn minimizes (and ), and the other is to min-
imize the number of end nodes (say,) involved in all the
circles (which helps reduce ), where ( if
no grooming is needed). If (or ) is to be minimized, each
connection will be fit into an existing circle as long as there is
enough bandwidth, even though an additional gap may be cre-
ated. In other words, a new circle is created for a connectiononly
if there is no room for the connection in any existing circle. On
the other hand, if is to be minimized, a new circle will be gen-
erated for a connection that cannot be fit into any existing circle
without creating an additional gap. Generating a new circle for
this “gap maker” gives a chance for all “gap makers” to share
end nodes. Fig. 2 illustrates the difference between these two
options assuming that connectiondoes not exist at all. As can
be seen, the first option (shown at left) results in one fewer cir-
cles (for a total of 2) but one more end node (for a total of 8)
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than the second option (shown at right). In the second option,
a new circle for connection gives a chance for connection
to share one end node with. Other “gap makers” (if any) may
also share one end node with eitheror in this new circle.

V. LOWER BOUNDS

In this section, we present some lower bounds on the number
of circles, wavelengths, and S-ADMs, denoted by ,
and , respectively.

A. Uniform Traffic with

As given in [10], the minimum number of circles that need to
be constructed to support all the connections of uniform traffic
in a unidirectional ring is . When
(i.e., no grooming is needed), the lower bound on the number of
wavelengths is . Finally, since there are at least two
S-ADMs on each wavelength carrying one connection (one for
the source and the other for the destination of the connection),
a lower bound on is . Recall
that Algorithm I constructs full circles,
and each full circle needs two S-ADMs, one for each of the two

common nodes in the circle. This means that all the three lower
bounds can be achieved.

For bidirectional rings, it is first given in [3] (which discussed
the case where is odd only) and then in [7], [1], [11] that
the minimum number of wavelengths (and circles) required in a
bidirectional ring is

for odd

for even
(1)

Recall that Algorithms II and III construct the same number of
full circles, i.e., , (using up to four connections for
each circle) as given in the above equation, which implies that
these two lower bounds are achieved.

Though as in unidirectional rings, one may use as a
lower bound on , such a lower bound is too loose for bidirec-
tional rings (because each wavelength carries two to four con-
nections). Since at least one S-ADM is needed to establish a
connection (assuming the other end of this connection is always
shared with another connection), the total number of connec-
tions to be established can be used as another lower bound on
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. In the case of unidirectional rings under uniform traffic, this
lower bound is the same as (both equal to ). In
the case of bidirectional rings, we have
(since only these many connections are established clockwise or
counter-clockwise), which is tighter than . In fact, since
the number of S-ADMs needed for each full circle is equal to the
number of connections in the circle, Algorithms II and III which
construct only full circles to include all the requested connec-
tions guarantee that such a lower bound onis achieved (the
same reasoning can also be applied to Algorithm I in the case
of unidirectional rings).

Note that, when , a bidirectional SONET/WDM
ring employing our proposed traffic grooming and wavelength
assignment algorithms behaves as afully optical ring, which
is considered in [5]. In other words, when there is no traffic
grooming, our results on and agree with those obtained for
the fully optical ring in [5]. However, our results in Section VII
indicate that when and (i.e., when the traffic
from one node to another requires a fraction of the bandwidth
of one wavelength), the bidirectional SONET/WDM ring will
require fewer and than the fully optical ring (and other
designs considered in [5]).

B. Uniform Traffic with

In this section, we examine the lower bounds and
for uniform traffic when . When circles

can be groomed onto each wavelength, it is clear that
, and . Hence, any circle

grooming algorithm (such as Algorithm VI to be described
later) that grooms up to circles onto each wavelength will
use the minimum number of wavelengths (provided that the
number of circles constructed is also minimum, i.e., ,
which is the case if Algorithm I, II, or III is used). However,
to minimize , different number of circles may need to be
groomed on different wavelengths.

To determine a reasonably tight lower bound on, assume
that the actual number of circles groomed onto wavelength
is , where and . Let the min-
imum number of S-ADMs needed on be denoted by
(note that is also the number of end nodes involved on

). If for a given set of , where , which
we call asolutionand denote by , we can find a unique

for each , the total minimum number of S-ADMs re-
quired can then be calculated as .
In addition, if a solution that has the minimum
among all possible solutions (calledoptimalsolution hereafter)
can be obtained, can be set to be equal to the corre-
sponding minimum . In other words, we propose to
use two steps to derive a reasonable . First, for any given
value of , determine a reasonable . Second, for given

, and , find an optimal solution that gives the
minimum .

Note that in unidirectional rings under uniform traffic, the
maximum number of (full) circles that can be constructed
among end nodes is or as long as every
connection is unique (i.e., ). This is independent of
how circles are constructed (i.e., not specific to Algorithm I).
Consequently, in order to have circles on , we need to

have . On the other hand, in order for
to be the minimum number of S-ADMs on as intended, we
also need to have . Based on this observation,
we can obtain a unique value of for any given . For
example, let . Since but

, we have , meaning thatat leastsix S-ADMs are
needed in order to have eleven circles groomed on the same.
Similarly, , and so on.

For bidirectional rings, needs to be calculated differ-
ently. Specifically, the maximum number of circles involving
nodes is now given by

for odd

for even
(2)

and thus, the following condition will be used to determine
for a given :

(3)

Algorithm V , shown on the next page, is proposed to find
the optimal solution (and determine a reasonable ).
Note that a trivial approach would require all the possible values
of for each be examined. However, Algorithm V reduces
the search space as follows. Without loss of generality, we may
assume that as the wave-
length assignment can be arbitrary. Since , we
have . In Algorithm V, is deter-
mined in a wavelength index descending order, i.e., first,

second and so on, by calling a function re-
cursively. At the time is to be determined, all ’s with

have been determined, and the number of
circles groomed so far is . In addi-
tion, since at least one circle needs to be groomed onto wave-
lengths having index from 1 to , the number of circles
that could possibly be groomed onto wavelengthis at most

. Furthermore, according to the as-
sumption described earlier, , and hence, we have

. On the
other hand, since the circles which have not been
groomed so far will be allocated onto wavelengths among
which will be allocated the largest number of circles, we
have . For every value of

in the range of , is called to
determine possible values of . In this way, we have lim-
ited the possible values of each and in turn, the number of
solutions to be examined by the algorithm.

For each solution examined by the algorithm, the cor-
responding number of S-ADMs required ( ) is calcu-
lated as described earlier and the best solution with the lowest

found so far is recorded. At the end of the algorithm,
the optimal solution and can thus be obtained.

C. Non-Uniform Traffic

For a given nonuniform traffic matrix , the traffic load
on each and every link can be determined by counting all the
connections on the link. Let the maximum traffic load over all
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links be , we have . In addition, we
can use as a lower bound on the number
of wavelengths whether or . Note that for uni-
directional rings, one may calculate another lower bound on
as (a similar formula may be
used for bidirectional rings). However, this lower bound is not
as tight as the first one and hence will not be used.

We now determine a reasonable lower bound onwhen
. For nonuniform traffic, full and/or partial circles need

to be constructed using either Algorithm IV or any other pos-
sible heuristics. As mentioned in Section V-A, the number of
S-ADMs needed in a full circle is equal to the number of end
nodes (also the number of connections) involved in this circle.
On the other hand, the number of S-ADMs in a partial circle
is equal to the number of connections plus the number of gaps
in this circle. Therefore, when no grooming is needed, the total
number of S-ADMs is equal to the total number of connections
( ) plus the total number of gaps (), i.e., . For a
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(a)

(b)

Fig. 3. Wavelength requirement in SONET/WDM rings with no traffic
grooming. (a) Unidirectional ring. (b) Bidirectional ring.

given traffic pattern, is fixed. Hence, minimizing is equiva-
lent to minimizing (this is the rationale behind Algorithm IV),
and a lower bound on can be derived from a lower bound on

(denoted by ).
A simple way to determine is as follows. Let denote

the number of connections using nodeas the source, and de-
note the number of connections using nodeas the destination.
The number of gaps involving nodeat one of its ends is at least

. Therefore, can be given as
(the fraction is needed because every gap is counted twice,
once at each of its two end nodes). For any given traffic pattern,

is calculated as . This lower bound was first given
in [4]. Since it is possible that two connections originating and
terminating at nodecannot be in the same circle, thus resulting
in additional gaps, may not be achievable in some
cases. In fact, it may be even smaller than occasionally.
Therefore, we will use .

For nonuniform traffic with , we will not compare the
number of S-ADMs used with any lower bound onbecause
a lower bound such as would be too loose to be mean-
ingful.

VI. CIRCLE GROOMING

After the circles are constructed using Algorithms I–IV,Algo-
rithm VI , shown on the previous page, can be applied to groom

(a)

(b)

Fig. 4. The number of S-ADMs needed for uniform traffic whenh = 1. (a)
Unidirectional ring. (b) Bidirectional ring.

multiple (up to ) circles onto each of wave-
lengths so as to result in a small. Since Algorithm VI merely
grooms the circles, and does not depend on the traffic pattern or
the way the circles are constructed, it is applicable to both uni-
directional and bidirectional rings, as well as to both uniform
traffic and nonuniform traffic.

Before grooming circles, Algorithm VI first determines the
number of circles to be groomed onto each wavelength, i.e.,
a solution , using either of the following two methods.
Method A is to use Algorithm V which identifies the theoreti-
cally optimal solution. However, Algorithm V may be time con-
suming when and are large, and it is only applicable to
uniform traffic. An alternative is to use Method B, which tends
to distribute all the circles as uniformly as possible among
wavelengths. More specifically, when determining the value of

, assume that there arecircles left to be groomed. Since at
least additional wavelengths (including ) will
be needed, we may groom circles onto . As
to be shown, this method is as effective as Method A.

After the solution is determined, the rest of Al-
gorithm VI uses a heuristic to decidewhich circles are
groomed onto wavelength . The idea is to overlap as many
end nodes as possible when grooming circles onto a wavelength
(the algorithm pseudo code is self-explanatory). Note that,
given the heuristic nature of the algorithm, even if we use
Method A for uniform traffic and groom the same number of
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(a)

(b)

Fig. 5. The number of S-ADMs needed for nonuniform traffic whenh = 2:5

andm = 1. (a) Unidirectional ring. (b) Bidirectional ring.

circles as that specified by the theoretically optimal solution
onto each wavelength, the total number of S-ADMs used by
Algorithm VI may still be larger than determined by
Algorithm V.

VII. N UMERICAL RESULTS

In this section, we present numerical results on, , and
their corresponding lower bounds (whenever applicable). The
results reported for nonuniform traffic requiring the use of Al-
gorithm IV to construct circles are obtained with the objective
to minimize and unless otherwise specified.

By default, we assume . Fig. 3 shows the number
of wavelengths required and the corresponding lower bound for
both uniform traffic and nonuniform traffic when there is no
traffic grooming ( ). For uniform traffic, only the case
where is shown since if , one may simply mul-
tiply both and by , as discussed earlier. For nonuni-
form traffic, we assume that is evenly distributed between
0 and some maximum value with an av-
erage of . Two cases, in which and
5, respectively, are shown in Fig. 3. As can be seen, is
achieved for uniform traffic, and closely approached for nonuni-
form traffic. Note that in the case of no traffic grooming, we have

and , hence even with traffic grooming
(i.e., ), both and will be of their values

(a)

(b)

Fig. 6. Number of S-ADMs needed for uniform traffic (h = 3) and for
nonuniform traffic (h = 2:5). (a) Unidirectional ring. (b) Bidirectional ring.

shown in the figure according to previous discussion, implying
that they will be identical or at least very close to each other.

Fig. 4 compares the number of S-ADMs used by Algorithm
VI with the obtained by Algorithm V for uniform traffic
with and without traffic grooming (i.e., and )
and . Recall that we have two different methods to deter-
mine the number of circles to be groomed onto each wavelength,
but since our results show that these two methods give almost
the same performance, we will not distinguish them in this sec-
tion. As shown in the figure, when , and
is close to when in unidirectional rings. The main
reason for when is that obtained using
Algorithm V may not be tight (i.e., achievable) in some cases,
especially in bidirectional rings.

Fig. 5 compares the number of S-ADMs used by Algo-
rithm IV with the obtained in Section V-C for nonuniform
traffic without traffic grooming ( ) and . As shown
in the figure, is very close to and even reaches
at some points. This (as well as the results shown in Fig. 3)
implies that the circle construction algorithm (i.e., Algorithm
IV) for nonuniform traffic is very efficient.

Fig. 6 shows the number of S-ADMs needed when
for uniform traffic and when for nonuniform traffic.
As can be seen, for uniform traffic, as increases from 1 to 4,

is reduced by about 60% when (compared to about
50% when as seen from Fig. 4) for unidirectional as well
as bidirectional rings. In addition, when , the number of
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(a)

(b)

Fig. 7. Saving percentage in S-ADMs for uniform traffic (h = 1). (a)
Unidirectional ring. (b) Bidirectional ring.

S-ADMs needed when is exactly 3 times of that needed
when . However, if , the number of S-ADMs
needed when is only about 2 times of that needed when

. This is because with three copies of each connection, the
traffic can be groomed more efficiently. Similarly, if we com-
pare the results in Fig. 6(b) with those in Fig. 9(b) where
(to be discussed later), we may conclude that for nonuniform
traffic, also increases linearly with when , but sub-
linearly when . From Fig. 6, one can also see that, for
nonuniform traffic with , the number of S-ADMs re-
quired is close to that for uniform traffic when (this is
because nonuniform traffic usually cannot be groomed as effi-
ciently as uniform traffic).

Figs. 7 and 8 show the saving percentage () on the number
of S-ADMs due to the proposed traffic grooming algorithms,
which is calculated as , for uni-
form (where ) and nonuniform traffic (where ),
respectively. Note that when increases, the saving percentage
decreases for a fixed because when more circles need to be
groomed onto each wavelength, more S-ADMs are involved. As

increases, the saving percentage increases and then saturates
gradually. The saving percentage can be as high as 90% in uni-
directional rings and 81% in bidirectional rings when
and . Even when , the saving percentage is still
significant when (e.g., about 60% for uniform traffic
and 67% for nonuniform traffic in unidirectional rings. The re-
spective percentages in bidirectional rings are 30% and 40%).

(a)

(b)

Fig. 8. Saving percentage in S-ADMs for nonuniform traffic (h = 2:5). (a)
Unidirectional ring. (b) Bidirectional ring.

Recall that when using Algorithm IV to construct circles for
nonuniform traffic, we can minimize either (and ) or
(and perhaps ). The values of and obtained by using
these two options, respectively, are shown in Fig. 9 for bidirec-
tional rings (the case for unidirectional rings is similar). As can
be seen, when the first option (minimizingand ) is adopted,
the resulting is nearly the same as , and when the second
option (minimizing ) is adopted, a few more wavelengths than

are usually required [see Fig. 9(a)]. On the other hand, the
two options result in almost the same[see Fig. 9(b)]. This is
because when the objective is to minimize, a near-minimum

results in a near-minimum and helps reduce
used by Algorithm VI as well. However, when the objective is
to minimize , which is the total number of end nodes involved
in all the circles, it does not necessarilyguaranteethat used
by Algorithm VI will be minimum.

VIII. C ONCLUSION

In this paper, we have proposed a suite of six algorithms
that are useful for traffic grooming and wavelength assignment
under uniform and nonuniform traffic in both unidirectional and
bidirectional SONET/WDM rings. Algorithms I–III are used to
construct a minimal number of circles for uniform traffic in uni-
directional rings, bidirectional rings with even, and bidirec-
tional rings (with either odd or even), respectively. Algorithm
IV is used to construct a near-minimum number of circles for
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(a)

(b)

Fig. 9. The effect of minimizingC and E for nonuniform traffic in
bidirectional rings (h = 5). (a) Number of wavelengths. (b) Number of
S-ADMs.

nonuniform traffic. After the circles are constructed, Algorithm
VI uses a heuristic to groom up to circles onto each wave-
length, where is the grooming factor. In addition, Algorithm
V is used to determine a lower bound on the number of S-ADMs
needed for uniform traffic. The results obtained show that the
proposed algorithms perform very well in reducing the number
of S-ADMs as well as minimizing the number of wavelengths.
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