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Optimization of Wavelength Assignment for QoS
Multicast in WDM Networks
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~ Abstract—This paper discusses quality-of-service (QoS) mul- throughout the path) and wavelength conversion is allowed at
ticast in wavelength-division multiplexing (WDM) networks. the joint nodes of two lightpaths in the channel. In this paper,

Given a set of QoS multicast requests, we are to find a set of Costyye consider single-hop systems, since all-optical wavelength
suboptimal QoS routing trees and assign wavelengths to them. The ion is still an i i d ive technol

objective is to minimize the number of wavelengths in the system, COMVErsIon IS stilf an immature and expensive tlechnology.
This is a challenging issue. It involves not only optimal QoS  Multicastis a point to multipoint communication, by which a

multicast routing, but also the optimal wavelength assignment. source node sends messages to multiple destination nodes. Mul-
Existing methods consider channel setup in WDM networks in ticast uses a tree structure as the route to transmit messages to
two separate steps: routing and wavelength assignment, which o, tih1e destinations. A light-tree concept was proposed in [3]

has limited power in minimizing the number of wavelengths. It . ical ks lish .
In this paper, we propose a new optimization method, which to support multicast in optical networks.light-tree as a point

integrates routing and wavelength assignment in optimization of t0 multipoint extension of a lightpath, is a tree in the physical
wavelengths. Two optimization algorithms are also proposed in topology and occupies the same wavelength in all fiber links in
T]lnllel?)g the} numbff of hant?'engthhS- done' a'QC;]flthm m'n'Tlﬁelf the tree. Each fork node of the tree is a multicast-capable optical
the number of wavelengths through reducing the maximal lin ; : ; o ;
load in the system; while the other does it by trying to free out the SWItCh’. where apower splitter [.4] is used to splitan input optical
signal into multiple signals which are then forwarded to output

least used wavelengths. Simulation results demonstrate that the ) . . . .
proposed algorithms can produce suboptimal QoS routing trees POrts without electrical conversions. Hence, light-trees facilitate

and substantially save the number of wavelengths. single-hop point to multipoint communications (i.e., multicast).
Index Terms—tight-tree, QoS multicast, routing, wavelengthas- ~ End-to-end delay is animportant quality-of-service (QoS) pa-
signment, WDM network. rameter in data communications. QoS multicast requires that the

delay of messages from the source to any destination be within
a bound. There are many network applications nowadays which
need the support of QoS multicast, such as multimedia con-
DVANCES in electro-optic technologies have madgerencing systems, video on demand systems, real-time control
optical communication a promising network choice tgystems, and so on. In this paper, we consider the routing and
meet the increasing demands for high channel bandwidifavelength assignment problem for a set of QoS multicast re-
and low communication latency of network applicationgjuests in a system. The problem is formalized as follows: given
wavelength-division multiplexinGVDM) [1] is basically fre- aset of QoS multicast requests in a WDM network system, com-
quency-division multiplexing in the optical frequency domairpute a set of QoS routing trees and assign wavelengths to them.
where on a single optical fiber there are multiple communic@he objective is to minimize the number of distinct wavelengths
tion channels at different wavelengths. There are two typestefbe used under the following constraints on each routing tree:
architectures of WDM optical networksingle-hopsystems ., the delay from the source to any destination along the tree
andmultihopsystems [2]. In single-hop systems, a communi-  45es not exceed a given bound;
cation channel should use the same wavelength throughout the, e total cost of the tree is suboptimal.

route of the channel; while in multihop systems, a channel can Lo : .
: . ; . . . new optimization method for wavelength assignment is pro-
consist of multiple lightpaths (ghtpath, for point to point o . )
L . . sed, which integrates routing and wavelength assignment by
communication, is a path that occupies the same wavelen . L ) . .
sing rerouting and reassigning techniques. Simulation results

demonstrate that the proposed method significantly reduces the

Paper approved_by D K. Hu_nter, the Editc_Jr for Optical Communications ¢fymber of (distinct) Wavelengths used in the system, and the
the IEEE Communications Society. Manuscript received December 8, 1999; re- ted ti t tee th S traint dh
vised June 29, 2000 and July 18, 2000. This work is supported in part by generated routing trees guarantee the QoS constraint an ave

City University of Hong Kong under Grant 7000677, Grant 7000927, and Gral@SS Ccost.

7001035, by the CERG of Hong Kong under Grant 9040442, and by the Na-The traffic model discussed in this paper is static. The re-
tional 973 Information Technology and High-Performance Software Program

. INTRODUCTION

of China under Grant G1998030402. sult of this research can be used as a guideline for configu-
X.-H. Jia and M.-K. Lee are with the Department of Computer Science, Citation of a WDM network, such as the configuration of light-
University of Hong Kong, Kowloon, Hong Kong. - o _paths or light-trees. The traffic type discussed in this paper (i.e.,
D.-Z. Du is with the Department of Computer Science, University of Min- h .\ .
nesota, Minneapolis, MN 55455 USA. QoS multicast traffic) is a general one. It allows us to describe
X.-D. Hu is with Institute of Applied Mathematics, Chinese Academy of Sciand consider all different types of traffic, such as unicast traffic,
ences, Beijing 100080, China. _ ~_ multicast traffic, QoS traffic, and non-QoS traffic, in a uniform
J. Gu is with the Department of Computer Science Hong Kong University of . . .
Science and Technology, Kowloon, Hong Kong. way, because they are special cases of QoS multicast traffic.
Publisher Item Identifier S 0090-6778(01)01291-0. An “optimal” solution to our proposed problem is applicable

0090-6778/01$10.00 © 2001 IEEE



342 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 49, NO. 2, FEBRUARY 2001

to other single-hop or light-tree based systems. Another signif-The QoS requirement of routing tré&(s;, D;, A;) is that
icant aspect of this work is the discovery of the effectiveness thfe delay fronms; to any nodes irD); should not exceed,;. Let
wavelength optimization methods in multicast domain. We hav@r, (s;, u) denote the path iff;(s;, D;, A;) from s; tow € D;.
found that the optimization via reassigning the least used waviéhis requirement can be formally represented as
length works more effectively than the optimization via traffic
load-balancing. _ _ _ _ d(Pr, (s;,u)) = Z d(e)

The rest of the paper is organized as follows. Section I dis- e Py (s:,u)
cusses the network model, the problem definition, and related L

. ' L =d(Pr.(s;, < A; Y D, (1

work. A set of (re)routing and wavelength (re)assignment algo- (Pr. (siu)) we @)
rithms are proposed in Section I'II. Slmqlatlon rgsults and perf%— order to maked; valid for a request;, it must satisfy:
mance analysis are discussed in Section IV. Finally, a summary

of results is made in Section V.
A; > d(Pa(si,w)), VueD; ()

Il. PRELIMINARIES wherePg(s;,u) is the shortest path fros} to« in G.
Since every node in arouting tree is multicast-capable, a mes-
sage flows through each branch of the tree once and only once
The WDM network is modeled by an undirected and coRg reach all the destinations. Therefore, the cost of multicasting
nected grapl@(V, £, ¢, d), whereV is the vertex-set ofs rep- 3 message, called the cost of the tree, is the sum of the cost of

resenting the set of nodes in the network With = n, andE'is 4| |inks in the tree. It can be formally defined as
the edge-set aff with | E| = m corresponding to fiber links be-

tween nodes in the network. Each link carries two oppositely-di-
rected fibers for data transmissions in the two directions of the
link. Each edge: € E is associated with two weight functions

¢(e) andd(c), wherec(c) represents the communication cost ofne gpjective of multicast routing is to construct a routing tree
¢ andd(c) the delay ofe. ¢(c) can be interpreted as the moneyhich has the minimal cost. This problem is regarded as the

tary cost of using linke. d(e) represents thg tran_sm!ssion time(minimum) Steiner tree problem [5], which was proved to be
of a packet between the two endpoints of linkvhich includes  Np_hard [6]. We will use a heuristic algorithm to find subop-

switching and propagation delays. Both functianandd are  img routing trees that meet the QoS requirement (1). A routing
additive over the links of a patf?(u, v) between two nodes  {ree s calledsuboptimalf its cost is not bigger than a small con-

A. System Models and Problem Specification

o(Ti(si, Di, )= Y cle).

e€Ti(s5:,D:1,A;)

andv, i.e., stant times that of the optimal routing tree (regardless of the QoS
requirement).
o Plu,v)) = Z ¢(e) and Another important objective of routing and wavelength
eCP(uv) assignment in WDM networks is to minimize the number of
(distinct) wavelengths used in the system, because the number
d(P(u,v)) = IZ(: : d(e)- of wavelengths that could be used in a system is limited. In
eClP(u,v

a single-hop WDM system, two channels must use different

We considerk bidirectional QoS multicast requests in thé/vavelengths if their routes share a common link, which is the

system, denoted bir;(s;, D;, A;)|i = 1,2,...,k}. Each re- We}l\'lﬁleen%glte:?nnwgtéglnes.ider in this paper is, for a given set of
questyri(s;, Dj, Aq), is for setting up & QoS multicast channebos mIo lticast requests, to constr Et g set of s bg timal QoS
from source node; to a group of destination nodds; (s; ¢ ult qu ’ u ubopt Q

D;) and the data transmission delay framto any node inD; routing trees, and assign wavelengths to them so that the number

should be within bound\;. The actual value of\; depends on of wavelengths used is minimized.
the application. We are to find the QoS routing trees (one for
each of the QoS multicast requests) and assign wavelengthStdRelated Work
them. In the past, QoS multicast in the electronic domain has been
Let T;(s;,D;;A;) be the routing tree for requestextensively studied. Many QoS multicast routing methods have
ri(si, D;, A;). When multicasting a message from sourckeen proposed [7]-[10]. A suite of centralized multicast routing
s; to D, along treeT;(s;, D;, A), the light signal is split at algorithms were proposed in [7] for trading off between cost
s; and forwarded to the output ports leading to its childremnd delay functions. Some distributed algorithms were proposed
which then transmit the signal to their children until all nodem [8] and [10] that generate delay-bounded suboptimal routing
in the tree (thus, all nodes i;) receive it. Based on the trees. The method proposed in [8] can be integrated with the op-
splitting mechanism, optical multicasting has some improvegtation of connection configurations. A broadcast version of the
characteristics over electronic multicast, since “splitting lightroblem was discussed in [9], where an efficient algorithm was
is conceptually easier than copying a packet in an electromimposed to construct a spanning tree in which the distance from
buffer. We assume an optical signal can be split into an arle root to any node is at most a constant times the shortest-path
trary number of optical signals at a switch. Thus, there is rbistance in the graph and the total cost of the tree is at most the
restriction on node degree in a routing tree. same constant times the cost of minimum spanning tree. The
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Input A request r;(s;, D;, A;), and a graph G(V, E, ¢, d)
Output A sub-optimal QoS routing tree t4 if t4 # @ (otherwise t4 = @)
Step 0 Initialization
ta:=0.
Step 1 Construct a low cost routing tree
produce a tree t4 by employing a heuristic for the Steiner tree problem under function c.
Step 2 Modify ¢4 into a QoS routing tree
while ¢t does not meet delay requirement (1) for some u € D; do begin
add the shortest path from s; to u under distance function d into 4,
remove redundant edges in ¢4 to keep it a tree structure.
if ¢4 still does not meet delay requirement (1) then
return ¢4 = 0.
end-while
return £ 4.

Fig. 1. Algorithm A: QoS routing.

Input A set of routing trees {#(r;) [ i =1,2,---,k}
OQutput A set of routing trees with assigned wavelengths {¢(r;) | i=1,2,---,k}
Step 1 Create an auxiliary graph G,(V,, E,)
Va := {t(r:) liz 1,2,---,k},
Eq = {(t(r3), t(ry)) | 8(ra) Ne(r;) #0,6# 5 }.
Step 2 Assign wavelengths to vertices in V, sequentially
V' =V,.
while V' # B do begin
choose ¢(r;} € V' which has the least degree,
V; = {t(r:) € V' | (t(rs), t(r:)) € Eu}, // Vs set of vertices not adjacent to t(r;)
find a maximal set V/"** C V; with no edge between any pair of vertices in V%%,
assign all vertices in V/"*® a wavelength, // vertices (trees) in V/** share no links
VI = V/ \ V}mnz.
end-while
return {¢(r;)|§=1,2,---,k} with assigned wavelengths.

Fig. 2. Algorithm B: wavelength assignment.

cost and distance functions considered in this work are assumedtes which minimize the maximal link load (i.e., load balance
to be identical. routing) and 2) assign wavelengths to them by using minimal
Recently, multicast routing in optical networks has been reumber of wavelengths (i.e., WAP). The load balance routing is
searched. It was studied in [4] concerning the design of multisually formulatedintoanintegerlinear program (ILP) [15], [16],
cast-capable optical switches. In [3], the concept of light-treagich is NP-hard [6]. The ILP is then transformed into a linear
was introduced for multicast in WDM networks. The objecprogram (LP) by relaxing the integral constraint, which can be
tives of setting up the light-trees in [3] are to minimize the nestolved efficiently. In the end, an (integral) solution of ILP is ob-
work-wide hop distance and to minimize the total number ¢éined from the solution of LP through rounding techniques [17].
transceivers used in the network. In [11], an asymptotic upp@”Pisusuallytransformedintoavertex coloring problem, which
bound on the number of wavelengths needed to support mislagain NP-complete [5]. Heuristic methods can be employed to
ticast capability was obtained by using some properties of diad approximation solutions.
pander graphs. It would be very complicated to apply the techniques for uni-
Our problem is to route a set of QoS multicast channels andst to the case of multicast. In this paper we propose a new
assign wavelengths to them, aiming at minimizing the numbapproach that integrates routing with wavelength assignment
of wavelengths used. Two optimization problems are relatég using rerouting and wavelength reassignment. It is different
with our problem:load balancing problen{LBP) andwave- from the existing methods, which consider routing and wave-
length assignment proble@WAP). LBP aims at routing a set length assignment separately.
of communication channels so that the maximal link load in a
system is minimized. The load on a link is defined as the number IIl. REROUTING ALGORITHMS
of channels over the link. Because the number of wavelengths . )
required is at least equal to the maximal link load in a systef; Overview of the Proposed Algorithms
load balance routing can reduce the number of wavelengths tdn this section, we will first introduce algorithm for QoS
be used. WAP is to assign wavelengths to a set of routes so ttwaitting (Fig. 1) and algorithnB for wavelength assignment
the number of wavelengths required can be minimized. (Fig. 2). Then we propose two optimization algorithms, al-
Mostofthe existingworkon LBP/WAP isforunicastcommunigorithm C' (Fig. 3) andD (Fig. 4), aiming at minimizing the
cations. ltwas provedin[12]-[14]that LBP/WAP is NP-completaumber of wavelengths over the results produced by algorithms
even in simple networks such as rings and trees. The existidigand B. Since the number of wavelengths required is greater
methods for channel setup in WDM networks, suchasin[2],[14han or equal to the maximal link load, algorithth reroutes
usually take the following two separate steps: 1) generate optirsame of the routing trees to reduce the maximal link load by
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Input A set of routing trees {#(r;) [¢ =1,2,--- ,k}
Output A set of re-routed trees {¢(r;) | i =1,2,--,k } with balanced load
Step 1 Calculate the load on each link
L(e) := {t(r;) |e € t(ri) }, for e € E,
limaz = max{|L(e)| [e€ E }.
Step 2 Re-route the trees to balance the load
Epas :={e€E I l(e) = lmaz }-
while E,,,, # # do begin
choose an edge emaz € Fraz-
R:={r; |emu et(r;) }.
// re-routing any tree in R successfully will reduce load on emqz by 1
while R # § do begin
choose an r; € R,
Ji=lnas — 1.
while j > 1 do begin // re-route r; on the most lightly loaded links
Ej:=E\{e||L(e)| 2 j}, // avoid using links whose load > j
run algorithm A for r; on G(V, E;, ¢, d).
if t4 # 0 then // re-routing r; on E; succeeds
t(r;) :==1ta,
j:=j~1. /] try to re-route r; on E;_;
else exit while-j. // cannot re-route r; on lighter links
end-while-j
if j = lmaz — 1 then // re-routing r; fails
R := R\ {r;}, // try to re-route another tree in R
else E, .z := Emaz \ {€maz}s // 10ad 01 emas is reduced by 1
exit while-R. // work on another edge in Epnqos
end-while-R
if R = @ then // none of trees in R can be re-routed
stop. // the maximal link load cannot be reduced any further
end-while-E,, .
if Euz; = 0 then // the maximal link load was reduced by 1
go to Step 1. // reduce the maximal link load further

Fig. 3. Algorithm(': optimization through load balancing.

Input A set of routing trees {¢(r;) [ = 1,2,---,k } with assigned wavelengths
Output A set of (re)routed trees { ¢(r;) |i =1,2,-.,k} with re-assigned wavelengths
Step 1 Calculate the distribution of currently used wavelengths
T(w) := {t(r;) | ¢(r;) is assigned wavelengthw }, for w € W,
sort |T'(w)| in ascending order, i.e., |T(w1)| < |T(we)| < -+ < [T(wyw))|-
Step 2 Re-route the trees that are assigned the least used wavelength
while T'(w;) # @ do begin // re-route all trees in T(w;) to save w;
choose #(r;) € T(w1),
j:=|W|
while j > 1 do begin // re-route ¢(r;) to use wavelength w;
E; := E\ {T'(w;)}, // remove T(w;) from network graph G
run algorithm A for r; on G(V, E;, ¢, d).
ift4 # 0 then // re-routing r; succeeds and r; can use w;
t(r;) :=ta,
assign r; wavelength w;, // because ¢(r;) disjoint with T(w;)
T(w) :=T(w) \ {t(ri) };
exit while-j. // re-route another tree in T(w;)
else j := j — 1. // try to use another wavelength w;_,
end-while-j
if j =1 then // r; cannot use any other wavelength but w,
stop.
end-while-T'(w;)
if T(w,) = 0 then // wavelength w; can be saved
W:=W\ {w},
go to Step 1. // try to save another wavelength in W

Fig. 4. Algorithm D: optimization through wavelength reassignment.

avoiding use of the links whose load is the maximum. In ordesed, which tries to free out the least used wavelengths. The
to reduce the number of wavelengths in wavelength assignmdnty optimization algorithms” and D are used together with
algorithm D reroutes the trees whose wavelengths are the letts two basic algorithmsl and B.
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B. Algorithm A for QoS Routing Proof: Since delay requirement (1) is enforced in the ex-
ecution of algorithmA4, a QoS routing tree can be produced (if

For each QoS multicast requests;, D;, A;), algorithmsA - . ;
Q questls ). alg Jhere exists one). In Step 1), it takes tid¢(|D;| + 1])|V]?)

constructs a suboptimal QoS routing tree (see Fig. 1). It fi , .
generates a low cost routing tree by applying a heuristic for tz9enerate a shortest path(ﬁ;between each pair of nodes in
Steiner tree problem, and then modifies this tree into the ohg} U Di, a}ndO((|Di| + 1)7) to construct an MST in com-
which meets the QoS requirement by checking delay requifd€t® 9raph”. In Step 2), the depth first search can be done
ment (1) for all destinations. If the delay requirement is not m O(|V|)2' Therefore, the time-complexity of algorithr is

for a destination, the shortest path in terms of delay funeiionOﬂDi”V )- -

from the source to the destination will replace the corresponding

tree path linking the destination. C. Algorithm B for Wavelength Assignment

In Step 1), we use an MST-based heuristic [7] to generate ] _ _

a routing tree for request(s;, D;, A;). Instead of producing To assign wavelengths to a set of routing trees without
an MST of &(V, E, ¢, d) which spans all nodes i, this al- causing wavelength conflict, we introduce an auxiliary graph
gorithm, 1) generates an edge-weighted complete ge4pim G, Where each vertex i¥, represents a routing tree and there
{s;} U D; such that the weight of edga, v) is the cost of the 1S @n €dge between two vertices@#, if and only if the two
shortest path betweenandv in terms of functiort in graphG; routing trees share a common link@ Assigning wavelengths

2) produces an MST of grap#’; and 3) obtains tree, in G to the trees is reduced to the problem of coloring all vertices in
by substituting each edge of the MSTG# with corresponding G, such that no two adjacent vertices receive the same color
path inG. Refer to [7] for more details. (because two adjacent verticesdfy, indicate that their corre-

In Step 2), we apply a depth-first search [18], [9]taras fol- sponding routing t_ree; share acommon Iir_1|61’)1 Minimizing
lows: traverse an edge-by-edge walk frepthrough the nodes the use of cqlors in thIS. cglorlng problem is NP—compIete [6_].
of 4. Each edge is traversed twice, once in each direction.\if¢ Use a simple heuristic based on the sequential coloring
nodeu in D; is visited the first time and the delay requiremenPProach in [19]. This coloring method 1) chooses a vertex
is not met, the shortest path frosnto « on G in terms of func- which has the least degree, 2) finds a maximal set of vertices
tion d is added inta4. If the delay requirement still cannot pethat are not adjacent to the selected vertex and there is no edge

met for nodex after the modification, then algorithea returns  Petween any pair of vertices in the set, 3) assigns a wavelength
ty = 0. to the vertices in _thls set and removes them from the graph,
Let ), be the routing tree of(V, E, c, d) produced in Step and 4) repeats this process until all vertices are colored and
1) of Algorithm A. It was proved in [7] thai(tn;) < 2-c(top), €MoOved. _ _ _
wheret,; is the routing tree of minimum cost. Furthermore, for Theorem 3:Algorithm B can assign ngglengthSQto a29|ven
the final routing tree produced at Step 2), we can prove that ¥t Of routing treeg#(r;)|i = 1,2,..., k} in time O(k*|V]"),
cost is at most a constant timescgfy, ) (thus a constant times WhereX' = max{|Dj[[i = 1,2,..., k}. o
Of c(topt)). Proof: At Step 1),G,.(V,, E,) can be produced in time
Theorem 1:Suppose that the delay function d is propor@(¥|V|?), because(r;) has(|V'| — 1) edges foi = 1,..., k.
tional to the cost functior. For each QoS multicast request® Step 2), every given routing tree is assigned a wavelength,
ri(si, Di, A\;), algorithm A can output QoS routing treg, and two trees are assigned the same wavelength if and only if
which satisfies they do not share any edge. In addition, choosing a vertex of
the least degree and finding a maximal set both can be done by
2 checking adjacency among verticesin Thus the wavelength
c(ta) S cltar),  for f21+4 —— (3 assignment can be finished @(42|V|2). O

anda = min{(A;/d(Pg(s;,w)))|u € D;} > 1.

Proof: The theorem can be proved by applying the sa
argument in [9] to the complete gra@f on{s;} U D;.A  Given a set of routing trees, algorithd® minimizes the
detailed proof is included in the Appendix. U number of wavelengths by reducing the maximal link load in

The inequality (3) says that for each nodes D;, the delay the system. It will 1) calculate the load on each link and 2)
from s; tow alongt.4 is at mostx times the delay of the shortestchgose a tree which contains the links having the maximum

nll% AlgorithmC': Optimization through Load Balancing

path froms; andw in graphG, that is load, and then reroute it by running algoriths on the
subgraph ofG(V, E, ¢, d) after removing the links having the
d(ta) < a-d(Pg(s;,u)) Yu€eD, (4) maximum load. The rerouting operation is repeated until the

maximal link load cannot be reduced any further.

and the cost of 4 is at mosi? times the cost of ;. The relation- At Step 2), in the while-loop of we search for the smallest
ship between ratios and/ indicates that reducing the networksuch that the tree of, € R can be rerouted on the most lightly
cost is at the expense of increasing the delay, and likewise foaded edges. This can be considered as a greedy strategy for
reducing the delay. There is always a tradeoff between cost drigP.
delay. Theorem 4: Algorithm C' can finish rerouting a given set of

Theorem 2: Algorithm A can output a QoS routing tree inrouting trees in tim@&(((K|V |lmax)*+k| E)lmax ), WhereK =
time O(| D; ||V ]?). max{|D;||i = 1,2,...,k}.
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Proof: Step 2) is to find out all links having the maximalnumber of wavelengths used cannot be reduced any further. Let
link load, and then for each such link, try to reroute one tré&” be the set of currently used wavelengths.
occupying it. It has three layers of loops. The outside loop is onTheorem 5: Algorithm D can reassign wavelengths to a
each link having the maximal load. The second layer loop trigéven set of routing trees in tim&(K|V|?|W|3/k), where
to successfully reroute one tree occupying the concerned lifK. = max{|D;||i = 1,2,...,k}.
The inner loop reroutes the tree to the most lightly loaded links.  Proof: In Step 2), when exiting the inner while-logp-
In this loop, we set a load threshold (i.e., valugjpfor links  there are two possible casgs= 1 orj > 1.
to be removed frond? before rerouting the chosen tree, say 1) j = 1. In this case, there exists a treewhich cannot

The initial value ofj is set tol,.x — 1, so that links whose load be rerouted and assigned to any other wavelength. That
is greater than or equal @, — 1 will be removed. This is is, the number of wavelengths cannot be reduced. The
to ensure that after rerouting, the maximal link load in the algorithm stops.

network will still be less thar..., (thus the maximal load is  2) ; > 1.Inthis case, treg; can be rerouted and reassigned
reduced). Inside this loop, each time the load threshold {i., with another wavelengtly;. The next tree iff(w; ) will
value) is decremented by 1. Thatiswill be rerouted to more be chosen for rerouting. Wheh(w,) becomes empty,

lightly loaded links upon each interaction of the loop. When this means that; can be freed.

algorithm A returnst.y = 0, r; cannot be rerouted at the level ot step 1), it takes time)(k) to determine the distribution
with this value ofj. Now, there are two casep= lnax — 1 01 of currently used wavelengths. At Step 2), the inner while-loop
J < lmax — 1. runs at most|W| — 1) times (forj = [W]|,...,2) and each run
1) 7 = lmax — 1. In this case, it is impossible to reroute  of algorithm A needs timeD(| D; ||V |?). The outer while-loop
without using links with load . Or li,.c — 1. It exits would run at mosfZ'(w; )| times (for each tree i#'(w, )), where
the while-loop ofj and tries to reroute another tree N1 (wy)| < |W|/k. Whenw; is saved and removed froh,
R, because successfully rerouting any treeRiwould the algorithm will go back to Step 1). This process is repeated
reduce the load on,,.,. by 1. WhenR becomes empty, at most(|\W|— 1) times. Therefore, the algorithm can terminate

that means all trees iR have been tried and none of thenin time O(K |V |2|W |3 /k). O
can be rerouted. In this case, the loadegp, cannot be
reduced. The algorithm stops. IV. SIMULATIONS

2) J < lmax — 1. Inthis caser; IS rerouted successfully on In the above section, we have proposed two algorithms, al-
G(V,E;11,c,d) whose link loads are less than or equal

A . gorithmsC' and D, for optimizing wavelength assignment. In
LO J 1 1(—:;1': ?neea\?vztshc?éct:ze :gg?a;)n Jllﬁl;ﬁei?rlzr?lf i:;guced order to evaluate the performance of the two algorithms, we sim-
w)illl be chosen for load rpeductio-n The maximal Iir?lka}l(oad“ate four different combinations of algorithms B, ¢/, andD:
in the system is reduced b iwheE becomes nonoptimizationd B, load balancing optimizatiodC B, wave-
empy. y max y max length assignment optimizatioh3.D, and combined optimiza-

tion ACBD.
At Step 1), it takes time>(k|E|) to calculate the load on
each link. At Step 2), the while-loop &.,,. would runat most A. Description of Simulation Model
(V] —1) times, because each routing tree has at rfjdgt— 1)
edges. The while-loop aRk would run at most,,,,, times (for
each tree irR). Each while-loop off would be executed at most

Network topologiesG(V, E, ¢,d) are generated by using
the approach introduced in [20] to emulate wide-area sparse
X ] X networks deliberately. One-hundred nodes are distributed
(_lmax_l) times (_forj - 1111“__1’:"’2’ 1) ar21d ea_ch time algo- randomly over a rectangular coordinate grid. Each node is
rithm A (whose time complexity i©(| D;[|V'|*)) will be called. placed at a location with integer coordinates. A link between

Npte that once the maxima! load is reduced by 1, the algoritr}wo nodesy andwv is added by using the probability function
will go back to Step 1). This process can be repeated at m L, 0) = Aexp(—p(u, v)/v8), wherep(u, v) is the distance

(Imax — 1) times, because the maX|maI.Ioad can be Qecrea} weeny andv, 6 is the maximum distance between any two
(_at most) fron;llgax to 1. Thus, the algorithm can terminate hodes, and < A,y < 1. Larger values of produce graphs
time O((K |V "L + K] nase).- with higher link densities, while small values gincreases the
density of short links relative longer ones. In our simulations,
E. Algorithm D: Optimization through Wavelength ~ and A both are set to 0.9. As a result, the nodes in generated
Reassignment graphs have average degrees of five. Both cost and delay
functionsc andd on link (u,v) in the generated graphs are the
For a set of routing trees assigned with wavelengths, algdistance between nodesandw on the rectangular coordinated
rithm D reduces the number of wavelengths by reassigniggid.
some of the trees in such a way that some of the wavelengthhe QoS multicast requests are generated randomly. For re-
they are currently using can be freed. It will, 1) for eachuestr;(s;, D;, A;), nodess; and D; are randomly picked up
wavelength, calculate the set of routing trees it is assignfdm the nodes in generated network graph. The delay baynd
to and 2) reroute the trees which are assigned with the le@sset asA; = « - max{d(FPqe(si,u))|uw € D;}. Itis common
used wavelength, so that they can be assigned with otlirereal-time communications to set the delay bound to be a con-
wavelengths. The rerouting operation is repeated until tktant times the worst case delay.
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The objective of our simulation work is to find the effectivenumber of destinations is 5, and Figs. 5-7(b) are the cases where
ness of our proposed optimization algorithms. That is, to detélhe number of destinations is 10. From Figs. 57 the following
mine the saving in wavelengths under various network enviroobservations can be made.
ments. Throughout the simulations, we introduce a lower bound 1) A|gor|thmD reduces the number of Wave|engths more ef-
of number of wavelengths as a performance benchmark. The
lower bound is defined as the maximal link load in the system,

which is obtained by running algorithm C(without consid-

ering wavelength assignment). At each simulation point, the
simulation runs 50 times. Each time a different set of QoS mul-

ticast requests is generated, and algoritbhi ACB, ABD,

and ACBD are applied, respectively. The number of wave-

lengths presented in the figures below are the mean values of

50 simulation runs.

B. Analysis of Simulation Results

In the simulations, we simulate the number of wavelengths

against three parameters: delay ratimumber of multicast des-

tinations, and the number of multicast requests (i.e., the number

of channels to be established).

2)

Figs. 5—7 show the number of wavelengths versus delay ratio
«. o varies from 1.1 to 2. The numbers of channels are set at 5,
10, and 20, respectively. Figs. 5—7(a) display the cases wherethe C and D can have more chance to succeed in rerouting

fectively than algorithmC'. Comparing the performance

of AB with that of AC B, we can see that it only reduces
the number of wavelengths slightly by using load balance
rerouting algorithmC' alone. Furthermore, by looking

at the curves ofABD and ACBD, we can find that
ACBD does not improve the performance significantly
overABD. Thereasonisthat algorithmtries to free out

the least used wavelengths during rerouting, which saves
the number of wavelengths directly; while algorithth
aims at reducing the maximal link load during rerouting.
Reducing the maximal link load in the system does not di-
rectly reduce the number of wavelengths (the wavelength
assignment phase may negate some of the benefits gained
at the load balancing phase).

The number of wavelengths monotonically decreases as
the delay ratio increases. There are two reasons for this
phenomenon: a) with a larger delay bound, algorithms
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QoS routing trees, which results in more wavelengtivould work more effectively in sparse networks, where there is
savings. b) according to Theorem 1, QoS routing tre@sore room for rerouting.

of larger delay ratios have smaller cost. Usually, routing The second group of simulations concerns the number of
trees having smaller cost have less number of linkaavelengths versus the number of channels. In this group of
They, thus, have less chance to share links with eastmulations, the delay-ratia is fixed at 2.0. The number of
other. Therefore, algorithn is able to assign the samechannels varies from 1 to 20. Fig. 8 shows the case where the
wavelength to more trees without causing wavelengtitumber of destinations is set to 5, and in Fig. 9, it is set to 10.
conflict whene is larger. From Figs. 8 and 9, we see a continuous change of wavelengths

3) The optimization algorithms work more effectivelyas the increase of channels. The curves in Figs. 8 and 9 are con-

in sparse networks. Comparing Figs. 5-7(a) witkistent with the above observation 3). Our optimization algo-
Figs. 5-7(b), we can see when the number of multicasthms work better in the cases where routing trees are smaller
destinations is smaller, the saving of wavelengths is mofiee., fewer multicast destinations) or there are fewer routing
significant and the performance is closer to our definddees (i.e., fewer channels).

low bound (the curves with dot line). A similar trend can
be observed with the decrease of the number of channels
in the system.

This is because when the system has multicasts with fewer
destinations (or has fewer requests), the link loads are lightedn this paper, we have proposed two rerouting algorithms for
(i.e., fewer trees share links with each other). The rerouting opptimizing wavelength assignment of QoS multicasts. From the
erations in our optimization algorithms have more chance simulation results, we can see that the optimization algorithms
succeed. It can also be anticipated that our rerouting algorithoan significantly reduce the number of wavelengths over the

V. CONCLUSION
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cases where no optimization is done (i.e., algorithi). More- To sum overj, we obtain
over, we have found algorithm (rerouting aiming at wave- X
length reassignment) demonstrates a considerably better perfor-
; : - : oez d(Pg(si,u5))
mance than algorithrd’ (rerouting aiming at load balancing).
This means that rerouting to free out the least used wavelengths X
is more effective than rerouting for load balancing.
L L . _ < (Pa(si,uj +d(Pr,, (w1, u

We assume a bidirectional communication model in this 2 (UPa(siy i) + d(Posy (4j-1,147)))
paper. However, our optimization algorithifisand D are inde- S
pendent of this assumption. The proposed approach and the Wtch implies
optimization algorithms can be extended to the unidirectional k
model, where data (signal) is transmitted only in one direction Z d(Pg(si uy)) <
from the source to the destination. The wavelength conflict rule

in the unidirectional model becomes that two channels must

use different wavelengths if their routes share a common lif€ to the assumption that the delay functibis proportional
in the same direction. to the cost functior, we demonstrate that the totatost of the

added paths is at most

Jj=1

d(PtM (U’j—lv U’J))

-

)
Il
=

j=1

<.

APPENDIX k k
Proof of Theorem 1:Let w;,us,...,us be the vertices (@—1) Z (Fa(si;ug) < Z (B, (-1, u5))-
that caused the shortest paths to be added during the depth first =t =1

search in the order that they were encountered, angylet s;. Notice that the depth first search traverses each edge exactly
When the shortest path(s;, u,) from s; to«; (7 > 1) was twice, and hence the sum on the right-hand side of the above
added into the current treq, the total cost of the added edgesnequality is at most twice thecost oft,;. This yields, the total

is at most(Fx(s;,u;)). Inaddition, the edges on the pathip cost of the added paths is less tRan(t,;) /(o —1). Therefore,
consisting of the shortest path (in terms of functifjrio ;1  the c-cost of the final routing tree, is less than

followed by the path irta; from «;_; to «; are modified in

2

order, so that c(ta) < <1 + —1> clta) < B cltu).

d( Py, (si5u5)) < d(Pe(siuj—1)) + d(Bryy (wj-1,15))- In addition, foru € D;\{uwi,...,u}, requirement (1) is met.

. . Forw € {uy,...,us}, requirement (1) is met after the shortest
ghe shortest path to; on & (in terms of function) was added 4, froms to  is added intd ;. Thereforet , satisfies require-
ecause ment (1) and is a QoS routing tree. O
A Pealsiruy)) > Bi Z o d(Pa(sirug))- ACKNOWLEDGMENT
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