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On the Application of the Blocking Island Paradigm
In All-Optical Networks

Ding Zhemin and Mounir HamdMember, IEEE

Abstract—in this paper, we investigate the problem of routing RWA problem under different assumptions: static or dynamic
and wavelength assignment as well as the problem of the placementtraffic, and single or multiple fiber links between node pairs.

of wavelength converters in all-optical networks. In particular, we . :
present a general framework, based on the blocking island (BI) In Section V, we further apply the BI paradigm to solve the

paradigm, to illustrate how it can be used to solve these problems Problem of placement of wavelength converters in all optical
in a unified way. We first give a brief introduction about the BI  networks. Simulation results are presented in Section VI.
graph network model, and then use this model to derive simple Section VII concludes the paper.

and general algorithms that can be used in various applications

in optical networks. We discuss the implementation issues of our

algorithms and present simulation results to evaluate and compare II. BLOCKING ISLAND (BI) PARADIGM

our solutions with other heuristic algorithms under both static and

dynamic traffic assumptions In this section, we assume all the network requests are unicast

Index Terms—Blocking island (BI) paradigm, routing, wave- traffic andthe only_quality of service (QoS)_ parameter taken i_nto
length assignment, wavelength converters. account is bandwidth. The network physical topology consists
of m nodes arbitrarily connected by bidirectional links. We
depict it by a network grapl = (V, L) as shown in Fig. 1,
where|V| = m,|L| = n. A request is defined by a triple,

AVELENGTH-division multiplexing (WDM) is widely du = (2w, Yu, fu), Wherez, andy, are distinct nodes of the

regarded as the key technology for the next generatiogtwork ands,, is the bandwidth requirement.
Internet. Current WDM systems offer 8-32 wavelengths at Introduced by Frei and Faltings [2], the Bl provides an effi-
2.5-10 Gb/s/wavelength, approaching 1 Th/s capacity, while gient way of abstracting resource (especially bandwidth) avail-
search-level systems already exceed multiple terabits in a singlglity in a communication network into different levels. The
fiber [1]. The flexibility of WDM optical networks has been Bl clusters segments of the network according to the bandwidth
achieved using wavelength routing, which allows operators @&vailability. A 5 Bl for a nodez is the set of all nodes of the
provide network node pairs with end-to-end optical channeRgtwork that can be reached frorrusing links with at least
known as lightpaths. However, there are many challenges tagailable bandwidth. For example, Fig. 1 shows a 40 Bl for node
need to be addressed before this WDM technology beconiés
truly mature. One of these challenges is the optical network Bl has some very useful properties. Below we list a few
resource allocation and management (ONRAM), which covendgthout proof (for a proof, please refer to [2]).
many different issues such as routing and wavelength assign- Unicity: There is one and only ongBl for a node. Thus,
ment (RWA), traffic grooming, and load balancing, to name a if S is the Bl for a node,S is the3 Bl for every node in
few. This paper focuses on the introduction and the application §.
of a general framework that addresses many issues in the Route ExistenceSiven arequest, = (74, ¥, Bu), it can
ONRAM problem in a unified way. This framework is based on e satisfied if and only if the nodes, andy, are in the
a clustering scheme called the blocking island (BI) [2]. The BI  sameg,, BI. For example, in Fig. 1, a requesty( Vs, 40)
is an abstraction technique of available resources in a network, cannot be satisfied becauke andV, are not in the same
especially bandwidth. It can efficiently plan the allocation of 40 BI, while a requestl(;, V4, 40) can be satisfied because
network resources to connection requests and provide a novel V; andV, are in the same 40 BI.
way of identifying the bottlenecks in a network. In other words, to check for a route existence between two

In this paper, we first review the basic idea of the Bl anfdodes (given a required bandwidih), all we need to do is to
the blocking island graph (BIG) network model. In Section I\gheck whether the two nodes belong to the sanie or not.
we introduce a general algorithm, BI-RWA, that can solve the  |ncjusion:If b; < b;, theb, Bl for a node is a subset of the

b; Bl for the same node.
Paper approved by W. C. Kwong, the Editor for Optical Communications of  Partition: 3 Bl induces a partition of nodes in a network.
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Fig. 1. A network topology (NSFNet) where the available bandwidth on a link is given in bradkets.) refers to linkn which hasz available bandwidth.
Ny = (V4, V5, V3, Vy) is 40 BI for nodeV; .

smallest resource requirement. The whole network is abstracidee MS heuristic has a very good load balancing effect and the
into a single node, since the network is connected. implicit objective of this heuristic is to reserve the largest pos-

Given arequest,, = (w4, yu, 3.), based on the, BIG, we sible resources possible for the future requests.
immediately know whether the request can be satisfied or not
by using the “routing existence” property. It may be argued that
a link-state routing protocol and Dijkstra’s algorithm are also Define a network topology(V, L, W) for a given WDM
capable of checking the route existence. However, one of the kgtical network, wherd’ is the set of nodedl, is the set of
requirements of resource allocation in communications systegigirectional links, and¥ is the set of wavelengths per fiber
is the ability of responding very quickly to the question: Can|ink. Assume this is a single-fiber network without wavelength
have a route betweeA and B with a bandwidthX? Thanks converters, then the set of wavelengths on each fiber link is the
to the route existence property of the Bl paradigm, unlike thgame. Each connection request needs to be allocated along a
link-state routing, this question can be answered without havipgute and assigned one wavelength. In particular, the network
to compute a route. can be abstracted int3¥| BIGs. Each BIG starts with one

With this abstraction technique, instead of studying the whol representing one ofi¥’| wavelengths and having the same
network topology, we focus our attention only on a small se¢gPpology as the original WDM optical network. Hence, the BIG
ment. A3 BIG allows us to get a clear picture about the loaf€twork model BIG(m1,ms, ..., mw|) can be obtained from
as nodes and links with enough resources are hidden behindtgdiven network topology- as follows. The topology of+ is
abstract node. In particular, network bottlenecks are identifiégplicated|W| times denoted byni,ma, .., m . Each BIG
by the interlinks between the Bls. m,; iS composed of one Bl representing a wavelength and the

After the allocation of a request, it is possible that some Bls |ifik capacity is one.
the BIH have to be split, for there is not enough bandwidth left. Itis obvious that this BIG network model is a simplified BIG.
For example, in Fig. 1, if we assign arodte— — > V3 — — >  Allthe properties such as unicity, partition, and route existence
V5 with 40 bandwidth, the 40 BN; will be splitinto two 40 Bls:  still hold.

(V1, Va, Vi) and (/3). This splitting means that some requests For a general network, the implementation of the MS
that can be satisfied before the allocation of the route cannotfuristic is difficult and time consuming, since all routes must
satisfied anymore. Based on analysis of the consequences Bgaccomputed in order to determine which one satisfies the
a given route has on the BIH, a routing heuristic called “mif€quirement best. On the other hand, the proposed BIG network
imal splitting” (MS) is proposed. The difference between thig1odel is a simplified BIG, hence, the available bandwidth
heuristic and others is that it tries to find a route which dod¥) each link is either 1 or O (which means there is only one
not provoke a split in the BIH. If the splitting is unavoidableBIH level). We also propose to approximate this heuristic by
we would rather select a route which incurs the fewest splgombining it with another heuristic (in our case, we use the
tings, since the more splittings, the worse the situation getsSRortest path heuristic).

terms of future requests. Using the MS heuristic, first, we take 1) Computek different routes according to the shortest path
the shortest route that does not affect the BIH. Second, ifthereis  heuristic (5-alternate shortest paths). In our case, the
no such route, we take the route that causes the fewest splittings. “k different routes” is not a set of edge-disjoint shortest

I1l. BIG NETWORK MODEL
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Fig. 2. BIH for bandwidth requirement (40, 20, 10).

paths. The paths in the set may share same links, but theefore communication takes place. A lightpath may span mul-
is at least one different link between any two paths of thigple fiber links and must occupy the same wavelength on all
set. the fiber links it traverses if there are no wavelength converters.
2) Order them according to the minimal splitting criterion. This property is known as the wavelength continuity constraint.
3) If the routes have the same minimal splitting number, wa order to satisfy a lightpath request in a wavelength-routed
use some other heuristics (such as the most-loaded-IMMDM network, we not only need to consider routing, but
heuristic) or select the route randomly. the wavelength selection as well. Given a set of connection
requests, the problem of setting up a lightpath by routing and
assigning a wavelength to each connection is called the routing
V. BI-RWA ALGORITHM and wavelength assignment (RWA) problem. In this section,

In a wavelength-routed WDM network, a lightpath (e.gwe propose a new RWA algorithm using the BI paradigm. The
wavelength continuous path without processing in the inteslgorithm proposed can be applied to any WDM network with
mediate nodes) is first established between two network nodesarbitrary topology.
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Briefly, we first transform the network topology into a BIG In order to get a more optimal result, a backtracking scheme
network model. Then we use the route existence property to deadded to the algorithm (please referigorithm 1) as long
cide if the request(s) can be satisfied or not by checking whetteer time is allowed. In step 4, if all the requests cannot be satis-
the two end nodes are in the same Bl of at least one BIG. If thiigd individually, instead of going to step 7, we backtrack to the
are satisfied, we do the routing and wavelength selection gmetvious request and try another &f alternate routes. Notice
several heuristics are employed to get the “best” one. this algorithm may not find a solution even if one exists, since

Before describing the a|gorithm, some concepts need itdOOkS at K shortest paths Only. In step 5, several heuristics
be explained.The splitting numbeffor a route is equal to are employed to get the “best” route and wavelength. The first
the number of Bls that will be newly generated if the routBeuristic tries to keep the integrity of the Bls intact. It is equiva-
is removed from the current BlThe most-loaded linkor a lentto keeping the connectivity of each node pair, since the link
route means that in a route, there is a link on which the mdgpacity is one. The second heuristic is to reduce the resource
wavelengths have been used. Also, here we assume traffi€@§sumption by picking up the shortest path. The third heuristic
static. Our goal is to maximize the number of accepted requeBfdances the network load by adjusting the most-loaded links

given a fixed number of wavelengths per fiber link.

Static BI-RWA

Input:

A set of connection requests D
Output:

Whether the network could satisfy all the
requests or not

Description:

1: Transform the network topology into a
BIG network model.

2: Order all the connection requests in
decreasing length of their minimum number
of hops (MNH) distance (MNH distance is
calculated using any shortest-path algo-

rithm, e.g., Dijkstra. Paths with equal

lengths are ordered randomly.).

3: Select an unallocated request d,

D = D — d. If the request set D is empty
then go to step 7.

4: Check route existence. If all the re-
quests exist, assign the request d to each
possible wavelength BIG and calculate K
alternate shortest paths. If they do not,

go to step 7.

5. Route and wavelength selection. Now

we have a set of candidate routes in
different BIGs. Compute the splitting

number and the most-loaded link for each
route. Find one with the minimum split-

ting number. If the minimum splitting

number is the same, locate the route

whose most-loaded link has the most number
of available wavelengths. If there are

still several routes, pick up one with the
shortest MNH distance.

6: Get the route and corresponding wave-
length. Reconstruct the BIGs.

7. If the request set is empty, output the
result; otherwise, output can not be sat-
isfied.

(most number of wavelengths in the link has been used).

If the requests arrive dynamically, we need to do a few modi-
fications to the original algorithm (please refelgorithm 2).
For example, we can not order the requests and the backtracking
scheme is impossible.

Dynamic BI-RWA

Input:

Dynamic traffic requests
Output:

Block or accept the request
Description:

1. Transform the network topology into a
BIG network model.

2: A connection request d arrives. Based
on the arriving time of the request, re-
construct the BIG.

3: Check the request d using the route
existence property in each BI. If it ex-

ists in some BI, calculate K alternate
shortest paths; if it does not exist in

any BI, it is blocked.

4: Route and wavelength selection (the
same as the static case).

5: Allocate the request and go to step 2.
6: Get the route and corresponding wave-
length. Reconstruct the BIGs.

7. If the request set is empty, output the
result; otherwise, output can not be sat-
isfied.

If there are multiple fibers per link in the network graph,
we adopt the node architecture proposed in [5]. Since an
M-fiber W-wavelength network is functionally equivalent to
an MW -wavelength network with partial wavelength conver-
sion of degreeM, we only need to modify the link capacity
between each node pair. In this case, the link capacity is equal
to the number of fiber links. The rest of the algorithm can still
apply to the new graph.

If there are wavelength converters in the network graph, as-
suming we know the placement of converters and the conversion
range of those converters, we simply replace the original BIG
with the modified BIG as the initial input graph. We modify the
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original BIG by adding virtual links to represent the increasingt all nodes; and 3) converters with limited range of wavelength
connectivity between each node pair. The weight of virtual linksonversion are placed at a subset of nodes.
is zero. The placement of limited-range wavelength converters at
For the static traffic, usually time is not a big concern, so heeesubset of nodes is an NP-complete problem in an arbitrary
we only discuss the time complexity of the dynamic RWA algd//DM mesh network [3]. It was shown that an appropriate
rithm. The most common operation in the dynamic RWA is thglacement of limited-range wavelength converters could result
Bl construction. Thej Bl for a given node: of a network can be in reduced blocking probability and low distortion of optical
obtained with a simple greedy algorithm. Starting with an initisdignals. Lee and Li [3] proposed a shortest-path routing
setz, we recursively add every node to the set if the node calgorithm to reduce the number of converters. The node config-
be reached from any other node in the set by a link that hasuaation they employ is called “share per node,” and they assume
leasts available bandwidth. In the worst case, this constructi@very node is equipped with the same and limited number
process will examine all links. Therefore, tAeBI construction of full-wavelength converters (FWCs). Notice the concept of
process is linear iM(n), wheren is the number of links in the FWC is different from our wavelength converter. FWC can only
network (» = |L|). If the request cannot be satisfied, it will beconvert one incoming wavelength to any outgoing wavelength.
determined immediately by using the route existence proper8o if a node is provided with full wavelength convertibility,
The computation time, in this case, is only the time of recothe number of FWCs needed is equal to the total number of
structing the BIG, which i®(|W |mn), wherem is the number outgoing channels of that node. Based on the concept proposed
of nodes and: is the number of links in the network{= |V|, in [3], Xiao and Leung [11] improve the result by using a
n = |L|). |W]| is the number of wavelength in the networksimulation-based optimization approach. To the best of our
If the request can be satisfied, the running time is equal to tkeowledge, this allocation requires the smallest number of
combination of 1) reconstruction time; & alternate shortest FWCs to achieve a given blocking probability. [3] and [11]
paths; 3) route and wavelength selection; and 4) assign rouatainly focus on the typé-wavelength converter placement
and wavelength and reconstruction time. Thati§JV |mn)+  problem. In terms of type-andc wavelength converter place-
K|W|%O(nlg(m))+ K« O(]W|mn)+ O(]W|mn), whereK ment problems, the benefits of using wavelength converters in
is a constant anf¥| is a constant. So the running time is lineawavelength routed all-optical networks have been studied in [4]
in O(mn). and [12]-[15] under various assumptions. Usually, the analyt-
ical models are derived from simple topologies and algorithms
are proposed under statistical independence assumptions.
V. PLACEMENT OF WAVELENGTH CONVERTERS Although good performance can be obtained, those algorithms
are restricted to the specific cases and independence assump-
In simple WDM networks, a connection must be establisheidns. Wanet al.[17] and Subramaniaet al. [16] consider the
along a route using a common wavelength on all of the linksptimal placement of wavelength converters. Wan shows the
making up the route. This constraint may be removed by the imptimal placement is tractable in topologies like trees and trees
troduction of wavelength converters, which are devices that taierings. Subramanian considers the placement of wavelength
the data modulated on an incoming wavelength, and transt@nverters on a path assuming link-load independence.
it to a different outgoing wavelength. Obviously, wavelength In this paper, we propose a heuristic algorithm based on the
converters improve the network blocking performance. Ideallgl paradigm to place a limited number of converters at a subset
each node in the network is able to remove the wavelengihnodes in arbitrary network topologies. We adopt the simu-
constraint completely. However, because of the expensive héaetion-based optimization approach, in which we first collect
ware cost and node complexity, we usually only have a limiteHe utilizing statistics of each node, and then perform the op-
number of converters. As a result, an important problem ariséisnization of the allocation of wavelength converters. In the
Given a limited number of converters, how do we place them gimulation, we show, by optimizing the placement of a limited
the network so that maximum network performance improveumber of wavelength converters, the blocking performance is
ment is achieved? very close to that of a network with full wavelength conversion
There are two cases of wavelength conversion. 1) Completieevery node. We also compare our algorithm with the best ex-
conversion. In this case, any wavelength can be converted irgting allocation. The results demonstrate that our algorithm can
any other wavelength and such wavelength converters exisgieatly reduce the overall blocking probability.
every node. 2) Limited number of converters and limited range The basic idea of our algorithm is simple: Try to find the most
of conversion. This means only part of the network nodes hawengested nodes and place converters on them. Since the Bl par-
wavelength converters and those wavelength converters naalyjgm balances the load in the whole network by keeping the
only have a limited range of conversion. The limited range dafitegrity of the Bls intact, we could easily decide the bottle-
conversion means either it can only translate limited incomimgeck links using the BIH. We also record the utilization statis-
wavelengths or the translation capacity is limited. In the secotids for each node through processing the incoming traffic gen-
case, we can have three network scenarios: 1) a limited numbgated by computer simulation. Based on the statistics of each
of nodes are provided with full range convertibility; 2) connode and the bottle neck links in the BIH, we place the wave-
verters with limited range of wavelength conversion are placéshgth converters.
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A. Static Traffic 6: If the request set is empty, go to step

If the incoming traffic of computer simulation is static, we/> Otherwise, go to step 4.

first assume full conversion at any node. This means there is fio CN€ck the utilization statistics for ,
wavelength assignment problem. We treat the network as di¢ node to order nodes in the decreasing
BI with the link capacity equal to the number of wavelengthQrder of traffic volume. Also check the
Since the traffic is static, we know all the requests in advandd!H t0 identify the most congested links
According to the bandwidth requirements, we build the BiHPotteneck links). _
We also record the utilization statistics for each node. After pr: USing the congested links and the sta-
cessing all the traffic requests, we check the BIH and utiliz4Stics of traffic volume to decide N
tion statistics to identify bottleneck links and nodes with a higfoSt congested nodes and place converters
volume of traffic. Then we place wavelength converters at thoS8 them-
nodes. Please refer &dgorithm 3 for the detailed algorithm.

VI. NUMERICAL RESULTS

B. Dynamic Traffic ) ) ) )
Simulations have been carried out to examine the per-

We deal with the dynamic traffic case as follows. We firsty mance of placement of wavelength converters and the
need to obtain certain network statistics of the arbitrary WDMerformance of the BI-RWA algorithms, using the NSFNet
network by simulation. Every time a connection request arrivesiiy 14 nodes and 21 links. The placement problem is also
we reconstruct the BIH and record the bottleneck links. We algq jied in a randomly generated topology [5], shown in Fig. 3
record the call duration statistics for each node. Thatis, for eaghy, 15 nodes and 29 links. We use the sam,e dynamic traffi,c

transmission, how long the corresponding nodes are occupigdnerator model employed in [5]. Calls (requests) arrive at each
Atfter testing enough requests, we calculatetifletnesof each |\ 4e according to an independent Poisson process with arrival

link and call duration statistics for each node. Forany inve 0, An arriving session is equally likely to be delivered to
define the number of times a link is a bottleneck link byand

the total number of connection requests/¥y Then

BL
Tightness of a link = N

any node in the network. The session holding time is exponen-
tially distributed with meani /u. Thus, the load pet — d node
pairisp = «/N(N — 1)u, whereN is the number of nodes in

the network. Note that a node may engage in multiple sessions
and several sessions may be simultaneously conducted between

Order all the links in decreasing value of tightness and ordgh s — d node pair. In our simulation, extensive tests are carried
all the nodes in decreasing value of call duration statistics. TBgt to ensure a steady state is reached.

first link in the list with the highest call duration statistics has
the highest priority to put a converter on one of its two nodeg. Wavelength Converter Placement

The second link has the second highest priority, and so on.

Static Converter Placement

Input:

A set of static traffic requests and N
converters

Output:

The placement of those
Description:

1: Transform the network into a network

without wavelength constraint.

2: Build the BIH based on the bandwidth
requirement.

3: Order traffic requests by decreasing

length of MNH distance.

4: Select an unallocated traffic re-

quest and route it using the lowest level
heuristic [2] . The principle is to route a
request in the lowest B Bl, where g Bl is
the highest bandwidth requirement Bl that
accommodates the endpoints of the request.

If the request can not be routed, record

blocking information.

5: Update BIH.

N converters

The placement of wavelength converters (WCs) is evaluated
using the NSFNet as well. We first identify the most congested
links with uniform traffic. Then we order the nodes according
to the bottleneck links. In our case, we select the five most con-
gested nodes to place wavelength convertérsty; Vs; Vy; and
V1o. Those five nodes are then evaluated in Fig. 4 with dynamic
traffic, where ten wavelengths for each fiber are considered. In
the dynamic case, we place FWCs onto those nodes to evaluate
the call-blocking probability. Results show a strong correlation
between the degree of a node and its transit traffic.

The assumption made for the simulation in Fig. 4 is that the
incoming dynamic traffic has a “steady” pattern. In our case,
we assume that the statistics can be obtained by running the
simulation with the uniform traffic. It is very difficult to identify
both the optimal number and location of WCs to minimize the
total cost of the network. From a more practical perspective, we
simply let our “cost” decide how many WCs we can have and
then try to optimize the location instead.

Fig. 4 shows the benefit of using a limited number of WCs,
which can achieve a lower blocking probability (compared with
the case with no WCs) at a lower hardware cost (compared with
FWCs) by optimizing the location in the network. In Fig. 4,
we can see that at lower loads, the blocking probability with
W(Cs is significantly lower, while at higher loads, the network
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Fig. 4. Blocking probabilities for NSFNet with and without converters. Fig. 5. Overall blocking probability in the randomly generated topology with
eight wavelengths per link. The plot shows simulation values for no conversion,

. . . complete conversion, limited number of WCs, and limited conversion
without WCs has low blocking probability (crossover effectlwith degree one and two. In the limited number of WCs, we compare the

This phenomenon is due to the suboptimal routing a|gorithrpﬁrformance of our algorithm with the best existing allocation.
Since the networks are usually designed to only have below 1%
or 2% blocking probability, this need not be considered. need to modify the algorithm so that it can be applied in this
The randomly generated topology (Fig. 3) has been explorecenario. Based on the node statistics and bottleneck links,
in Fig. 5. We assume the number of wavelengths is eight, ane place WCs at corresponding nodes. In this example, we
this is a single-fiber all-optical network. The allocation anglace FWCs at four nodes. They ave, V4, V8, and V10
RWA algorithm we use to do the comparison is proposed in our algorithm andV4, V5, V12, and V13 in the best
[11]. To our knowledge, it is the best existing allocation schenexisting allocation scheme. In Fig. 5, we can see the blocking
without being restricted to any particular network model gorobability of both algorithms is much better than that of no
assumption. Because this allocation scheme is proposedwiavelength conversion. And our method can give significantly
a different node configuration called “share per node,” wieetter performance. For example, when the load is 50 Erlang,
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TABLE |
SIMULATION RESULT. N IS THE NUMBER OF NODES IN THENETWORK. L IS
THE NUMBER OF LINKS IN THE NETWORK. [6] IS THE RESULT OF OUR ] % § é §§ ool oA,
IMPLEMENTATION OF THE ALGORITHM IN [6]. 0.1 5 o g 5 ? +
> +
Network | N | L | Lower Bound | [5] | BI.RWA £ % 58 Lt
ARPANet [ 20| 31 33 34 34 8 ] éﬁg .
UKNet |21 |39 19 22| 20 ° o1 ¥50 + + Bi RWA
EON [20]39 18 18 18 o 3 go + % FRIFE
NSFNet | 1421 13 13 13 £ o0 + % FRMU
% :
S ] ox% * o ARMU
= 1E-34 § D> AR/RAN
. . L O AR/DRCL
the blocking probability of our method and the best existin® ]
allocation scheme is 2.3% and 4.1%, respectively. | +
Fig. 5 also shows a better performance can be obtained  4g4 -——
putting a limited range of WCs at every node. The blocking 10 20 30 40 50 60
probability is reduced significantly when the degree of convel Load (Erlang)

sion is one. When the degree of conversion is two, the perfor-
mance is very close to that of the complete wavelength convéig. 6. Blocking probabilities for the NSFNet with eight wavelengths.
sion. However, putting a limited range of WCs at every node is
still very expensive. As a compromise, we may consider putting
a limited range of WCS gt limited nodes. . C. Dynamic BI-RWA

Our algorithm, which is based on the Bl paradigm, allows us
to get an intuitive and clear picture about the load distribution As for the dynamic traffic, according to a recent survey
with “noncritical” nodes hidden in an abstract node. In addPn RWA approaches [18], we compare our algorithm with
tion, our algorithm is general enough to be applied to any anell-reputed algorithms such as fixed routing with first-fit
bitrarily connected networks. With the help of the BI-RWA alwavelength assignment (FR/FF); fixed routing with most
gorithm, we can easily manage and balance network resourgesd/pack wavelength assignment (FR/MU); alternate routing

(especially bandwidth and converters). with most used/pack wavelength assignment (AR/MU); alter-
nate routing with random wavelength assignment (AR/RAN);
B. Static BI-RWA and alternate routing with distributed relative capacity loss

For the static traffic, one of the most important goals is tg)AR/DRCL)' DRCL s based on relative capacity loss (RCL)

minimize the number of wavelengths needed to accommod& d is more efficient in a distributed environment. In [18],
the given requests. The proposed BI-RWA algorithm wit /DRCL offers the best performgnce. . .
backtracking is applied to several existing or planned networkIn F'g' 6, we assume there is a single-fiber WDM optical n.et-
topologies to verify its efficiency. The networks considered aygorl.( without WCs. The number of wavelengths on each link
the ARPANet [7], NSFNet [8], the European Optical Networls eight. Results show that the BI-RWA has the best perfor-
(EON) proposed in [9], and a hypothetical UK topologymance, followed by AR/D.RCL, AR/MU, AR/RAN, FR/MU,
reflecting the current BT networks [10]. Note, those topologi¢d'd FR/FF. For example, in the cg$€| = 8, when the total

are also evaluated in [6] and the results in [6] are near optimigad i around 35 Erlang, the blocking probability using the

In our simulation, we assume the incoming connection requeB§RWA is only 4.85x10~2, compared to 1.1810~" using
are uniform. There is a single-fiber WDM optical network R/FF, 1.15¢ .10_1 using FR/MU,9-175<10_2.USIng AR/MU,
without WCs. The simulation results are shown in Table P-9x107 using AR/RAN, and 7.%1072 using AR/DRCL.
As can be seen, the application of the Bl paradigm can leAf€ Simulation results favorably compare our proposed algo-

to optimal or near-optimal results, and sometimes compdt&m with the related algorithms.
favorably with those in [6]. In Figs. 7 and 8, the dynamic multifiber RWA algorithm is

The lower bound is calculated in [6]. It means the minimurivaluated. The network is treated with even links and unit basic

number of distinct wavelengths required to support the unifor®st. The network with even links means the same number of
traffic. The lower bound may not always be achieved usirftpers for every link. The unit basic cost means each fiber for
heuristic algorithms. However, it is a very useful measure f@very link has a unit cost. We assume eight wavelengths per
any lightpath allocation algorithm to see how far it is from théber.

optimum. In brief, we need to find a cut in the topology. Say, Fig. 7 shows the call blocking probability of NSFNet with
there are five nodes on one side of the cut and nine nodes ontthe fibers per link, and Fig. 8 shows call blocking probability of
other side, and three links go through the cut. So we can cal®SFNet with five fibers per link. As expected, the blocking per-
late that in order to satisfy a uniform traffic, at le@st 5 = 45 formance improves dramatically with the use of multiple fibers.
routes have to be set up between the left-hand side nodes Rndexample, at a blocking probability of 0.04, in the single-fiber
right-hand side nodes. Then, at led5¢3 = 15 wavelengths case (F| = 1, |[IW| = 8), the load is about 38, while in the
for each of the three links are needed to support those routeswo-fibers case|f’| = 2, |IW| = 8), the load is about 90, and
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bitrary mesh network and a general RWA algorithm have been
proposed. Simulation results have demonstrated that our algo-
rithms performed very well under various networking scenarios.
We believe that this framework would provide a general ap-
proach to solve various additional problems in the ONRAM,
including traffic grooming, optical traffic engineering, and net-
work failure allocation/recovery.
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