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Abstract—n high-speed SONET rings with point-to-point }; i;
WDM links, the cost of SONET add—drop multiplexers (S-ADMSs) | [ As | WADM | Ay
can be dominantly high. However, by grooming traffic (i.e., mul- | [ ] 1 | |
tiplexing lower-rate streams) appropriately and using wavelength SONET || SONET || SONET SONET
ADMs (WADMSs), the number of S-ADMs can be dramatically ADM ADM ADM ADM

reduced. In this paper, we propose optimal or near-optimal algo- =TT T T 11111 (1111

rithms for traffic grooming and wavelength assignment to reduce .

both the number of wavelengths and the number of S-ADMs. The Fig. 1. Reducing the number of S-ADMs.

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., In a SONET ring with point-to-point WDM links, lelt” be

arbitrary) traffic with an arbitrary grooming factor. Some lower  the number of wavelengths needed to support a given traffic
bounds on the number of wavelengths and S-ADMs required pattern. If one S-ADM is used on every wavelength at every
for a given traffic pattern are derived, and used to determine 5de. the total number of S-ADMs ¥ - W. whereN is the

the optimality of the proposed algorithms. Our study shows that .
using the proposed algorithms, these lower bounds can be closelynumb(‘jr of nodes. When the number of wavelengths is large

approached in most cases or even achieved in some cases. I8€-9-, W > 32) and each wavelength operates at OC-48 (or
addition, even when using a minimum number of wavelengths, higher), the dominant system cost is no longer the cost of the
the savings in S-ADMs due to traffic grooming (and the use of fibers but that of S-ADMs. Fortunately, a node may not need to
WADMs) are significant, especially for large networks. add/drop streams on every wavelength, especially if the traffic
Index Terms—ADMSs, SONET, traffic grooming, wavelength as- destined to the node can be groomed onto only one or a few
signment, WDM rings. wavelengths (instead of spreading it over all wavelengths). By
employing wavelength routing at each node, that is, using a
l. INTRODUCTION wavelength ADM (WADM) c_apable _of drop_ping (and addin_g)
only the wavelengths carrying traffic destined to (and origi-
YNCHRONOUS optical network (SONET) rings arenated from) a node, the number of S-ADMs needed can be dra-
idely used in today’'s network infrastructures. Eachatically reduced. For example, Fig. 1 shows a node with two
SONET ring is constructed by using fibers to connect SONEgitferent configurations, the one at left using three S-ADMs
add-drop multiplexers (hereafter called S-ADM for simplicity)with point-to-point WDM links, and the other at right using
Typlcally, for each Working ﬁber, thereis a protection fiber an6n|y one S-ADM p|us a WADM (assuming that On% car-
hence, two and four fibers are usually used to construct unigies streams that need to be added/dropped at this node) Let
rectional and bidirectional rings, respectively. One of the critic@k the number of S-ADMs required when using WADMs and
operations of the S-ADMs is traffic grooming. Specifically, eackaffic grooming to support the given traffic pattern, then the
S-ADM can multiplex multiple lower-rate streams to form &aving percentage on the number of S-ADMs can be defined as
higher-rate stream, or demultiplexa higher-rate streamtosevesal. (v . W — D) /(N - W).
lower-rate ones. For example, four OC-12 streams can form ongp, this paper, we consider cost-effective designs of SONET
OC-48 stream, in which case the grooming factor is 4. 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
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A major difference between this work and other work donions have to be groomed onto different wavelengths. However,
previously is the generality of our approach in that the proposeden if#; ; < m, these connections may still be groomed onto
traffic grooming and wavelength assignment algorithms can déferent wavelengths in order to minimiz& and/orD, which
applied to either unidirectional or bidirectional SONET/WDMSs the objective of traffic grooming.
rings with an arbitrary network sizeéV and an arbitrary  For arbitrary traffic,R; . (andh; ,) may vary withi ands.
grooming factor. More specifically, [4] considered wavelengtbet h be thegreatest common dividg{GCD) of all nonzero
assignment for a given set of lightpaths in SONET/WDM ringh; ., i.e.,h = GCD({h; s # 0}). Without loss of generality,
to reduceD and/orW but did not consider traffic grooming. we may assume that = GCD(im, k) is 1. This is because if
[6], [2] proposed heuristics for grooming uniform traffic ina: > 1, o connections from one node to another can be bundled
unidirectional SONET/WDM rings. Traffic grooming forinto a superconnection, which effectively increases the base
uniform traffic in bidirectional SONET/WDM rings having anbandwidthr, by « times, and reduces both andh as well
odd number of nodes is discussed in [9] without specifyings all (nonzero}:; ,'s by « times. In what follows, we define
the algorithm(s) or heuristic(s) employed, though a specifin to be thegrooming factorWhenm = 1, each connection
type of nonuniform traffic, namely, distance-dependent traffigyill be established as a lightpath, and hence no traffic grooming
was recently studied in [8]. In [5], analytic results (suclis needed. On the other hand, traffic grooming is needed when
as D and W required) were presented for several specifiee > 1.
optical WDM ring designs under uniform traffic (although a The basic idea behind the proposed approach to traffic
framework allowing nonuniform traffic was also discussedgrooming and wavelength assignment is as follows. First,
The SONET/WDM rings considered in this paper differ fronimeuristic algorithms based on the scheduling algorithms pro-
all the designs considered in [5]. To our best knowledge, thi®sed in [7], [10], [11], are used to construct as feiveles as
is also the first paper to report quantitative results for arbitrapossible to include all requested connections so as to minimize
traffic grooming. This work also differs from others in that?, where each circle consists of multiple nonoverlapping
it effectively separates wavelength assignment from traff{e., link disjoint) connections. Second, after the circles are
grooming, and thus helps simplify both problems and obtagonstructed, another heuristic algorithm is used to groom up to
efficient solutions (see Section Il for more discussion). m circles onto a wavelength (o) ring while trying to overlap

The rest of the paper is organized as follows. Section Il das many end nodes belonging to different circles as possible so
scribes the problem of traffic grooming and the proposed geneais to result in a smalD. Let C be the total number of circles
approach which has two major phases, namely, circle constrgonstructed to support the given traffic pattern. There will be
tion and circle grooming. Sections Ill and IV propose circl¢C/m] A-rings. Thatis)¥ = [C'/m| wavelengths are needed,
construction algorithms for uniform and nonuniform trafficone for each of thesg-rings.
respectively. For uniform traffic, optimal circle construction Note that wavelength assignment is normally a part of the
algorithms (i.e., those resulting in a minimum number of circle#jaffic grooming problem. Our approach, however, can effec-
exist for both unidirectional and bidirectional SONET/WDMtively separate wavelength assignment from traffic grooming,
rings. For nonuniform traffic, a heuristic is proposed whichnd thus help simplify both problems and obtain efficient so-
uses the rules developed for uniform traffic as a first step ftions. Specifically, ifD does not need to be minimized, one
circle construction and a greedy algorithm as a second stepmay arbitrarily groommn circles onto eaclti-ring. Otherwise,
Section V, lower bounds on the number of S-ADMs and tHéese circles can be groomed in a more judicious way using
number of wavelengths required are determined for the casegrooming algorithm. In any case, once things are con-
with and without traffic grooming with uniform or nonuniform structed, an arbitrary available wavelength can be assigned to
traffic. A generic circle grooming algorithm, which is applicableachA-ring. Note that, to some extent, wavelength assignment
to both unidirectional and bidirectional rings, as well as to bottas largely been accomplished in the circle construction phase.
uniform traffic and nonuniform traffic, is proposed in Section VIIn other words, once the circles are constructed, it has been de-
Numerical results are presented and discussed in Section V@rmined that the connections in each circle will be assigned the
Finally, Section VIII concludes the paper. same wavelength, and in addition, the number of wavelengths to
be usedW, 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

To facilitate our presentation, we number tenodes in a a generic circle grooming algorithm.
ring from 0 to/V — 1, and us€, s) to denote a connection from
node: to another nodg that iss hops away along a shortest
path. Hereafter, such a connection will be said to hastide
(or hop count) ofs. Let B be the bandwidth of one wavelength In uniform traffic, as a special case of arbitrary traffi; .
(e.g., OC-48) anda, the base bandwidth of a connection (e.gis the same for everyands, and thus we may lek = R;
OC-3), whereB = m - r;, for some integem > 1. In addition, and haveh = h, ;. If R = r, (andh = 1), each node needs
letR; , = h; .-, (Whereh, , > 0) denote the total bandwidth to establish one connection to every other node for a total of
required by the traffic from nodéto node; which iss hops N(N — 1) connections from allV nodes.
away. Note that,; ., can be considered as the number of con- An algorithm was proposed in [10] to constrdtt= (/N(N —
nections to be established fraro j. If 4, ; > m, these connec- 1))/2 circles in unidirectional rings. This algorithm, hereafter

Il. GENERAL METHODOLOGY

I1l. CIRCLE CONSTRUCTION FORUNIFORM TRAFFIC
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Fig. 2. An illustration of the two options in Algorithm V.

referred to agdlgorithm I, combines two connections havingleft-hand side of Fig. 2 shows two partial circles (assuming
common end nodes (e.g., one frémo j and the other fromjito  connectionz has not been considered yet).
1) to form afull circle (which spans every hop of the ring). Note Intuitively, fewer gaps help reduce not orifiy (due to better
that, as to be discussed in more detail in Section V, having fldndwidth utilization and thus fewer circles), but al3qmore
circles will minimizeW and whenn = 1, minimize D as well formal discussion will be given in Section V-C). In order to
(in addition, it will reduceD whenm > 1). minimize the number of gaps, the proposed heuristic attempts
Two algorithms called “Complementary Assembling witho fit each connection into existing circles without generating
Dual Strides” (hereafteAlgorithm Il ) and “Complementary an additional gap. More specifically, Algorithm IV (in pseudo
Assembling with Triadic Strides” (hereaftelgorithm 11l ) code) works as follows. It constructs circles using the connec-
were proposed in [11] to construct full circles in bidirectionations having the longest stride in the traffic matfix; .} first
rings with even and oddV, respectively. Specifically, for an (this is because connections with shorter strides are more likely
eveniN, Algorithm Il combines either two or four connectionsto be able to fit into the gaps generated by the connections with
while for an odd~, Algorithm 1ll combines either three or longer strides). If the connection being considered shares at least
four connections to form a full circle (both clockwise anane end node (source or destination) with other connections al-
counter-clockwise). The total number of circles (in eitheready contained in the circle, it will be added into the circle (un-
clockwise or counter-clockwise directionconstructed by the less there is no room, or in other words, the new connection will
two algorithms arg N2 /8] and(N? — 1)/8, respectively. overlap with an existing one). If fitting a connection into any
Note that the case whefe>> 1 is the same except that eactexisting circle will generate an additional gap, we will call this
node will needh connections to every other node, and the totabnnection a “gap maker,” and put it int@apMakedist which
number of connections will be - N(IN — 1). Accordingly,~ is initially empty.

copies for each circle constructed in the casé ef 1 will be After all the connections in the traffic matrix have been ei-
constructed. ther included in some existing circles, or put into the GapMaker
list, we start to process the GapMaker list (that is, to include

IV. CIRCLE CONSTRUCTION FORNONUNIFORM TRAFFIC its connections in existing or additional circles). Note that, it is

possible that a connection from the GapMaker list will now fit
. . . ' . fito an existing circle without creating an additional gap. For
circles for a given arpltrary_traﬁlc_matr|{<hi7_S}. . example, as shown in Fig. 2 (left), connectierwas put into
Based on the previous discussion on uniform traffic, in Ord?ﬁe GapMaker list because connectiohas not been included
to use a smallV and D, it is natural to first construct as mMany; . circle 1 at the time. However. after connectieiis added to
full circles as possible by combining two connections wit ircle 1, connectiom can be rer;loved from the GapMaker list

common end .nodes n unldlrect|onal rings, :?md up to _fOLérnd added to circle 1 as well without creating an additional gap.
connections with overlapping end nodes in bidirectional rings. If there are still some connections left in the GapMaker list

Assume that’, full circles can be constructed this way. Aftefy . .annot pe fit into any existing circle without creating an

Xydditional gap, we have two options: one is to minimizg

In this section, we propose a heuristic algorithm to constru

theseC; full circles are constructed, and the traffic matri

{.hi’s} is updated by removing the connections in thﬁle which in turn minimizesC' (and W), and the other is to min-
circles, there may still be some nonzérp, corresponding to imize the number of end nodes (sd) involved in all theC
connections that remain to be included in some circles. In O”E?Fdes (which helps reduc®), whereE < D (E = D if
words, it is possible that not all the requested connections grooming is needed). & (o'r W) is to be minimized. each
be included in the way described above. Hence, we propose thie o tion will be fit into an existing circle as long as there is

following heurist?c_ alggrithmAIgor_ithm Iy (Wh.iCh is appli- enough bandwidth, even though an additional gap may be cre-
cable to both unidirectional and bidirectional rings), shown Oled. In other words. a new circle is created for a conneotity
the next page, to construct additional ($2y) circles for a total | '

. e if there is no room for the connection in any existing circle. On
of ¢' = 3 + C, circles. Note that each of thé, additional the other hand, it/ is to be minimized, a new circle will be gen-

circles could be full or partial due to the nonuniform nature q rated for a connection that cannot be fit into any existing circle

Ehe tl‘?.fflc .demand. In a pgrtlal circle, therg are one or Moff ¢ creating an additional gap. Generating a new circle for
gaps” which cannot be fit in by any remaining connection t is “gap maker” gives a chance for all “gap makers” to share

be established, resulting in some bandwidth being wasted. nodes. Fig. 2 illustrates the difference between these two
options assuming that connectisrdoes not exist at all. As can

We are only interested in the number of circles in one direction as it will HB€ S€€n, the first option (shown at left) results in one fewer cir-
used to derivé? andD. cles (for a total of 2) but one more end node (for a total of 8)
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Algorithm IV: Construct circles for non-uniform traffic_

Cz = 1; // C3 is the number of circles being constructed by this algorithm so far
89 = N — 1 for unidirectional rings or so = % for bidirectional rings; //the maximum stride
for s = 89,80 — 1,-++,1 { // consider connections with longer strides first
fori=0,1,---,N —1 { // one node at a time
while (h; , > 0){
forc=1,2,---,C { // try all circles if necessary
try to fit connection (¢, s) into circle ¢ without creating an additional gap;
if (succeed) {
his=hi,—1;
break from the inner “for” loop; // no need to try the remaining circles
} // else fail and then try the next circle

if (fail because (%, s) would overlap with some connections in any existing circle) {
do {
generate a new circle for (3,8); his=hi;—1; Ca=Ca+1;
} while (h;,, > 0);

if (fail bf,ca.use fitting (4, s) in any existing circle would generate an additional gap) {
do
put (4, s) into the GapMaker list (to be processed later); his =hi,—1;
} while (h;, > 0);

}

} // all h; , have been included either in the circles or in the GapMaker list

if (the objective is to minimize the number of circles) {
for each connection in the GapMaker list {
try to fit into existing circles;
if (fail) { // because it overlaps with existing connections
generate a new circle for the connection; Cp = Cp + 1;

remove the connection from the GapMaker list;
}
}

if (the objective is to minimize the number of end nodes) {
for each connection in the GapMaker list {
try to fit into existing circles without creating an additional gap;
if (fail) { // because it either overlaps with existing connections
// or it creates an additional gap
generate a new circle for the connection; Cay = Cz + 1;

remove the connection from the GapMaker list;

}

than the second option (shown at right). In the second opti@gmmon nodes in the circle. This means that all the three lower

a new circle for connection gives a chance for connectién bounds can be achieved.

to share one end node with Other “gap makers” (if any) may  For bidirectional rings, itis first given in [3] (which discussed

also share one end node with eitlaeor b in this new circle. the case wheréV is odd only) and then in [7], [1], [11] that
the minimum number of wavelengths (and circles) required in a

V. LOWER BOUNDS bidirectional ring is

2
In this section, we present some lower bounds on the number N -1 for odd N
of circles, Wavele_ngths, and S-ADMs, denoted®ys, Wip Wip = COLp = . (1)
and Dy g, respectively. [N_ w for evenN
S .

A. Uniform Traffic withm = 1 Recall that Algorithms Il and 1ll construct the same number of

As given in [10], the minimum number of circles that need téull circles, i.e.,C = Cr, (using up to four connections for
be constructed to support all the connections of uniform traffeach circle) as given in the above equation, which implies that
in a unidirectional ring i€¥ 5 = (N(N —1))/2. Whenm =1 these two lower bounds are achieved.
(i.e., no grooming is needed), the lower bound on the number ofThough as in unidirectional rings, one may @séi¥; 5 as a
wavelengths i$V1 5 = Cig. Finally, since there are at least twdower bound onD, such a lower bound is too loose for bidirec-
S-ADMs on each wavelength carrying one connection (one fonal rings (because each wavelength carries two to four con-
the source and the other for the destination of the connectiongctions). Since at least one S-ADM is needed to establish a
a lower bound oD is D1g = 2- Wi = N(NN — 1). Recall connection (assuming the other end of this connection is always
that Algorithm | constructs” = (N(N — 1))/2 full circles, shared with another connection), the total number of connec-
and each full circle needs two S-ADMs, one for each of the twimns to be established can be used as another lower bound on
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D. In the case of unidirectional rings under uniform traffic, thisave(d(’;w)) > m,. On the other hand, in order foim,,)
lower bound is the same &8s}V (both equal taV(N —1)).In  to be the minimum number of S-ADMs o, as intended, we
the case of bidirectional rings, we hallg s = (N(N —1))/2 also need to hav(éi(m;')_l) < m,,. Based on this observation,
(since only these many connections are established clockwisevwercan obtain a unique value @fm.,) for any givenm,,. For
counter-clockwise), which is tighter th@&n W7 5. In fact, since example, letn,, = 11. Since(g) =15 > 11 but (;) =10 <
the number of S-ADMs needed for each full circle is equal to thie, we haved(m,,) = 6, meaning thaat leastsix S-ADMs are
number of connections in the circle, Algorithms Il and Il whicmeeded in order to have eleven circles groomed on the same
construct only full circles to include all the requested conne&imilarly, d(1) = 2, d(2) = 3, ..., d(16) = 7, and so on.
tions guarantee that such a lower boundI®iis achieved (the  For bidirectional ringsd(m,,) needs to be calculated differ-
same reasoning can also be applied to Algorithm | in the casetly. Specifically, the maximum number of circles involving
of unidirectional rings). nodes is now given by

Note that, whenm = 1, a bidirectional SONET/WDM )

ring employing our proposed traffic grooming and wavelength for oddn

assignment algorithms behaves afully optical ring, which C(n) = S @)
is considered in [5]. In other words, when there is no traffic [ﬂ_} for evenn

grooming, our results o andD agree with those obtained for

the fully optical ring in [5]. However, our results in Section VII

indicate that whenn > 1 andh < m (i.e., when the traffic

from one node to another requires a fraction of the bandwi

of one wavelength), the bidirectional SONET/WDM ring will Cld(m) — 1] < M < Cld(ma)] A3)

require fewerD and W than the fully optical ring (and other

designs considered in [5]). Algorithm V , shown on the next page, is proposed to find
the optimal solutio{,, } (and determine a reasonalilg ).

B. Uniform Traffic withm > 1 Note that a trivial approach would require all the possible values
In this section, we examine the lower bountg s and ©Of m,, for eachw be examined. However, Algorithm V reduces
Dy for uniform traffic whenm > 1. When m circles the search space as follows. Without loss of generality, we may
can be groomed onto each wavelength, it is clear thagsume that < m; < mo < -+ < mw < m as the wave-
Wi = [CLs/m], andW = [C/m]. Hence, any circle length assignment can be arbltrary Sl@% LMy = C, we
grooming algorithm (such as Algorithm VI to be describe®ave [C/W] < my < m. In Algorithm V, m,, is deter-
later) that grooms up ten circles onto each wavelength will mined in a wavelength index descending order, hey; first,
use the minimum number of wavelengths (provided that theew 1 second and so on, by calling a functidtindM () re-
number of circles constructed is also minimum, i@= Crg, Cursively. At the timem,, is to be determined, at;’s with

and thus, the following condition will be used to determine
dcégmw) for a givenm,,:

which is the case if Algorithm I, II, or lll is used). However,w +1 < k < W have been determmed and the number of
to minimize D, different number of circles may need to beircles groomed so far iempC = 3,7, ., my. In addi-
groomed on different wavelengths. tion, since at least one circle needs to be groomed onto wave-

To determine a reasonably tight lower boundBnassume lengths having index from 1 tew — 1), the number of circles
that the actual number of circles groomed onto wavelength that could possibly be groomed onto wavelenjthis at most
is m.,, wherel < w < W and}__ m, = C. Letthe min- C — TempC — (w — 1). Furthermore, according to the as-
imum number of S-ADMs needed oy, be denoted byi(m,,) sumption described earlief;., < m.1, and hence we have
(note thatd(mn,,) is also the number of end nodes involved omt.,, < min{m41, € — TempC — w + 1} = My, On the

A\w). If for a given set ofn,,, wherew = 1, 2, ---, W, which  other hand, since th€ — TempC circles which have not been
we call asolutionand denote by{m,, }, we can find a unique groomed so far will be allocated onto wavelengths among
d(m.,) for each),,, the total minimum number of S-ADMs re-Which A, will be allocated the Iargest number of circles, we

quired can then be calculated BsmpDys = Y1'_, d(m,,). havem,, = [(C'— TempC)/w]| = Muin. For every value of
In addition, if a solution that has the minimutfiempDrg " in the range of My, Mimax], FindM (w — 1) is called to

among all possible solutions (callegtimalsolution hereafter) determine possible values of,,_;. In this way, we have lim-
can be obtainedDrg can be set to be equal to the correited the possible values of eaeh, and in turn, the number of
sponding minimun®’emp Dy 5. In other words, we propose toSolutions to be examined by the algorithm.

use two steps to derive a reasonablgs. First, for any given ~ For each solutiogm,, } examined by the algorithm, the cor-

value ofm,,, determine a reasonabiém., ). Second, for given responding number of S-ADMs requiréfi¢mp D) is calcu-
C, W andm, find an optimal solution{m,,} that gives the lated as described earlier and the best solution with the lowest

minimum TempDy . TempDr s found so faris recorded. At the end of the algorithm,
Note that in unidirectional rings under uniform traffic, thethe optimal solutiof{m,, } and Dy can thus be obtained.

maximum number of (full) circles that can be constructed i i

amongn end nodes ign(n — 1))/2 or (%) as long as every & Non-Uniform Traffic

connection is unique (i.es, = 1). This is independent of For a given nonuniform traffic matrih; .}, the traffic load

how circles are constructed (i.e., not specific to Algorithm Ion each and every link can be determined by counting all the

Consequently, in order to have,, circles on\,,, we need to connections on the link. Let the maximum traffic load over all
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Algorithm V: Determine a lower bound on the number of S-ADMs for uniform traffic

main() { // N and m are given, C and W are pre-determined
Dpp = N-W; //may set it to any large value
FindM(W); //start with Ay
// Drp and the corresponding {m.} are obtained

FindM(integer w) {
if (w=W) {
tempC = 0; // tempC is the number of circles groomed so far
U =m; // U is an upper bound on the number of circles on Ay,

else { //w<W

w
tempC = zk=w+l mg;
U=my+1;

}

if (w > 1) { // as long as this is not the last wavelength
Mmaz = min{U,C — tempC — w + 1};
for my = rC—t:}mgC-I’ rC—-t‘z”mgC] +1,--, Mmas
FindM(w - 1);

else { // groom all remaining circles onto the last wavelength
m; = C — tempC;
tempDrp = Y 1 d(my);
if (DLp > tempDyp) {
Dpp = tempDyp;
save the solution {m;}

Algorithm VI: Groom circles onto W wavelengths

//determine the number of circles to be groomed onto each wavelength
if (using Method A) // Only applicable to uniform traffic
invokes Algorithm V to find the theoretically optimal solution {my};
if (using Method B) { //distribute circles as evenly as possible
Cy = 0; // the number of circles groomed so far;
forw=W,W-1,-..,1{
w! =[5,

//use a heuristic to groom a pre-determined number of circles onto each wavelength
find the number of S-ADMs in each circle;
D=0
forw=W,W-1,-.-,1{
find the circle which has the maximum number of S-ADMs (i.e. end nodes involved)
over all existing circles, and groom it onto Ay ;
for k=1,2,---,my — 1 { // groom other m,, — 1 circles onto Ay
find a circle which, if groomed onto Ay, results in a minimum number of
additional S-ADMs (or maximum overlapping among the end nodes);
groom this circle onto Ay;

D = D + number of S-ADMs on Ay;

links be R,.x, we haveCrg = [Ruax/75]- In addition, we to be constructed using either Algorithm IV or any other pos-
can use g = [Ruyax/B] as a lower bound on the numbersible heuristics. As mentioned in Section V-A, the number of
of wavelengths whether» = 1 or m > 1. Note that for uni- S-ADMs needed in a full circle is equal to the number of end
directional rings, one may calculate another lower boun#on nodes (also the number of connections) involved in this circle.
as(C N S M by, - s/m - N) (a similar formula may be On the other hand, the number of S-ADMs in a partial circle
used for bidirectional rings). However, this lower bound is na$ equal to the number of connections plus the number of gaps
as tight as the first one and hence will not be used. in this circle. Therefore, when no grooming is needed, the total

We now determine a reasonable lower boundi@arwhen number of S-ADMs is equal to the total number of connections
m = 1. For nonuniform traffic, full and/or partial circles need(A) plus the total number of gap&, i.e.,D = A + G. Fora
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Fig. 3. Wavelength requirement in SONET/WDM rings with no traffic ®)

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

Unidirectional ring. (b) Bidirectional ring.

given traffic patternA is fixed. Hence, minimizing- is equiva-
lentto minimizingD (this is the rationale behind Algorithm 1V),

and a lower bound o® can be derived from a lower bound Ongrooms the circles, and does not depend on the traffic pattern or

G (denoted byGrp). the way the circles are constructed, it is applicable to both uni-

A simple way to determiné’; is as follows. Lets; denote  irectional and bidirectional rings, as well as to both uniform
the number of connections using nades the source, ant de- traffic and nonuniform traffic.

note the number of connections using nede the destination.  gefore grooming circles, Algorithm VI first determines the
The number of gaps involving nodat one of its ends is atleastyymber of circles to be groomed onto each wavelength, i.e.,
|s; — di|. Therefore(7 g canbe givenal /2) >, _y" |si —di| a solution{m.,}, using either of the following two methods.
(the fractionl /2 is needed because every gap is counted twig@ethod A is to use Algorithm V which identifies the theoreti-
once at each of its two end nodes). For any given traffic pattegally optimal solution. However, Algorithm V may be time con-
Dy p is calculated asl + G/ g. This lower bound was first given suming whenC' and W are large, and it is only applicable to
in [4]. Since it is possible that two connections originating angniform traffic. An alternative is to use Method B, which tends
terminating at nodécannot be in the same circle, thus resultingp distribute all the circles as uniformly as possible amé¥ig
in additional gapsA + Grp may not be achievable in somewavelengths. More specifically, when determining the value of
cases. In fact, it may be even smaller tBaiV; 5 occasionally. m,,, assume that there afécircles left to be groomed. Since at
Therefore, we will usé)1 s = max{A + Grp, 2- Wi} leastW’ = [X/m] additional wavelengths (including,,) will

For nonuniform traffic withm > 1, we will not compare the be needed, we may groom,, = [ X/W'] circles onto),,. As
number of S-ADMs used with any lower bound fhbecause to be shown, this method is as effective as Method A.
a lower bound such a- Wiz would be too loose to be mean- After the solution {m,,} is determined, the rest of Al-
ingful. gorithm VI uses a heuristic to decidehich m,, 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,

After the circles are constructed using Algorithms I-ANgo- given the heuristic nature of the algorithm, even if we use
rithm VI , shown on the previous page, can be applied to groaviethod A for uniform traffic and groom the same number of

multiple (up tom) circles onto each oV = [C/m] wave-
lengths so as to result in a small Since Algorithm VI merely

VI. CIRCLE GROOMING
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(b) Fig. 6. Number of S-ADMs needed for uniform traffié (= 3) and for

. . ) nonuniform traffic ¢’ = 2.5). (a) Unidirectional ring. (b) Bidirectional ring.

Fig. 5. The number of S-ADMs needed for nonuniform traffic whér= 2.5 un et 5)- (&) Unidirecti ing. (b) Bidirecti "9

andm = 1. (a) Unidirectional ring. (b) Bidirectional ring. ) . ) . . ) ] ]
shown in the figure according to previous discussion, implying

circles as that specified by the theoretically optimal solutiotrrl]at they will be identical or at least very close to each other.
P y y op Fig. 4 compares the number of S-ADMs used by Algorithm

onto each wavelength, the total number of S-ADMs used - : ; . )
Algorithm VI may still be larger thanDyp determined by QX with the Dyp obtained by Algorithm V for uniform traffic

Algorithm V. with and without traffic grooming (i.er_n =1, 2, 4, 8, and16)

' andh = 1. 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

In this section, we present numerical resultsin D, and the same performance, we will not distinguish them in this sec-
their corresponding lower bounds (whenever applicable). Ttien. As shown in the figureD = D;g whenm = 1, andD
results reported for nonuniform traffic requiring the use of Alis close toD15 whenm < 8 in unidirectional rings. The main
gorithm 1V to construct circles are obtained with the objectiveeason forD > Drg whenm > 1 is thatDr g obtained using
to minimizeC' andW unless otherwise specified. Algorithm V may not be tight (i.e., achievable) in some cases,

By default, we assume < N < 20. Fig. 3 shows the number especially in bidirectional rings.
of wavelengths required and the corresponding lower bound forFig. 5 compares the number of S-ADMs used by Algo-
both uniform traffic and nonuniform traffic when there is naithm IV with the Dy g obtained in Section V-C for nonuniform
traffic grooming » = 1). For uniform traffic, only the case traffic without traffic grooming f» = 1) andi = 1. As shown
whereh = 1 is shown since ifh > 1, one may simply mul- in the figure,D is very close taD; g and even reacheBr g
tiply both W and Wy g by A, as discussed earlier. For nonuniat some points. This (as well as the results shown in Fig. 3)
form traffic, we assume thdi; . is evenly distributed betweenimplies that the circle construction algorithm (i.e., Algorithm
0 and some maximum value, .. = max{h, .} with an av- V) for nonuniform traffic is very efficient.
erage ofh’ = hpy.x/2. Two cases, in whicth’ = 2.5 and Fig. 6 shows the number of S-ADMs needed wher= 3
5, respectively, are shown in Fig. 3. As can be sé&qg is for uniform traffic and whem’ = 2.5 for nonuniform traffic.
achieved for uniform traffic, and closely approached for nonumis can be seen, for uniform traffic, as increases from 1 to 4,
form traffic. Note that in the case of no traffic grooming, we hav® is reduced by about 60% whén= 3 (compared to about
W = C andWrg = Cpp, hence even with traffic grooming 50% when = 1 as seen from Fig. 4) for unidirectional as well
(i.e.,m > 1), bothW and Wi will be 1/m of their values as bidirectional rings. In addition, when = 1, the number of

VII. NUMERICAL RESULTS
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Fig. 7. Saving percentage in S-ADMs for uniform traffic (= 1). (a)

Fig. 8. Saving percentage in S-ADMs for nonuniform traffic & 2.5). (a)
Unidirectional ring. (b) Bidirectional ring.

Unidirectional ring. (b) Bidirectional ring.

S-ADMs needed wheh = 3 is exactly 3 times of that needed  pacq|| that when using Algorithm IV to construct circles for

whenh = 1. However, ifm = 4, the number of SSADMS o niform traffic, we can minimize eithe® (and W) or £
needed wheh = 3 is only about 2 times of that needed Whegsé]d perhap®)). The values of’ and D obtained by using
h = 1. This is because with three copies of each connection, f}.se two options, respectively, are shown in Fig. 9 for bidirec-
traffic can be groomed more efficiently. Similarly, if we COMyiqn4) rings (the case for unidirectional rings is similar). As can
pare the results in Fig. 6(b) with those in Fig. 9(b) whéfe= 5 o seen, when the first option (minimizisgandiv') is adopted,
(to pe dlscusged later), we may cpnclude that for nonuniforin, resultingV’ is nearly the same &/ 5, and when the second
traffic, D also increases linearly with whenm = 1, but sub-  on4iqn (minimizingE) is adopted, a few more wavelengths than
linearly whenm > 1. From Fig. 6, one can also see that, fofy, . are usually required [see Fig. 9(a)]. On the other hand, the
nonuniform traffic withs" = 2.5, the number of S-ADMS re- 4 gntions result in almost the sanik[see Fig. 9(b)]. This is
quired is close to that for uniform traffic wheln = 3 (this IS ecquse when the objective is to minimiZea near-minimum
because nonuniform traffic usually cannot be groomed as effir o5y its in a near-minimuri’ = [C/m] and helps reduc®
ciently as uniform traffic). used by Algorithm VI as well. However, when the objective is
Figs. 7 and 8 show the saving percenta§pdn the number , yinimize £, which is the total number of end nodes involved
of S-ADMs due to the proposed traffic grooming algorithmsy, 5| the circles, it does not necessarjyaranteehat D used
which is calculated as' = (N - W — D)/(N - W), for uni- by Algorithm VI will be minimum.
form (whereh = 1) and nonuniform traffic (wheré’ = 2.5),
respectively. Note that when increases, the saving percentage
decreases for a fixe because when more circles need to be
groomed onto each wavelength, more S-ADMs are involved. AsiIn this paper, we have proposed a suite of six algorithms
N increases, the saving percentage increases and then satutatesre useful for traffic grooming and wavelength assignment
gradually. The saving percentage can be as high as 90% in umeéer uniform and nonuniform traffic in both unidirectional and
directional rings and 81% in bidirectional rings when= 1 bidirectional SONET/WDM rings. Algorithms I-Ill are used to
andN = 20. Even whenn = 16, the saving percentage is stillconstruct a minimal number of circles for uniform traffic in uni-
significant whenN = 20 (e.g., about 60% for uniform traffic directional rings, bidirectional rings with eveW, and bidirec-
and 67% for nonuniform traffic in unidirectional rings. The retional rings (with either odd or eveN), respectively. Algorithm
spective percentages in bidirectional rings are 30% and 40%)V is used to construct a near-minimum number of circles for

VIIl. CONCLUSION
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