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Abstract

Multi-constraint QoS routing has been seen as crucial network property in the next generation optical Internet based on
DWDM Networks. This paper proposes a new QoS routing algorithm based on flooding method, called bounded flooding
routing (BFR) algorithm which can meet multi-constraint QoS requirements. Primarily, the BFR algorithm tries to reduce
network overhead by accomplishing bounded-flooding to meet QoS requirements, and improve blocking probability and
wavelength utilization. Also, as one effort to improve routing performance, we introduce a new concept, ripple count, which
does not need any link-state information and computational process. For extensive analysis and simulation study, as a
critical concern, in DWDM-based networks we deploy limited wavelength conversion capability within DWDM nodes. And
the simulation results demonstrate that the BFR algorithm is superior to other predominant routing ~algorithms (both

original flooding method and source-directed methods) in terms of blocking probability, wavelength channels required and
overhead.

Keywords : Flooding, Ripple-count, QoS, RWA, DWDM

I. Introduction multimedia services, current Internet based on time

division multiplexing (TDM) cannot supply sufficient

While coping with the rapid growth of IP and transmission capacity for high bandwidth-needed
services. However, the huge potential capacity of one

T A, AEARAE

single fiber, which is in Tb/s range, can be exploited
(Kyungnam College of Information & Technology)

* A39 RAdgstn by applying DWDM technology which transfers
(Pukyong National University) multiple data streams on multiple wavelengths

Hedah: 2005911428, #4345 Y: 2006:98€18Y

(882)



2 DWDM 7|eke) AtMch FRlE{HI0lA QoS 7ite] MEHH ZE2iE RWA YU F0

simultaneously. So, DWDM-based optical networks
have been a favorable approach for the next
generation optical backbone networks )

In DWDM backbone networks, the problem of
setting up a lightpath is generally called routing and
wavelength assignment (RWA) %% and the RWA
plays an important role in improving the global
efficiency for resource utilization. Moreover, the
multimedia real

time~intensive traffics with various QoS requirements

current applications  involve
(multi-constraint). So, one of the key issues is QoS
RWA that is not only selecting a path and assigning
a wavelength but also enabling resource reservation
and admission control by considering multi—constraint
QoS requirements. That is, data flows are consistent
with service requirements of the traffic and service
restrictions of the network.

Though the multi-constraint QoS RWA has been
regarded as a vital mechanism to support real-time
multimedia communications, finding a qualified path
meeting the multiple constraints is a multi—constraint
optimization problem, which has been proven to be
NP-complete U and cannot be solved by a simple
algorithm. The majority of previous works B9 in
DWDM networks has viewed QoS routing as an
extension of the current Intemet routing paradigm
where nodes exchange QoS states through in-band

or out-of-band control channel. Basically, there are

two common approaches to QoS  routing:
source—directed and flooding—based.
In the source-directed approach (also called

link-state routing)®®, the source node selects a path
based on each connection’s traffic requirements and
available resources in the network. In this scheme,
triggered distribution of link-state
information is deployed. However, because of its high

periodic or

operational overhead in distributing and maintaining
link-state information, source-directed routing may
not scale well. And possibly, this approach can yield
inaccurate route computation when inaccurate
link-state information is used for QoS routing. So,
the source-directed approach is impractical and

unattractive.
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On the other hand, in flooding-based QoS routing
approach, local nodes are not required to keep
link-state information for the entire network™”®. The
source node simply broadcasts each connection
request message to its neighbors, which then relay
the message to their neighbors, and so on, until the
message reaches the destination. In order to limit the
number of request messages, the algorithm does not
flood through a link which is found unable to
guarantee the comnection’s QoS. Although this
approach incurs considerable operational overhead due
to the large number of request messages, it still has
its own merits as follows. First, there is no need for
disseminating link-state information and calculating
shortest paths, thus reducing operational overhead
and implementation complexity. Second, nodes are not
database of link-state
nformation, thus saving space and time to store and

required to maintain the

process the information. Third, information kept for
each local link is used to determine whether it can
accommodate a new connection or not, the algorithm
can always find a qualified route, if any, thereby
outperforming  link—state of
connection blocking probability ratio. This aspect will

routing in terms

be more pronounced when the network is unstable or
the network undergoes changes in its topology.

In this paper, we propose a flooding—based QoS
routing algorithm called bounded flooding routing
(BFR) algorithm which incurs much lower message
overhead yet yields a good connection establishment
success rate (blocking probability), as compared to
the existing flooding-based algorithms and also
source-directed methods. In order to reduce the
flooding overhead, we introduce the new ripple-count
concept which can classify incoming messages into
three types and determine whether the message is
necessary or not through simple comparison without
state information and operational process. And also,
with the BFR algorithm, we adopt first-fit @ a5 a
wavelength assignment algorithm, which requires no
global information and has low computational cost.

The rest of the paper is organized as follows:
Section I presents DWDM backbone network model
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and RWA research and
ripple-count concept and BFR algorithm including

section I describes

analysis of QoS requirements and QoS checking
mechanism. Moreover, as an important factor in
DWDM networks, we consider limited wavelength
conversion capability in nodes for extensive views in
simulation. Thereafter, using extensive sirnulationé,
the proposed and other existing algorithms are
comparatively evaluated in section IV. Finally, some

concluding remarks are made in section V.

II. RWA Research in DWDM Backbone
Network

Architecture of DWDM backbone network
shown in Fig. 1, in which IP traffics are injected into
DWDM ingress nodes for various conventional
electric domain based-networks, such as LANs,
MANs and ATMs. In this architecture, ingress nodes
perform traffic aggregation and route optical data to
egress nodes. And optical data is transported from
source nodes to destination nodes through a lightpath
established between ingress and egress nodes. At the
egress node, the traffic is disaggregated and delivered
to the destination network. Core DWDM nodes are
interconnected ~ with
forwarding of the optical data in the all-optical signal
domain.

is

each other and perform

In such DWDM backbone networks, most previous
algorithms the RWA problem have been
decoupled into two separate sub-problems, ie, the

for

routing sub-problem and the wavelength assignment

sub-problem because of hardly finding an optimal

solution by solving the RWA problem, known as

Transparency

are
Optics! path provisioning

Ei0
Optical path provisioning

ag 1. DWDM H 2 HER 3 =4
Fig. 1. DWDM Backbone Network Model.
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[5]. And

the routing scheme has much higher

being NP-complete, at the same time
generally,
impact on the performance of the connection blocking
probability than the wavelength assignment scheme
[3-10] Especially, routing under consideration of the
network QoS is more and more important to improve
wavelength utilization "%,

Most of routing schemes are based on dynamic
routing (one of source-directed methods) approach
because a route is dynamically chosen by considering
the network’s status (link-state information) at the
time of connection request. In this scheme, the
information on the available resource on each link
must be distributed throughout the network, so that
any source can have access to the correct information
on the resources available in the network. By
applying either Dijkstra’s shortest path algorithm or
Bellman-Ford shortest path algorithm based on
link-state information, one can find a qualified route
for each requested conneétion. However, because of
its high operational overhead in distributing and
maintaining link-state information, dynamic routing
may not scale well. As one of efforts, to improve the
scalability in large networks, a hierarchical approach
U can be adopted to distribute and manage link-state
information. But, this approach can yield inaccurate
link-state
information is used for routing. In addition to use of

route  computation when inaccurate
a hierarchical approach, efforts have been made to
reduce link-state messages in order to control the
overhead. Periodic or triggered distribution of
link-state information is a typical example of this
effort. Although frequent dissemination of
link-state the

inaccurate information may cause undue routing and

less

information  reduces overhead,
signaling failures as in the hierarchical approach. A
routing failure is said to occur if the source cannot
find a route based on link-state information kept in
its own database even if a qualified route exists.

On the other hand, for the wavelength assignment
sub—problem, it is the goal to efficiently assign a
wavelength to each lightpath without sharing the

same wavelength with other lightpaths on a given
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Iink. It has been respectively studied in terms of
static and dynamic traffic. Graph~coloring algorithms
© were employed to assign wavelengths for static
traffic where the set of connections are known in
advance. And under dynamic traffic where connection
requests arrive randomly, a number of heuristics

have been proposed: Random Wavelength Assignment

(R), First-Fit (FF), Least-Used/Spread (LU),
Most-Used/Pack  (MU),  Min-Product  (MP),
Least-Loaded (L), MAX-SUM (M), Relative

Capacity Loss (RCL), Wavelength Reservation (Rsv),
and Protection Threshold (Thr) 9. Currently, RCL
offers the best performance, however this scheme
requires global information and complex computation.
On the other side, FF choosing the first available
wavelength among all wavelengths numbered in
advance is preferred in practice because no global
knowledge is required and computation is simple. So,
in this paper, we use FF algorithm as a wavelength

assignment scheme.
HI. Bounded Flooding Routing Algorithm

Our scheme 1is designed for an arbitrary
point-to-point network, that is, mesh networks. All
links in the network are assumed to be bidirectional
(one in each direction).

In a flooding-based method, we primarily try to
reduce overhead (ie. request messages and state
information as well) by deploying ripple-count
concept which does not need 1ink~state information
and computational process in a node. And the
proposed algorithm allows multiple QoS admission
checks at every intermediate node, so this also
reduces overhead by preventing flooding to an
unqualified link. Moreover, we also make an effort to
improve blocking probability through two different
methods (i.e. first come first serve path selection and
least-congested path selection) at a destination node.

Besides, in DWDM networks, the wavelength
-continuity constraint can be eliminated if a
wavelength converter (WC) exists at each node ™.

Especially, in a network consisting of nodes with full
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-

E0{8 RWA 242|150 25 37 d48d 9

nd
2°°-Wave Nodes 3" Wave Nodes

I*-Wave Nodes

S Node

Source node

7 i
; Destination node |

33 2. Ripple—count 7kd
Fig. 2. Ripple—count Concept.

WC capability from any wavelength to any other one,
a wavelength can be easily assigned if a residual free
wavelength is on links along the selected route [14-15)
However, this problem is not quite simple, because
the cost of WC is expensive. So, we consider sparse
WC placement scheme by applying limited range
capability for extensive

wavelength  conversion

simulation results.

1. Ripple—count Concept

We newly introduce a ripple-count concept, which
provides flexible classification by relative positions of
nodes. The ripple-count of a node is relative to the
particular source-nodes which receive connection
request and is of multi-value which means every
value is relative to a particular source-node. And
related to a source-node, the 1st-wave set is formed
of all nodes at which message arrives in one hop
from the source, where all elements of the set are
called as the similarly, the
2nd-wave set is formed of nodes in two hops, and so
This not to flood
unnecessary messages without state information and

Ist-wave nodes;

on. approach = accomplishes
operational process in each node.

As shown in Fig. 2, if a connection request arrives
at node 1, a source node (S node) is node 1, and
according to ripple-count concept, the other nodes
can be defined as follows;

S node {1}
1st-wave set {2,3}
2nd-wave set {456}
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3rd-wave set {7,8}

If a node K belongs to the jth-wave set of source
S, the elements in (j-1)th-wave set are called as the
lower-wave nodes, and those in {(j+1)th-wave set as
the higher-wave nodes. And all messages in the
into three types-the
messages from the nodes with lower-wave to the
nodes type-],
between nodes with peer-wave as type-Il, while
messages from the nodes with higher-wave to the

network can be classified

with higher-wave as messages

nodes with lower-wave as type-IIL

only type-I
messages can really be contributed to addressing the
destination node and therefore called them as 'right
messages’. Reversely, type-I messageé are not
useful at all and therefore called them as ‘futile
messages’, while the type-II messages might have
possibility to be changed to type-I messages when
some links fail or some messages are lost, so called

Toward reduction of overhead,

them as ’possible messages’.

2. The Proposed Bounded Flooding Routing
Algorithm

Each node in the network consists of an optical
cross—connect (OXC) controlled by an electronic
controller (e.g. IP/GMPLS) that is a control domain.
The electronic controllers communicate with each
other over a control channel, either out-of-band or in
band. We assume the existing of a reliable transport
protocol in this control channel making sure that
messages between controllers are delivered reliably in
sequence.

Each node the status
wavelength on every link emerging from the node.

maintains of every
For a wavelength 4 on link L, the state can be one
of the following:

Free: indicates that the wavelength Ais
available and can be used to establish a new
connection.

Reserved: indicates that A is being used or
reserved in some connection to transmit data.

And for the link L, the number of wavelengths

(886)

that are in Free state is denoted by F)(Z).

Upon receiving a connection request, the source
node generates a request message, Req. A Req
message contains the following fields.

Connection identifier ReqID which uniquely
identifies the corresponding connection. For the
uniqueness of each connection ID, an identifier is
composed of two parts: the node ID (or address) and
connection number (unique within a source). This
of IDs their
uniqueness throughout the network.

composition - connection ensures

Source identifier Reg.src of the requested
connection.
- Destination identifier Req.dest of the connection.
Ripple-count number Reg.wave which represe
This
identifier is used to remove the futile messages to

-nts the relative number of node-wave.

reduce the overhead.

List of intermediate node IDs Req.nodelD that
the message has traversed thus far. Every time the
request message is relayed to the next node, the new
node ID is appended to this field. This information is
needed for the destination node to confirm the
establishment of the requested connection.

- Connection pertinence parameter Req.cpp which
is increased as the Req passes the nodes, the metric
value represents the route difficulty that the Req has
experienced. This parameter can be used for another
criterion (i.e. number of wavelengths, hop count, time
to live, and etc.). -

QoS requirements parameter Req.qos which is
used to contain the threshold to which a service
needs to provide, while executing QoS admission
checking procedure.

Since the information of existing connections is
necessary for a new connection’s admission test as
well as for the completion of pending connections
belonging to those connections still being processed,
each node has to maintain two sets of tables for
existing connections (Routing table) and pending
Routing table (RT)
contains established connections, one for each of its

connections (Pending table).

outgoing links. Each entry of a RT represents a
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connection which goes through the corresponding link
and consists of the following fields.

Connection identifier: this is the same as the
one in the Req message.

Wavelength index: the index of corresponding
wavelength available. When a Wavélength A is
occupied, A Free=0 and A Reserved=1. Reversely,
when a wavelength A is available, A Free=1 and
A Reserved=0. |

For pending table (PT), each node has to maintain
fields for temporary pending connection requests, also
one for each of its outgoing links. Each entry of a
PT represents a connection request and contains the
following fields.

Connection identifier: same as the one in the
Req message. When a connection request is
conditionally accepted (fchat is, the outgoing link is
able to accommodate the requested connection), it is
copied from the connection ID field of the Req
message.

Wavelength index: the index of corresponding
wavelength availablee. When a wavelength 4 is
occupied, A Free=0 and A Reserved=1. Reversely,
when a wavelength A4 is available, 4 Free=1 and
A Reserved=0.

Ripple-count number: this field is relative
according to the source node and used for dividing
mncoming messages into right, possible, and futile
messages.
this field
contains Req.cpp of incoming Req message. This is

Connection pertinence parameter:

used to compare the priority while the Req messages
which have the same ripple-count number, has

arrived.

7}. Source Node Action _
the
Req.dest, Req.wave,

Upon receiving connection  request,
parameters (ReqID, Req.src,
Req.nodelD, Reqg.cpp, Req.qos) in Req message are

set, and then the source node sends Req messages

a

through each of its outgoing links only if it satisfies
QoS admission checking test and the following

=
=]

Z1
=]

RWA 2 112|Z50]

e
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-
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condition.

Fa(L) >0 1)

where F4(L) is the number of free wavelengths
in link L.

Lt. Intermediate Node Action

For more efficient wavelength utilization, we apply
the number of wavelengths to Reqcpp as a
constraint. Therefore, the intermediate node sends a
request message through each of its outgoing links if
it QoS

satisfies admission checking test and

- additionally the following conditions:

PT(Req.ID) Ripple-count = Req.wave 2

PT(Req.ID).Ripple-count in the V)
represents relative number to which this node

equation

~ belongs. Equation (2) functions to discard futile

(887)

messages without state information and operational
process, and by changing =’ to '>', we can also
discard possible messages for a tradeoff between
overhead and blocking probability.

If the node and the Req message pass these
constraints (equation (1) and (2)), then the Req
message is updated and the pending table is set by
the corresponding Req message. Thereafter, the node
forwards the Req message to a neighbor node via the
outgoing qualified link. Somehow, when a message
returns back to the previous node, there could be
loop-back situation. However, by deploying the
ripple-count concept, loop-back is also prevented by
comparing ripple-count values.

Ct. Destination Node Action

As for the destination node action, we append one
table called path candidate table (PCT) in the
destination node to store candidate paths (Req
messages) for further selection. This table contains
Req messages in an accepted sequence. Due to
performance considerations, we have two different
path selection schemes considered here:
First come first serve path selection scheme (FCFS):
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In this scheme, the destination node selects the
path associated with the Req message that arrives
is based on the
assumption that the first packet to arrive is the most
likely the one that has taken the least delay path and,
hence, is the one that encounters the minimum delay.

first. This selection criterion

If another succeeded Req message arrives for the
same connection request, the destination node stores
it in PCT until the upstream reservation on the first
selected route is confirmed. The stored route can be
used in case if the upstream reservation fails. On the
other hand, if the Req message has arrived after the
upstream reservation has already been confirmed, the
destination  node the
corresponding PCT. This path selection scheme

discards messages in
minimizes the connection setup time. That is, the
destination node doesn’t have to wait the arrival of
the second Req message to decide on a path to setup

the connection request.

Least-congested path selection scheme (LCP):
In this scheme, the path with the minimum value

Incoming message
inanode

of Reqcpp/Req.wave is selected to

connection. In this case the destination node has to

setup a
wait until Req messages from all attached links are
received (or the destination node opens a short
time-window to absorb possible further arriving Req
messages). If Req messages accepted have the same
Req.cpp/Reqwave as a constraint, the first message
which might be shorter delay than other paths is
chosen. LCP scheme also distributes the traffic
evenly in the network. As will be shown later, this
the blocking probability
compared to alternate path selection schemes.

In order to confirm the qualified path, we define a
connection confirmation message called Conf message
to confirm a satisfied path. The Conf message
contains the following fields.

 Connection identifier ConfID: this is the same
as the one in the Req message.
List of intermediate node IDs that the Req
message has. This information is needed to confirm
the establishment of the confirmed connection.

scheme can improve

"Does pre-specified time-~\ Yes Store in the
window open for this Reg 7.

PCT in a sequence

Listen to further
conmection requests
urtil pre-specified
time-window closed

Does a link exist -
Discard this Reg tosatisfy Fa(L)>0 2 : QoSndmlmondled:l
™essage
No . -
Flood Reg to the next node

through the qualified link 3

I ;
ety y— !
33 3. Intermediate 2 Destination =2 S 24

Fig. 3. The flowchart of operation in intermediate and destination nodes.

(888)
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And we also define a reject reservation message
called Rej message to release reserved resources of
unconfirmed paths for further connection requests.
The Rej message contains the following fields.

Connection identifier RejID : this is the same
as the one in the Req message.

- Destination identifier Rej.dest : this is the same
as the one in the Req.src.

+ Ripple-count number Rej.wave which represents
the relative number of node-wave. This identifier is
used to remove the futile messages to reduce the

overhead.

The flowchart in Fig. 3 shows the actions in LCP
scheme to be taken by both in an intermediate node
and a destination node. This flowchart can easily be
applied to FCFS scheme by choosing the first
incoming Req message at the destination node.

At the destination node, when the pre-specified
time~window is expired for the LCP scheme, the path
is determined by the following equation.

max Req.cpp/Req.wave = max;F ML) /Req.wave
3

The dark dotted box represents QoS checking
procedure; this prevents to flood to an unqualified
path that does not satisfy Req.gos. The procedure of
QoS admission checking mechanism is described in

the next subsection.

3. The QoS Admission Checking Mechanism

In DWDM networks, an optical signal passing
through network components such as an optical
(OXC), fiber, WC, and EDFA
undergoes many transmission impairments. Then, the
quality of the optical signal on each link is affected
by ranging from
attenuation to complex nonlinear effects “6'17], which
are determined by calculating the bit error rate (BER)
in the receiving node. BER is the most important one

cross—connect

several impairments simple

among several parameters proposed for monitoring

signal quality and is

complemented by other

7|:||

oo

4 9

parameters to diagnose the system problems like
optical signal-to-noise ratio (OSNR) or electrical
signal-to-noise ratio (el. SNR) "9, But it is difficult
to measure directly the BER from an optical signal
due that an optical signal is forwarded without
optical-electrical-optical  conversions in DWDM
networks. And the OSNR may vary significantly for
a specific BER value because of nonlinear effects. We
can estimate the BER in an optical network by the
Q-factor as a new parameter evaluating signal
quality U8l It measures the signal-to—noise ratio
(SNR) based on assuming Gaussian noise statistics in
the eye-diagram. Thus, the QoS parameters related
to the transmission quality of a lightpath are
determined by the following Equations (4) to (6) .

BER(Q) = (1/V2m) - (exp(-0*/2)/ Q) )
el SNR =101log Q° 5)
OSNR ;= U;M Be | Q2 (6)

(1-r)’ Bd

r =0.15 (extinctionratio of the transmitted optical signal)
Be=0.75xfo (effectiveelectrical noise bandwidth due to bit rate fo)
Bd =12.6 GHz or 0.1 nm (optical bandwidth for OSNR measuremert’

The proposed BFR algorithm considers multiple
QoS admission checks at every node. We consider
the parameters, such as BER and OSNR. Fig. 4
illustrates the procedure of QoS admission checks.
And to compare with the threshold (Req.qos), we
involve equations (4)~(6).

4, Limited Wavelength Conversion
In the cwrrent research, it is proved of the
efficiency improvement offered by the use of WCs in
DWDM networks. But it has been assumed that a
full set of ideal WCs are available at every node in
the network. Although full-wavelength conversion is
desirable because it substantially decreases blocking
probability, it is difficult to implement in practice due
to technological limitations and high cost as well.
Therefore, in this subsection, we describe networks
with limited wavelength conversion. This may be the
result of placing WCs at a limited range of OXCs in
the network, using limited numbers of WCs in each
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Start of QoS admission check

Measure Q-factor, and then
estimate OSNR, BER

Check that this

1 link does not
satisfy Qo$
requirements

Does estimated OSNR
satisfy Req.qos 7

Daes estimated BER
satisfy Req.qos 7

Yes
Check that this link satisfies
QoS requirements
*

Yes

Change the link

Does a next
link exist?

No
End of Qo8 admission check

a8 .4 QoS HZA mfHUFe HA
Fig. 4. Procedure of QoS checking mechanism.

cross—connect, or using WCs whose performance
limits the set of allowable conversions.

Many optical network researchers have built
optically-transparent or all-optical networks, in which
no optical to electrical conversions are performed.
WCs used in these networks have to be all-optical
WCs.
non-linearity,

However, many factors, such as optical

chromatic ~ dispersion,  amplifier
spontaneous emission, attenuate the power of signal,
so that these factors degrade the SNR to maximum
-20 dB [17].

Besides, separated optical space switches are used
for each wavelength. So, if there are M input and M
output fibers with W wavelengths on each fiber, then
W separated M x M space switches are required to
implement an OXC without WCs. Otherwise, a single
MW x MW space switch is required to implement
the cross—connect with WCs.

In this paper, for extensive simulation study, we
apply limited wavelength conversion capability. The
procedures to deploy wavelength conversion
capability in DWDM nodes are as follows: (i) the
limited range WCs
conversion is performed after switching, as shown in

equation (10) of which output wavelengths are limited

are used and wavelength

within k area based on input wavelength. (i) the
limited range WCs that are sparsely placed in

(890)

selected nodes are chosen by total outgoing traffic
algorithm). And because the selected nodes have high
nodal degree, potentially, the probability to cause the
congestion situation is high.

A

min(i+k,w)

A, — A <

max(i—k,1) —

A, < 7

Theoretically, if the blocking probability improves
significantly with 20%40% range
conversion, the performance is very close to full

wavelength

range wavelength conversion. And when WCs are
placed at a few nodes (about 40%), the performance
is similar with full-WCs "%,

Furthermore, to prove the results while applying
the limited wavelength conversion for test networks,
simulations are carried out in section 4. We adopt
30% range conversion and place 40% nodes of entire
nodes.

IV. Performance Evaluation

1. Simulation Model

Simulations are carried out to prove the efficiency
of the proposed BFR algorithm and dependable
BFR
algorithm. Test networks used 'in simulations are
TN(1), TN(2), TN(3), which have (14 nodes, 20
links), (20 nodes, 40 links), (30 nodes, 61 links),
respectively, as illustrated in Fig. 5, and we assume

connection guaranteeing algorithm under

the connection requests arrive randomly according to
the Poisson process, with negative exponentially
distributed connection times with unit mean. Also, all
links in the network are assumed to be bidirectional
(one in each direction) and have 8 wavelengths.

2. Simulation Results

We carry out simulations in terms of routing
overhead, Dblocking probability, of
required. extensive

and
For
we deploy limited wavelength

usage
wavelength  channels
simulation results,
conversion capability (30%-range wavelength convert-
in DWDM

nodes as a critical concern in DWDM-based networks.

sion and 40%-wavelength converters)
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Fig.

Firstly, Fig. 6 shows the corresponding results for
average routing overhead per successfully established
connection. We compare the proposed BFR algorithm
with original flooding algorithm in test network I
(Fig. 6(a)). By limiting the flooding area through
ripple-count method and QoS checking mechanism,
we accomplish the routing overhead significantly
reduced. And if we admit the peer relations for
further bounded area, the average routing overhead
for FCFS and LCP increases as shown in Fig. 6(b).
In the aspect of routing overhead, BFR algorithm
with FCFS methods in peer non-admitted condition
performs better than other methods.

From the results shown in Fig. 7, it can be seen
that the proposed BFR algorithm is superior to the
existing routing (source directed routing - fixed
routing and dynamic routing) algorithms in case of a

(891)

6. Network overhead (Test Network ).

network with full WC capability and without WC
capability as well.

The blocking probability in three test networks
shows that until 5% of connection requests, the
blocking probability is almost same. But, the results
make difference according to each algorithm for
connections set above 5%. In the same WC condition,
we observe the blocking probability of the proposed
BFR algorithm with LCP method is better than
dynamic routing algorithm (improved by about 5%).
This means that the proposed algorithm is more
effective in large scale network topology. And in all
of three test networks, as the number of connection
requesté increases, the BFR-LCP (full-WC)
predominantly outperformed than other schemes.

is

Note that the wavelength conversion capability is
very critical problem in DWDM-based networks
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source—directed methods.

because the WC is high cost and still immature
technology. So, as described in section 3.4, within test
network I, we deploy the limited wavelength convert-
sion capability in DWDM nodes as a critical concern.

From the Fig. 8(a), we find that the blocking
probability of the proposed BFR algorithm in the

(892)
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HstEl mpEred ghofl A 2| Blocking probability
8. Blocking probability under limited wavelength
conversion,

network equipped with 30%-range wavelength
conversion capability is close to that in the network
with full wavelength conversion capability. Moreover,
the results presented in Fig. 8(b) illustrate that even
when 40% WCs of total network nodes (60%
non-WC) are deployed, the blocking probability of the
proposed BFR algorithm is slightly deteriorated
(about 19%672%). So, the DWDM with 30%-range or
40% converters as limited wavelength conversion
capability can have almost similar performances with
full WC.

To verify resource utilization performance, we use
the number of wavelength channel required as a
performance metric. As shown in Fig. 9, the proposed
BFR algorithm with two different methods (FCFS
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Fig. 9. Number of wavelength channels required.
and LCP) has different performance results. The BFR
algorithm with FCFS scheme is better resource

saving than LCP scheme. And the number of
established connection increases, the difference among

ZRIEHOM QoS 7IHe MEH E2{d RWA 2uEF
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| 2ot A 4849 2

the proposed schemes is bigger. From the results in
Fig. 9, in the aspect of resource utilization, the
proposed BFR algorithm with FCES
accomplishes the best performance.

scheme

V. Conclusions

In this paper, we proposed a new routing
algorithm, bounded flooding routing (BFR) algorithm.
We  focused " the network
improvements in terms of network overhead, blocking

on performance
probability, and resource (Wavelength) utilization. And
as a bounded cntenon we introduced a new
npple count concept to classify the messages into

three types depending on its necessﬂ:y. This concept

controlled the rletWork overhead without state
information and computational process. Also, in
intermediate  nodes, QoS admission  checking

mechanism was performed as bounding constraint.
From the extensive simulation results, we found out
that fhe proposed BFR algorithm is robust compared
the : reepect with
performance metncs (network overhead blocking
probablhty, and resource (wavelength) utilization,.

As a future research we will study about the
addltlve quahty attributes that can be considered
dunng the real path estabhshment and Vanous
apphcatlons of the QPR algorithm based on these
quality att.rlbutes

to 'existing algorithms  in
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