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Abstract

The field of networking has experienced growth &rteenendous rate over the last decade.
The popularity of the Internet is soaring as mogege gain an increased awareness of
the vast amounts of information available at thekabf a button. This growing demand is
leading to many new opportunities in networking, pe®ple demand faster and better
applications and services, such as World Wide Welw&ing, video-on-demand and
interactive television. The rapid expansion of liternet and the ever-increasing demand
for multimedia information are severely testing theits of our current computer and
telecommunication networks. There is an immediaednfor the development of new
high-capacity networks that are capable of suppgrtthese growing bandwidth
requirements. We need to be able to scale curretwanks to support the increasing
volumes of information. Optical networks are a tai choice to meet the future

communication demands, with optical fiber linkseniiig huge bandwidth.

Thus, optical burst switching (OBS) is considersdauitable transport methodology
for the realization of optical core networks duethie balance it offers between coarse-
grained optical circuit switching (OCS) and finexigred optical packet switching (OPS).
OBS avoids the use of optical buffering and optmalcessing logic unlike in OPS but
still achieves switching in optical domain. It inopes the utilization of the fiber

compared to OCS because of statistical multiplewinigursts on different wavelengths.

Although, optical burst switching appears to oftelvantages over optical circuit
switching and optical packet switching, severaluéss need to be considered before
optical burst switching can be deployed in transpetworks. In particular, these issues
include; network architectures problems in terms lofver blocking probability,
reservations techniques for efficient utilizatio bandwidth as well as network
resources; burst dropping and contention resolusohemes supporting quality of

service, which need to be investigated further.

Keeping in view the above mentioned aspects, thecbbes of the research were
formulated which are listed as follows:



1. To study and analyze various optical burst switghanchitectural alternatives in
terms of the burst handling techniques and withpitesible use of fiber delay-line
for buffering and contention resolution.

2. To study and compare various reservation schemesefficient network
utilization and bandwidth in optical burst switcheetworks.

3. To analyze and compare the different burst segrtientgolicies with the
standard dropping policies.

4. To investigate, analyze and compare the performafcearious contention
resolution policies and control schemes for optigatst switched network, in

order to reduce packet/burst loss, while suppoinglity of service.

An efficient OBS network architecture incorporatiamall fiber delay line (FDL),
adaptive burst assembly as well as dynamic roléetsen techniques, has been proposed
for improving system’s performance, in terms of éwvblocking probability and higher
throughput. The simple closed-form expressionsgdaresed for the burst loss probability
of both classless and prioritized traffic. Also, onder to have reduction in electronic
switching processing time, delay associated with. kl3age in the above architecture,
another efficient congestion-free OBS network destture utilizing a short-prior-
confirmation-packet and optical label processinthwiist enough time (JET) signaling,
has been presented. The proposed architectures erakelary use of the advantages of
all-optical technology by meticulously delegatingvitsh planning and contention

avoidance for control processing.

The quality of service (QoS) oriented reservatiohesnes have been investigated in
order to enhance bandwidth and channel utilizaiiorOBS networks. An adaptive
reservation scheme based on a multi-service OB& eugde with synchronized
bandwidth reservation mechanism has been propdsedproposed scheme provides a
flexible and efficient platform for convergencepzcket-based and circuit-based network
traffic based on OBS capabilities. In order to hdetter channel utilization, higher
throughput and lower blocking probability, we hameestigated an efficient reservation
scheme in which data burst are scheduled in batdlvesbtain better fairness control and

bandwidth utilization, we have presented anothicieht reservation scheme in which



each edge router finds a suitable route to theirdgsin edge router autonomously by
using feedback and prior information packets. Ishi®wn that by leveraging statistical
multiplexing, re-configuration cost is minimized darthus bandwidth utilization is

enhanced.

To minimize the burst drop rate in OBS network,edficient burst dropping policy
based on even selection of burst (BDPES) has beepoged. Also, suitable burst
assembly and congestion control mechanisms have Ui in the proposed policy in
order to provide differentiated service for suppmtthe quality of service (QoS)
requirements. In order to obtain better resultserms of bandwidth utilization, lower
burst loss rate etc, flexible and enhancing banthauilization, burst dropping technique
based on packet count number (PCN) has been peesttcontention resolution. The
results obtained show that the proposed droppihgrse reduces packet loss rate (PLR)

and makes bandwidth utilization more efficient #ledible than existing schemes.

Contention, which may occur when two or more ursbmpete for the same
wavelength on the same link, is a critical issueud, we have proposed possible better
solutions to reduce blocking probability due to temtion. Through hybrid contention
resolution techniques such as WConv, delay andgctefiWConv, deflect and delay and
Prioritized delay, deflect and delay, it is showattboth contention and the burst loss rate
have been minimized. In order to have proportiahtérentiated services, lower packet
loss etc, an efficient scheme based on adaptiveeleagth selection and burst
assignment, which supports better proportionaleddfitiated services with lower packet
loss in the buffer-less OBS networks, has been ldped. Further, to have both
contention resolution and congestion control falu@ng burst loss in OBS network, we
have investigated an integrated contention reswiutind control scheme. Finally, to
achieve improvements in terms of wavelength utilimaand wavelength efficiency, an
efficient scheme based on resource reservationadagtive network flow routing has
been investigated. It has been observed in theastiiresults that the proposed schemes
reduces burst loss in the network significantlypyies congestion control, support
differentiated services and also improves wavelengtilization and efficiency as

compared to the conventional schemes.



Thus, the investigations carried out in thesisulteg the performance oriented
efficient optical burst switching for high speedtwerks in terms of handling bursty
traffic efficiently, cost effectiveness, enhancifgndwidth and channel utilization,
efficient burst dropping scheme for handling cotiten congestion control and
contention resolution techniques supporting QoS fsults reported in the thesis have
been published in the form of eleven papers inréfiereed international journals as per
the list enclosed.
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CHAPTER |
INTRODUCTION AND MOTIVATION
1.1 Introduction

The ever-increasing demand for Internet and mutlimenformation are severely testing
the limits of our current computer and telecommaticn networks. There is an

immediate need for the development of new high c&paetworks that are capable of
supporting these growing bandwidth requirementsoAwe need to be able to scale

current networks in order to support the increaswigmes of information.

Thus, the optical networks are a logical choicenet the growing communication
demands, with optical fiber links offering huge tewdths on the order of 25 THz. In
order to meet these growing needs, optical wavéhedgision multiplexing (WDM)
communication systems have been deployed in malegammunications backbone
networks. In WDM networks, channels are createddiwding the bandwidth into a
number of wavelength or frequency bands, each aftwtan be accessed by the end-user
at peak electronic rates [1]. In order to efficignitilize this bandwidth, we need to
design efficient transport architectures and proi®dased on state-of-the-art optical

device technology.

1.2 Evolution of Optical Networks
The following figure (1.1) shows the evolution odfiet different optical transport
methodologies [1-2].

The first generation optical transport architectaomsists of point-to-point WDM
links. This is made up of several nodes intercoteteby point-to-point links. The traffic
arriving at each node undergoes conversion fronicapto electronic domain and is
processed electronically before being convertek liato optical domain. Such type of
electronic processing and switching incurs consiodler overhead if most of the traffic is
bypass traffic and thus, the need for all-optigatching arises.

The second generation optical network architectoresists of wavelength add-drop
multiplexers (WADMSs) where traffic can be addeddoopped at each WADM node [3-
4]. As the amount of bypass network traffic is disuaigh, WADMSs help to reduce the
overall cost by selectively dropping and addindfitaon some wavelengths and thus
bypassing the traffic on the other wavelengths wctted.



The third generation optical network architectuaes based on a mesh network of
multi-wavelength fibers interconnected by all-optiénterconnection devices such as

passive star couplers, passive routers and acstivehes.

" Optical Packet |
Switched Network )
-
Optical Burst
Switched Network
( Diynamic Wawelenuih"
L Routed Metwork )

|f Static Wavelength
Routed Matwork

‘Wawelength Add-Drop|
Multiplexer Network
Point-to-Point WDM
Network

Optical Transport Methodo logy

Time

Figure 1.1: Evolution of optical networks [2]

There are three switching paradigms that have peeposed for use in WDM all-
optical networks, namely optical circuit switchi(@CS), optical packet switching (OPS)
and optical burst switching (OBS). In OCS an ena4td all optical path is established
between source and destination for the completsicgesto avoid opto-electronic
conversion at the intermediate nodes. In the fsiieriOPS, packet buffering and
processing capabilities are assumed at the inteateechodes. The third switching
paradigm OBS proposed to overcome the limitatidrisoth circuit switching and packet
switching is aimed at mainly supporting the nextemation optical Internet [5]. The
benefit of OBS over conventional circuit-switchirggthat there is no need to dedicate a
wavelength for the entire session between a soamdedestination. Moreover, OBS is
more viable than packet switching as the data bdosis not need to be buffered or

processed at the intermediate nodes.

1.3 Optical Circuit Switching

In OCS networks, dedicated WDM channels or ligltpaare established between a
source and destination pair. A lightpath is carogdr a wavelength on each intermediate

link and switched to another link at each interragginode along a physical route. Such



wavelength routed networks consist of wavelengtiossr connects (WXCs)
interconnected by point-to-point fiber links. Thedeuser (end node) is connected to a
WXC via a fiber link. The end node along with itsX@ is collectively called as a node.
Each node has transmitters and receivers (eithsaibte or fixed) for sending and
receiving data on the lightpaths [6].A lightpath shuse the same wavelength on all the
links in the route. This is known as wavelength toanty constraint. However, if
wavelength converters are present, the lightpaty Ineaconverted from one wavelength
to another at an intermediate node. A wavelengthatso be used by multiple lightpaths
as long as they do not have any common links albagoute. This allows spatial reuse
of wavelengths in different parts of the networld ahis property is called wavelength
reuse. The wavelength reuse in OCS networks malees scalable and cost efficient [6].
A lightpath setup involves various phases suchopeldgy and resource discovery,
routing and wavelength assignment, signaling asdueee reservation. Keeping track of
network state information is the main goal of tagy and resource discovery task. The
network state information includes information abthe physical network topology and
the status of network links. For wavelength routetworks, information regarding the
availability of wavelengths on a particular linktime network is very essential.

One of the core issues in wavelength routed netsvaskdetermining routes and
assigning wavelength for lightpaths, known as rautand wavelength assignment
problem. The lightpaths may be setup in a statidyramic manner. When the set of
connections is known beforehand, the problem dirgetip lightpaths is known as static
lightpath establishment problem and the goal is¢hieve this while minimizing the
network resources consumed such as number of wathke or fibers used in the
network. In dynamic lightpath establishment, tightipaths are setup in a dynamic way as
the connection requests arrive in an online fashiime objective in this case is to
minimize the connection blocking and thus maximitbe number of connections
established in the network at any time. The litematis available which deals with the
solution of lightpath establishment problems fatistand dynamic connection requests
[6]. One of the main disadvantages of OCS is tating) up a lightpath for long durations
causes inefficient utilization of the resourcestipalarly for bursty Internet traffic. A
lightpath established once may remain so for daggks or months during which there

might not be enough traffic to utilize the bandwidio avoid such wastage of bandwidth,



it is desired that optical networks have the cdpglof switching Internet Protocol (IP)

packets directly and thus the concept of OPS haedoto existence.
1.4 Optical Packet Switching

An OPS is another switching paradigm, which allgvesket switching and routing in
optical domain without conversion to electronicseath node [7]. An OPS node has
switching fabric which is capable of reconfiguration a packet-by-packet basis. An
optical packet is sent along with its header withaay prior path being setup into the
network. At a core node, the packet is opticallffdned using fiber delay lines (FDLS),
while the header undergoes optical to electronicwvecsion and is processed
electronically. Based on the header informatioswéch is configured for transmitting
the optical packet from input port to the outputtpand this connection is released
immediately after the packet is sent. The practicaitation of OPS network is fast
switching times while optical switches based on roptglectro-mechanical systems
offering switching times of the order of 1 to 10mEhough semiconductor optical
amplifier based switches have considerably lowdtchimg times (around 1ns), they are
guite expensive and the switch architecture uséisabouplers which results in higher
power losses. Since network resources are notvexsén advance in OPS, some optical
packets may contend for the same output port ieguih packet losses. Lack of proper
optical buffering technology aggravates the combentproblem in OPS networks
compared to the traditional electronic packet dwiitg networks, where the electronic
buffer technology is very mature. Optical bufferiisgrealized through the use of FDLs
which can hold an optical packet for a variable amaf time by implementing multiple
delay lines in stages or in parallel [8-9]. Theestf optical buffers is severely limited by
physical space limitations. In order to delay aticah packet for fs, a kilometer length
of optical fiber is required. Because of this liatibn of optical buffers, an OPS node may
not be suitable for handling high loads or burstgffic. Another solution to the
contention problem is to route the contending ptecteea different output port other than
the intended one. This technique is known as daflecouting. Deflection routing may
cause looping and out of order delivery of paclkaid it requires further research to
tackle these limitations [10-11]. Another issue @PS is synchronization. In OPS
networks with fixed length packets, synchronizatadrpackets is required at the switch
input port to reduce contention. Though this isfidift to implement, some

synchronization technigues have been implement2d 8.



To avoid the use of optical buffering and opticedgessing logic, OBS paradigm is
studied [14]. OBS is considered as a popular switcharadigm for the realization of all-
optical switching due to the balance it offers lesw coarse-grained OCS and fine-
grained OPS.

1.5 Optical Burst Switching

An OBS network has three components: an ingress,raydegress node and a network of
core nodes. In OBS network, various types of clidaiia from the access network are
aggregated at an ingress node (an edge node) sitgla data burst which is transmitted
in optical domain. Packets destined to the samessgnode (destination edge node) and
requiring the same level of service are aggregateml a burst at the burst assembly
gueue. To avoid buffering and processing of datatkat intermediate nodes called core
nodes, a control packet also called burst headsep&dBHP), with the information on the
length and arrival time of the data burst is sarddvance. The BHPs are transmitted on a
dedicated control wavelength, while the data buastssent after some time on separate
wavelengths. The time lag between a BHP and theegponding data burst is called
offset time which is set sufficient to enable teqessing of BHP at the core nodes. Once
a burst reaches the egress node, it is disassemniidedackets which are routed through
the access network. Generally, it is assumed thif¢ding of data is allowed only at the
edge nodes since the technology for optical bufisrsmmature. The protocol for
wavelength reservation in which the wavelengtreserved for the data burst only for its
duration and the availability of resources is nckrmwledged in any way is known as
just-enough-time (JET) protocol [1]. When a datasbarrives at the core node and finds
all the wavelengths busy at that time, it is simghppped. Such losses are termed as
contention losses which mainly occur due to theufemeous arrival of bursts exceeding
the number of available wavelengths at that instBimé handling of contention losses is a
unique problem to buffer-less OBS networks anduitrot be handled in the same way as
congestion in traditional networks (occurs duehte ¢éverflow of a queue) for the simple
reason that these losses are temporary in natl88. @@mbines the advantages of both

OCS and OPS while overcoming their shortcomings.

The brief comparison of the three switching paradidpased on various factors is as

follow:



1. Bandwidth utilization

Link utilization is lowest in OCS networks. Kghtpath is setup over dedicated
wavelengths from the source to destination nodeckle¢his lightpath cannot be used
by the traffic on other paths, even when the loadow. OCS networks cannot
accommodate highly variable or bursty network tcafBut OPS and OBS networks
allow traffic between source and destination tashiak bandwidth.

2. Setup latency

OBS networks use one way signaling schemesefs#rving resources on the path
before data transfer. Setup latency is very lowuoh networks, unlike OCS networks
where dedicated signaling messages are exchangeedresource and destination

nodes to setup and tear down lightpaths [15].
3. Switching speed

As discussed earlier in Section 1.4, OPS nedsvieequire very high switching speed to
switch optical packets to different output ports1 e other hand, switching speed
required is low in OCS networks. Lightpaths arealigusetup for longer durations
and therefore the OCS switches have ample timdyioamic switch configuration. In
the case of OBS networks, medium switching speadfficient due to the larger size

of optical bursts compared to optical packets.
4. Processing complexity

In OPS networks, as the switching entity s @ptical packet, the processing
complexity is very high. The header has to be extdh from each packet and
processed electronically. In OCS networks, as igilgdaths are set up for a longer
duration, the complexity is relatively low when coaned to OPS and OBS networks.
Because of the larger granularity of bursts whiah rmade up of several IP packets,
the processing complexity of OBS falls in betweaat bf OCS and OPS.

5. Traffic adaptivity

An OCS network is not adaptive to variable burssffic due to the high setup
latency and the use of coarse-grained wavelengilcting. But OPS and OBS



networks are capable of handling bursty traffic @y support statistical

multiplexing.
1.5.1 OBS Network Architecture

Figure 1.2 gives a block diagram that shows thetfanalities of different nodes in an

OBS network. There are primarily two types of nodesn OBS network: edge nodes
(ingress and egress nodes) and core nodes. Thessgode collects the IP packets from
the access network into bursts and is also resplerfsir the generation of control packets
which setup the path to the egress node. The maictibns of an ingress node are: burst
assembly, routing and wavelength assignment, signabeneration of the BHP, and

determination of the offset time. The core nodes rasponsible for switching the data
bursts all optically from one input port to anothised on the information provided by
the BHP. The core nodes are also responsible $oiviag the contention among multiple

bursts. The egress node disassembles the burdPimgackets and forwards them to the

IP access network.

Figure 1.2: OBS network architecture [1]

Figure 1.3 shows the architecture of an OBS codenth consists of a switch control
unit (SCU) and an optical cross connect (OXC). B@U configures the OXC and
maintains the forwarding tables. When the SCU rkexen BHP, it consults the routing
and signaling processors to identify the output pased on the destination. If the output

port is available at the time of data burst arfithé SCU configures the OXC to let the



burst pass through. In case the port is unavail&i®) configures the OXC based on the
contention resolution policy implemented. In cabe tlata burst arrives at the OXC
before the BHP the data burst is simply droppeds phoblem is known as early burst
arrival problem which might happen due to insuéfidi offset time for bursts at some
nodes. The SCU has many important responsibiliidgch include, burst header
interpretation, burst scheduling, contention resoiy forwarding table lookup, switching

matrix control, header rewrite and wavelength cosie& control.
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Figure 1.3: OBS core node architecture [2]

Figure 1.4 depicts the architecture of an OBS isgreode. An ingress node
comprises of a burst assembler, a routing modurd, aascheduler. The ingress nodes
have electronic buffers for the burst assembly acdldeduling. Each burst assembler
module generates bursts from packets destined dswhe same egress node. There may
be separate packet queues in the burst assembleadt class of traffic. Based on the
destination address, the routing module forwaras gecket to the corresponding burst
assembler module. Different burst assembly mechemnlge burst size threshold based,
timer based or a combination of both can be useagtyegate IP packets into bursts.
Once the burst is assembled, the burst header pé8kid) carrying the information
about the burst is sent to the egress node. Thedsldr module is responsible for
scheduling the bursts on the outgoing links. Atesmess node, a burst disassembler

module which is composed of electronic buffersass®&mbles the burst into constituent

IP packets.
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Figure 1.4: OBS Edge node architecture [1]
1.5.2 Burst Assembly

Burst assembly is the process of assembling inogprdeta from higher layers at the
ingress node of the OBS network. The most imporfaator in burst assembly is the
trigger criterion which determines when to releasburst. This criterion controls the
characteristics of burst traffic into the OBS netkvoThe most popular burst assembly

techniques use either a timer or burst size thidsraboth.

In time-based assembly, a burst is generated aridrde the network at periodic time
intervals [16]. It gives uniform gaps between ssso& bursts from the same ingress

node. In time-based assembly, burst length depemdse load.

In size-based assembly, fixed sized bursts are rgite at non-periodic time
intervals. In case packets have QoS restrictionsh @s delay constraints, time-based

assembly is a good choice.

A combination of both time and size-based assensbproposed in [17] called min-
burst-length-max-assembly-period where a burstesegated when a minimum burst

length is reached or when the maximum assemblygeési reached, whichever happens



first. This scheme provides the best of both methattl is more flexible. There are a few
other burst assembly schemes that adapt the agsparbimeters according to the traffic

parameters [17-20].

A major problem in burst assembly is how to chotise appropriate timer and
threshold values for creating a burst in order toimize the packet loss probability in an
OBS network. The selection of such an optimal thoks (or timer) value is still under
investigation. If the threshold is too low, the $i8rbecome very short and more bursts
will be generated in the network. The higher nundfdyursts leads to a higher number of
contentions, but the average number of packetpkrstontention is less. Also, there will
be increased pressure on the control plane to gsottee control packets of each data
burst in a quick and efficient manner. If the sWiteconfiguration time is non-negligible,
shorter bursts will lead to lower network utilizati due to the high switching time
overhead for each switched (scheduled) burst. @rother hand, if the threshold is too
high, then bursts will be long, which will redudeettotal number of bursts injected into
the network. Hence, the number of contention inrtevork reduces compared to the
case of having shorter burst, but the average nuwibpackets lost per contention will
increase. Thus, there exists a tradeoff betweenuh#&er of contentions and the average
number of packets lost per contention. Hence, d@ropmance of an OBS network can be
improved if the incoming packets are assembled lnists of optimal length. The same

criterion is also true in a timer-based assemblghaaism.

In [21-25], the authors consider a number of issusgarding burst assembly
techniques. In [21], for example, a prediction-lothassembly technique was proposed, in
which the threshold value (or the timer value)hsd hext burst is predicted ahead of time
based on the incoming traffic rate. Using the predi burst length, the burst header
packet (BHP) can be sent into the core networkreefloe actual creation of the burst,
allowing early resource reservation in the OBS ctirereby, reducing the burst assembly
delay. In [22-25], the authors study the impact bofrst assembly on long range

dependency of the input packetized traffic.
1.5.3 Routing and Wavelength Assignment (RWA)

Routing and wavelength assignment is the fundarhesdatrol problem in WDM
wavelength routed networks. In WDM wavelength rdutstical networks, lightpaths

need to be established before any communicatiastplkace between the nodes. In order
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to establish a lightpath between two nodes, twasdats have to be made. The first is the
selection of the path from the source node to #siiation node and the second is the

selection of wavelength to be assigned to the path.

Many problems in wavelength routed networks have ARRW5 a sub problem.
Depending on the traffic in the network, the RWAlgem is classified into static and
dynamic. In case of static traffic demand, the emtion requests are known in advance.
The traffic demand may be provided in terms of setdestination pairs. The objective is
to assign routes and wavelengths so as to maxitneaumber of demands satisfied. In
dynamic traffic demand, the connection requestsvearand depart randomly. The
established lightpaths will remain only for a fentime. Since the traffic is dynamic, the
network has no knowledge of future connection retpieBecause of this, the dynamic
RWA algorithms perform poorly when compared to sihatic RWA algorithms [26-29].
A dynamic RWA algorithm processes the connectiaquests strictly in the order of
connection arrival time, whereas a static RWA dthar processes the connection

requests in the order decided by some heuristic.
1.5.4 Reservation Schemes

Optical Burst switching schemes differ based on fama when the network resources
like bandwidth, are reserved and released. Opboast switching is an adaptation of
burst switching technique in asynchronous transiede (ATM) networks, known as
ATM block transfer (ABT) [30]. There are two vera® of ABT: ABT with delayed

transmission and ABT with immediate transmission.

In case of an immediate reservation scheme, arubwiavelength is reserved for a
data burst immediately after the arrival of the responding control burst; if a
wavelength cannot be reserved at that time, thersétup message is rejected and the
corresponding burst is dropped [31]. In a delayeskrvation scheme, the control burst
(CB) and the data burst (DB) are separated in tbpmean offset value in order to
accommodate the processing of the CB. An outpukleangth is reserved for a burst just
before the arrival of the first bit of the burst. wpon arrival of the setup message, it is
determined that no wavelength can be reservedeaapipropriate time, then the setup
message is rejected and the corresponding butbbpped [31]. These two techniques

have been adopted in OBS. Depending on bandwid#rvation, offset time and control
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management, three schemes for OBS implementatise been proposed: Tell-and-go
(TAG) [31], Just-in-time (JIT) [32-33] and Just-emh-time (JET) [34].

1. Tell-And-Go (TAG)

This is an immediate reservation scheme. In TA®, @B is transmitted on a control
channel followed by a DB, which is transmitted odada channel with zero or negligible
offset. The CB reserves the wavelength and buRFBL{ at each intermediate node along
the path for the DB. When the DB reaches an intdrate node, it is buffered using the
reserved FDL until the CB processing is finishetei the DB is transmitted along the
reserved channel. If no wavelength is availableréservation, the burst is dropped and a
negative acknowledgement (NAK) is sent to the seufite source node sends another
CB after transmitting the DB for releasing the reed wavelengths along the path. Here,
the burst size is not fixed in advance. FDLs angeesive and they can only buffer data
optically for a very short time. Optical buffering the main drawback of this scheme.
Furthermore, if the “release” CB which is sent étease the reserved bandwidth along
the path is lost, then these wavelengths will rotrddleased and this creates bandwidth

wastage .
2. Just-In-Time (JIT)

This scheme also comes under immediate reservatlere, an output wavelength is

reserved for the upcoming burst as soon as the IGBepsing is finished. The source
transmits the DB after an offset time which is ¢geeahan the total CB processing time. If
the wavelength is not available, the burst is deabprhe difference between JIT and
TAG is that the buffering of the DB at each nodelisninated by inserting a time gap

between the CB and the DB. Since the bandwidtieserwed immediately after the CB

processing, the wavelength will be idle from thradithe reservation is made till the first
bit of the DB arrives at the node. This is becaofsthe offset between the CB and the
DB. Since the offset value decreases as the CBclptsr to the destination, the idle time
also decreases. An in-band-terminator is placaddeaénd of each burst which is used by

each node to release the reserved wavelengthtitesmitting the DB [32,35].
3. Just-Enough-Time (JET)

This is a delayed reservation scheme. Here, tleeddithe burst is decided before the CB

is transmitted by the source. The offset betweena@® DB is also calculated based on
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the hop count between the source and destinatioeaéh node, if bandwidth is available,
the CB reserves wavelength for the upcoming buwstaf fixed duration of time. The
reservation is made from the time when the firsbbDB reaches the node till the last bit
of DB is transmitted to the output port. This elaies the wavelength idle time which is
the main difference between JET and JIT. Sincentheelength is reserved for a fixed
duration, there is no need for explicit signal feleasing the reserved wavelength along
the path. Since there is no wastage of bandwidthi;mscheme, the network utilization
for this scheme is higher than with the other sagBut, this scheme involves complex

scheduling when compared to other schemes.

TAG and JIT schemes are significantly simpler ti&T since they do not involve
complex scheduling or void-filling algorithms. Olmet other hand, previous studies have
shown that JET performs better than either JIT AGTin terms of burst loss probability
[31, 34].

1.5.5 Channel Scheduling

When a burst arrives at a node, it must be schddwlean appropriate wavelength on the
outgoing link. The main objective in this type cheduling is to minimize “gaps”, where
a gap is the idle time between two bursts whichtramesmitted over the same wavelength.
One of the most popular scheduling algorithms ésl#ttest available unscheduled channel
(LAUC) scheduling algorithm [14]. This algorithm meains the starting and ending
times of each scheduled burst on every channdlsti maintains the latest available
unscheduled time on each wavelength and when aboest arrives it is scheduled on a
wavelength such that the gap is minimal. Simplieibd ease of implementation are the
main advantages of the LAUC scheduling algorithmhasscheduler needs to remember
only one value, the unscheduled time, for each @atgelength. Since, LAUC scheduling
algorithm only keeps track of a single state fatheavelength (latest time at which a
wavelength is scheduled to be used), it cannoizetihe voids created by previously
scheduled bursts. Therefore, LAUC scheduling aligorican cause excessive burst losses
when the variation in the offset time between th¢PB and the bursts is large. On the
other hand the void filling version of this algtrt, latest available unscheduled channel-
void filling (LAUC-VF) scheduling algorithm propodein [30], keeps track of all the
voids (gaps) on the wavelengths and tries to sdhedburst in one of the voids whenever
possible. LAUC-VF scheduling algorithm is more cdexpthan the LAUC scheduling
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algorithm as it has to maintain extra state infdramaof the available voids for each data
channel. More details about the LAUC-VF schedulatgorithm can be found in [14].
Since the LAUC-VF scheduling algorithm can use ttweds created by previously
scheduled bursts, its link utilization is higheraththat of the LAUC scheduling

algorithm. However, it takes much longer to scheauburst.
1.5.6 Contention Resolution

As optical burst switched (OBS) networks providemection-less transport, the bursts
may contend with one another at the intermediatiesoBurst loss due to contention is a
major source of concern in OBS networks. Such cditte losses which are temporary in
nature, can degrade the performance at the higlyerd. Contention among two bursts
occurs due to the overlap of two bursts (in timelvang simultaneously on two different
links or wavelengths and requesting the same wagtieat a given time. In electronic
packet switching networks, contention is handledobifering. However optical buffers
are difficult to implement and there is no optiegjuivalent of random access memory.
When multiple bursts contend for a wavelength aihérmediate node, all but one of the
contending bursts is dropped. In OBS, when two orarbursts contend for the same
wavelength and for the same time duration, only anthem is allotted the bandwidth.
The following is the briefly discussion about theaim techniques used to resolve
contention for a wavelength at the OBS core nodes.

1. Optical Buffering

In OBS networks, optical buffers based on FDLs lsamused to delay packets for a fixed
amount of time [36]. Optical buffers are eithergéenstage, which have only one block of
FDLs, or multistage which have several blocks ofLE@ascaded together, where each
block consists of a set of parallel FDLs. Opticafférs can be broadly classified into
feed-forward, feedback and hybrid architectureqd.[B7a FDL connects the output port
of a switching element at one stage to the input goanother switching element at the
next stage it is called feed-forward architectulre.feedback architecture, the FDL
connects the output port of a switching elemenbra¢ stage to the input port of a
switching element at the previous or current st#glybrid architecture combines both

feed-forward and feedback architectures.
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2. Wavelength Conversion

If two bursts contend for the same wavelength &owee node, they can be sent on
different wavelengths to resolve the contentionveé#ength conversion is the process of
converting the bursts on one wavelength in an inogrink to a different wavelength in
the outgoing link. This helps to improve wavelengthse in which the wavelength can
be spatially reused to carry different connectionddifferent fiber links in the network.
Wavelength conversion is of four types: full wavejeh conversion, limited conversion,
fixed conversion, and partial wavelength conversionfull conversion, any incoming
wavelength can be shifted to any outgoing wavelgngtile in limited conversion, not
all incoming channels can be connected to all antgehannels. In fixed conversion,
each incoming channel may be connected to one og predetermined channels only. In
partial wavelength conversion, different nodeshi@ metwork can have different levels of

wavelength conversion capability [38].
3. Deflection Routing

This is a technique of deflecting the bursts orteraate paths towards the destination in
case of contention for a wavelength at a core {88 Deflection routing has many

disadvantages. It is by nature suboptimal, sinaaniy considers the congestion of the
current switch, not the state of links in the fordvpath. The implementation of deflection
routing requires changing the offset time of a bateng the path which is impossible
without the use of FDLs. Since deflection routisglone by each individual node without
cooperation from the rest of the network, it caadlé¢o routing loops which are very

dangerous. Further, deflection routing was founaddase network instability causing a

sudden drop in the network throughput [40].
4. Burst Segmentation

In burst segmentation, a portion of the burst whaterlaps with another burst is
segmented instead of dropping the entire burst. \Wth® bursts contend for the same
wavelength, either the head of the contending purstthe tail of the other burst is
dropped. In such case, one or a combination offahewing three major options for
contention resolution can be applied in addition tt@ option of dropping the
unsuccessful bursts is segmented and dropped T3@refore segmentation can be

classified into head dropping or tail dropping. Tieenaining segment of the burst is
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transmitted successfully to the destination theriebyeasing the packet delivery ratio. A
combination of both segmentation and deflectiontinguhas also been proposed for

contention resolution [41].
1.5.7 Quality-of-Service

Quality-of-Service (Qo0S) in the Internet is crifichue to service requirements needed by
different applications. Hence, an important issaeOBS networks is supporting QoS.
Quiality-of-service schemes can be implemented mjuction with existing contention
resolution mechanisms and scheduling algorithmshSschemes can be based on
providing loss, delay, or bandwidth constraintsddferentiation. Thus, two important
objectives in any QoS model are to ensure faira@ss maintain high utilization. QoS

schemes are classified as relative and absoluteoa&t

In the relative QoS model, the performance of edaks is defined relative to other
classes. In such methods, there is no upper bousdigtee on the high priority-class loss
probability. Several schemes have been developsdpport the relative QoS model. For
example, in offset-based QoS, extra offset is gitenlata bursts with higher priority
resulting them to have relatively lower overall dking probability. This scheme, known

as prioritized JET, is proposed in [42] and itsifations are discussed in [43].

The absolute QoS (or quantitative QoS), on theerotmand, provides a bound
guarantee for the desired traffic metric such ass Iprobability of different classes.
Typically, real time applications with delay and ndavidth constraints, such as
multimedia, require such hard guarantee. An eat@nmple of bounded QoS is proposed
in [44]. In this scheme a two-way lightpath reséiv® along with a centralized
scheduling technique, is proposed to provide bodnbiecking probabilities. Other
examples of absolute QoS schemes include earlypargpand wavelength grouping

schemes proposed in [45-46].

1.6 Motivation

With the rapid growth of the Internet and the rapwiblution of Dense Wavelength
Division Multiplexing (DWDM) technique, optical fér seems to be the perfect carrier
for future high-speed networks. In a DWDM systenache fiber carries multiple
communication channels, with each channel operatmg different wavelength. Such an
optical transmission system has a potential capaciprovide over 50 Tbps bandwidth
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on a single fiber. Current networks typically catsaf four layers: IP layer for carrying
applications and services, ATM (asynchronous temsfiode) layer for traffic
engineering, SONET/SDH layer for transport and DW@Eiv capacity. When the data
stream arrives at a switching point, the opticghal of data is converted into electronic
form and the processing and forwarding are dortaerelectronic domain. This is known
as an Optical-Electronic (O/E) conversion. Whendleetronic signal of data is passed to
the output port, it is again converted and moddlaieto the fiber as an optical signal
(Electronic-Optical). Such a switching point iscs& perform O/E/O conversion. In such
a network, all communications are limited by thectionic processing capabilities of the
system. Although hardware-based high-speed electiBnrouters with capacity up to a
few hundred gigabits per second are available rtbere is still a serious mismatch
between the transmission capacity of WDM fibers dahd switching capacity of
electronic IP routers. With IP traffic as the dommh traffic in the networks, the
traditional layered network architecture is no lengdapted to the evolution of the
Internet. In the multi-layered architecture, eaalel may limit the scalability of the
entire network, as well as adding the cost of thtee network. As the capabilities of both
routers and OXC (optical cross-connects) grow fgpithe high data rates of optical
transport suggest bypassing the SONET/SDH and AByers and moving their
necessary functions to other layers. This resal& simpler, more cost-efficient network
that can transport very large volumes of traffie. dver WDM is considered as a
promising solution for the next generation netwsitkce it has no intermediate layer so
that it can void the functionality redundancy of thiTM and SONET/SDH layers.

There are still some difficulties in realizing alptical networks, such as the optical
RAM are ongoing research now and some technologies standards have to be
designed. So the processing of IP packets in thieabmlomain is still not practical yet
and the optical router control system is implemerakectronically. In optical transport
networks, the control messages are processedaiaelly and the data are propagated
in the high-speed transparent data channels. Tzeean IP-over-DWDM architecture,
several approaches, such as Wavelength Routing ,(@Rjcal Packet Switching (OPS)
and Optical Burst Switching (OBS) have been progo€H all these approaches, optical
burst switching (OBS) achieves a good balance heivike coarse-gained wavelength
routing and fine-gained optical packet switchingereby combining others’ benefits

while avoiding their shortcomings.
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Although, in literature, there are many proposals @BS architectures, reservation
schemes, burst dropping schemes and contentiolutiesq still there are limited efforts
to provide guaranteed end-to-end bounds, reducedkiblg probability, efficient
utilization of bandwidth and network resources @aiso, most of the literature in analysis

of contention resolution mechanisms limits to akrpath.

Thus, in this thesis, we have studied and presetitedperformance of various
proposed schemes for OBS in terms of efficient oétwarchitectures alternatives,
reservation schemes supporting QoS, efficient buhsipping techniques, better
congestion control and resolution schemes. Thdtseshtained show that our proposed
schemes for OBS, exhibit better performance mesigsh as low burst (packet) loss
probabilities, high throughput and reliability, t@&$fectiveness and lower delays when

compared to conventional techniques proposed ititdrature.

1.7 Objectives of Thesis
Considering above mentioned challenges for optieakt switching, objectives of the
research were formulated which are listed as fatow
1. To study and analyze various optical burst switghanchitectural alternatives in
terms of the burst handling techniques and withpitesible use of fiber delay-line
for buffering and contention resolution.
2. To study and compare various reservation schemesefficient network
utilization and bandwidth in optical burst switcheetworks.
3. To analyze and compare the different burst segrtientgolicies with the
standard dropping policies.
4. To investigate, analyze and compare the performarfcearious contention
resolution policies and control schemes for optigatst switched network, in

order to reduce packet/burst loss, while suppoingity of service.

1.8 Contribution of Thesis

In the thesis, we have analyzed and presentedip@ssilutions to several critical issues
affecting optical burst switching performance, sashburst loss probability, quality of
service, burst assembly, bandwidth utilization,sbulropping and contention. Our main

contributions to this thesis are as follows:
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To have reduced blocking probability, better thigugt, efficient burst aggregation
and simplicity, performance oriented OBS networitishitecture alternatives has been
presented and compared with conventional architestuAn efficient OBS network
architecture employing small fiber delay line (FDh)conjunction with adaptive burst
assembly and dynamic route selection techniquebkas proposed to improve system
performance. Also, in order to have lower switchimgcessing time and delay associated
with FDL usage, in the above architecture, anogficient congestion-free OBS network
architecture utilizing a short- prior-confirmatipacket (SPCP) and optical label
processing with Just-enough-time (JET) signaling Heeen presented. The results
obtained have indicated that the proposed OBS taathres reduce the simultaneous
contention in the core network and make the tradfitoother and hence improve the
performance in terms of burst loss rate and thrpugh

Next, to enhance bandwidth and channel utilizatiooptical burst switched (OBS)
networks, efficient quality of service (QoS) oriedtreservation schemes has been
investigated. An adaptive reservation scheme fgh{speed optical transport networks
has been proposed, which provides a flexible afidieit platform for convergence of
packet-based and circuit-based network traffic dame OBS capabilities. Also, to have
better channel utilization, throughput etc, we hawestigated another efficient scheme
in which data burst are scheduled in batches. Hueistic interval scheduling algorithm
is utilized to obtain the maximum number of non+tsgping bursts. Further, to address
the problem of fairness control between short amgldistance packets, we have
analyzed and presented another efficient reservattieme in which each edge router
finds a suitable route to the destination edgeematitonomously by using feedback and
prior-information packets. The results achievedvshioat with the proposed reservation
schemes, the packet delay is kept within the camstifor each traffic flow and the
performance metrics such as burst loss rate, nktwtdization, throughput and fairness
are remarkably improved. By leveraging statisticalltiplexing, re-configuration is

minimized and bandwidth utilization is enhanced.

The effective and flexible burst dropping technigfpelicies have been presented to
achieve lower burst dropping rate. In the propdsedt dropping scheme based on even
selection of burst (BDPES), the dropped segmergseaenly distributed between the

contending bursts to achieve some kind of fairteta/een traffic flows and to minimize
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the number of short data bursts. Further, by anajyzarious contention scenarios, it is
observed that the conventional burst dropping selseare not able to utilize available
bandwidth efficiently. Thus, we have investigatexdother efficient burst dropping
scheme to use bandwidth efficiently. In the proposeheme, any segment based on
packet count number (PCN) in either a scheduledtbar a contending burst can be
dropped to resolve contention. The results achies@uafirm that the proposed burst
dropping schemes performs better in terms of b(psicket) loss rate, bandwidth
utilization and flexibility as compared to traditial dropping schemes.

Finally, we have analyzed and presented possililgi@as to the contention losses in
OBS networks. Through hybrid contention resolutiechniques such as (a) wavelength
conversion, delay and deflect (b) wavelength cosiga, deflect and delay (c) Prioritized
delay, deflect and delay policy, it is shown thathbcontention and the burst loss rate
have been minimized. Also, to resolve burst comenin OBS networks, an efficient
integrated scheme has been developed based onvadaptelength selection and burst
assignment, which supports proportional differaatlaservices in buffer-less OBS
networks. Further, to have both contention resotuéind congestion control for reducing
burst loss in the network, we have investigate@grdated contention resolution and
control scheme for optical burst switched netwokiso, based on resource-reservation
and adaptive network flow routing, an efficient agte to alleviate resource contention in
optical burst switching network, is proposed. Thyousimulations, it has been
demonstrated that the proposed schemes reducddmssh the network significantly and
improves wavelength utilization and efficiency asnpared to the static flow routing

schemes

In general, all the above proposed schemes (tesesjoprovide better solutions to
many of the critical issues faced by optical bsssitching, thereby making OBS more
practical and efficient for high speed networks.

1.9 Thesis Organization

The organization of the thesis is as follows:

Chapter | presents the evolution of optical netwprkompares optical switching

paradigms and specifically covers the detailed mjesan of optical burst switching.
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Also, it includes the basic concepts in opticaleks, problem formulation, objectives

and major contributions of the thesis.

Chapter Il covers the comprehensive literatureeyiof optical burst switching related to
network architectures, reservation and scheduloigemes, burst dropping techniques,

contention resolution and congestion control scleeme

Chapter 1l presents and compares the performahgeoposed optical burst switching
network architecture alternatives for handling bursaffic efficiently, reducing burst

blocking probability etc to the other already désed architectures in the literature.

Chapter IV discusses various quality of service Roriented, wavelength reservation
techniques supporting efficient bandwidth as wslinatwork utilization. Also, it covers

the comparison of proposed and conventional reservachemes.

Chapter V presents efficient burst dropping techegto reduce burst (packet) loss due
to contention in optical burst switched networksls@) it compares our proposed

techniques with those for previously known burstpging schemes.

Chapter VI covers the proposed efficient and flexitontention (congestion) resolution
techniques. It also presents the comparison ofgs@gh techniques with traditional ones

in terms of performance metrics such as burstraigsand QoS.

Finally, the conclusions drawn, recommendationssmgjestions for the future scope

of the work are given in chapter VII.
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CHAPTER II
LITERATURE SURVEY

In this chapter, we have discussed the comprehengerature review of various
performance related issues of optical burst swigh{OBS). In section 2.1, various OBS
architecture alternatives has been described ,hnviiso covers the efficient the burst
handling and fiber delay-line techniques for buffgrand contention resolution. In
section 2.2, several reservation schemes for effiaaetwork utilization and bandwidth in
optical burst switched networks are discussed.eletien 2.3, different burst dropping
techniques are studied and described. Finally, enotien 2.4, we described the
performance of various contention resolution pekcand control schemes in terms of

quality of service, burst loss rate etc.
2.1 Optical Burst Switched Network Architectures Aternatives

The architectures based on optical burst switcH@8S) comprises of edge nodes
(ingress and egress nodes) and core nodes. Thessngode collects the IP packets from
the access network into bursts and is also resplerfsir the generation of control packets
which setup the path to the egress node. The amtesnare responsible for switching the
data bursts all optically from one input port ta#rer based on the information provided
by the BHP. The various types of OBS architectutermatives are described in the

literature.

A.Birman [47] described that wavelength routed networks aoé equivalent to
electronic circuit switched networks because ctecin a circuit switching network are
indistinguishable whereas wavelengths are not Isecatithe continuity constraint that a
lightpath take the same wavelength on all linksr Bos reason, wavelength routed

networks suffer higher blocking probabilities tharcuit switched networks.

J. M. Yates et al[48] presented networks where wavelength conversgrovided
by exploiting four wave mixing (FWM) in semicondactoptical amplifiers (SOAS).
Such wavelength converters are limited, meaning they degrade the signal by an
amount which depends on the difference betweentiapd output wavelengths. Thus

they do not have absolute freedom to convert fragniaput to any output wavelength.

Also, J. M. Yates et al[48] introduced the notion of a cost incurred riaversing a

cross-connect and a budget for lightpaths from gimgn point to a given destination.
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Using this framework, they showed that limited wlangth conversion networks can give

blocking performance close to that of networks vidigsal converters.

C. Qiao [49] proposed labeled optical burst switched nekeqLOBS) as another
architecture alternative. These networks try tonede the need for serving packetized
traffic and the present technological limitation agtics such as RAM, buffering and
synchronization. LOBS architecture is viewed astral extension of the multi-protocol
label switching (MPLS) framework for OBS. In thischitecture the MPLS functionality
serves as an integration layer between IP and tB&WA LOBS architecture provides
path provisioning, traffic and resource engineeringtwork survivability and several
other features related to the MPLS framework. InBISOnode architecture, incoming
bursts can be locally disassembled and again asseérabd reinserted into the network.
MPLS messages are used to control burst switctiagdwidth reservation and mainly
serve to reduce the complexities associated witinidg and maintaining a separate
optical (burst switching) layer. Additionally, [49lso suggests that from LOBS-based

networks, migration and inter-networking with oplipacket switching will be easier.

R. Dutta and G.N. Rouskd80] introduced a survey of virtual topology desig
algorithms for wavelength routed optical networlés. limited set of lightpaths is
established between pairs of nodes in the semestatvelength routed optical networks
(WRONSs), which allow embedding a virtual topology the physical topology. The
benefit of this architecture is that the virtugbdtogy can be reconfigured, for instance, to
adapt to traffic changes or to react to networkufas, but it has the drawback that some

traffic may require conversion to the electronion@in at intermediate nodes.

In dynamic WRONSs as introduced bly Zang et al]51], the lightpaths between any
two network nodes are established and release@mamtd on real time. In this scenario,
traffic is always transmitted from source to desilon without electronic conversion at
intermediate nodes. Although, WRONSs are relativedgy to build and manage, they do
not fully solve the problem of efficient support wéffic services and optimization of

optical network resources.

I. Chlamtac et al[52] introduced re-circulating buffer as one of sl possible
optical packet buffer architectures. Architectuomsists of a number of fiber delay lines
(FDLs) of varying lengths. Each length is usualiyaltiple of the packet size. The FDLs

may be arranged in parallel or in series, allovangrge number of flexible delays to be
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selected by routing the packet through the corpath in the switch. Re-circulating
buffers suffer from the fact that at each recirtialathe attenuation of the packet in the
fiber must be reversed by amplification, which acluces Amplifier Spontaneous
Emission (ASE) noise. Traveling type buffers aeixible since only a finite number of
delay times can be synthesized with a finite nundfefDLs. Hence photonic buffering
remains a significant problem which lags behindldggcal and temporal capabilities of

electronic memories.

M. Duser et al]53] and I. de Miguel et a[54] proposed wavelength-routed optical
burst-switched networks (WR-OBS) as another praomisiarchitectures for the
transmission of packets with guaranteed maximumterahd delays. These are hybrid
architectures using dynamic WRONs and OBS netwasksl are based on the

acknowledged establishment of dynamic lightpatingife transmission of bursts.

One of the common features of the architestadéernatives proposed above is that
none of them can transport efficiently differerdffic types and services while making
efficient use of optical network resources and badth.

Chunshen Xin et aJ55] presented hybrid OBS/OCS network architecwvlich aim
at isolating traffic classes and providing diffeiated transport services to client layers.
Thus, they partition network resources completetyl alassify traffic flows at the
electro/optical interface of the edge router for OBr OCS transport. Since these
approaches assume that traffic is already highlyregated at the E/O interface and
gualifies at least for wavelength granularity, thene not applicable for transport of

smaller burst data streams at the edge of metweonies.

The approach proposed &y Van Breusegem et 4b6] aims at balancing network
utilization by inserting specially marked IP packein gaps otherwise dedicated
lightpaths. This approach does not consider opfieaiching and requires network state
information of the IP and the WDM layers.

Dynamic Wavelength-Routed Optical Burst Switchedvdek Architecture (DWR—-
OBS) was proposed in 2003 By Zapata and P. Bayv§h7]. It is a compromise between
the TAG-OBS and TAW-OBS, as it proposes a node hosction is to act as a
reservation request broker to the network. DWR—@R£8ts one node in the network to
evaluate the resource reservation requests froradbge nodes. This node, called Central
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Node then issues back acknowledgment or rejectoorthe requesting nodes, thus
managing all the network resources. Analysis paréat in [57] shows that this
architecture can cope up to 115 nodes, thus makegtable for medium size networks.
This limitation rises because of the computatidoatl posed on the central node, which
must process all the requests from all the nodasther limitation of this network is the
burst assembly time, which must be long enouglo afiaw the request to travel from the

ingress node to the central node and back.

P. Bayvel et al[58], considered DWR-OBS in an arbitrary type-B®network, one
whose burst assembly times go from gsto 25 ms, although it is not explained why
OBS networks should be classified according to tbassembly times. One of the
common criticisms about this architecture is thaingle point of decision is vulnerability
for the network operation and that the collapseswfh a node (or its connecting links)
would render ineffective the whole network for aipé of time until a new Central Node

becomes active.

Mohamed Mostafa et al59] proposed new hybrid architecture for optitalrst
switching networks to support connection-orientggbligations. Although efficient in
terms of reducing the burst loss probability aslvasl improving the overall network

performance, it provides a limited degree of gqyalitservice (QoS).

Christoph M. Gauger et al[60] developed an optical burst transport network
(OBTN) which is optimized towards effective cortien resolution to provide an
overall very low burst-loss probability while minimmg transit traffic and reducing node
sizes.Y.-L. Hsueh et a[61] proposed a new optical burst transport (OBhitecture to
bridge the architectural mismatch between a chisaged physical transport and the
carried bursty packet streams. OBT is based ort-burde transmission between senders
and receivers on a WDM ring topology and does remjuire complex electronic

processing.

H. Kong and C. Philipg62] presented a pre-booking mechanism, deriveth fthe
DWR-OBS architecture. Authors claim that for a 96 emd-to-end delay with a Tbit
loss tolerance, the pre-booking mechanism yielggagmately twice traffic as much as
with the DWR-OBS.
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Jaedon Kim et al.[63] proposed a sub-lambda traffic-grooming scheore
wavelength division multiplexing ring networks, nehoptical burst transport. The
network protocol and architecture are designedippart dynamic bandwidth allocation,

which is more reasonable for bursty data traffic.

Farid Farahmand et al[64] proposed a new multi-layered architecturesigoporting
optical burst switching (OBS) in an optical corewak. The architecture takes into
account both the control plane as well as the gime. The architecture describes the
functionality and the primary protocols that arguieed at each layer and it explains how
the layers interact with each other. Separate éhé&ral plane functionalities and protocols
from those of the data plane. Such separation appeatural since the control
information is transmitted out-of-band in OBS nettk&> However, the OBS architecture
described here is general enough such that it pabta of supporting most types of
higher-layer traffic. Thus, as a data transporttesys the OBS network architecture
implements the lower three layers, namely, physidata link and network layer. This
approach offers high flexibility but limited pros#sg capacity (a few tens of gigabits per
second). In this architecture, transmitting conpatkets (CPs) free of contention and in a
highly reliable manner is also very critical, siraogy error or loss of CPs results in higher

data burst loss.

Nuno M. Garcia et al][65] presentechew architectural approach to Optical Burst
Switching networks which features a common contbannel and a node locally
maintained network model. The common control chhaflews for a fast and efficient
broadcast of the network control packets, whictum are used by every node to update
its local network model. The local network modeloaiks efficient network resource
planning as each node is aware of the reservatainssintentions for the resources on

each node.

Sébastien Rumley et #6] addressed the problem of controlling the geniance of
optical burst switching (OBS) networks in presewnfenon-stationary traffic demands.
They proposed a joint burst admission control amd/&rding mechanism that operates in
core nodes. This mechanism dynamically adaptsekawior according to the feedback
messages received from other nodes. By not forwgrcertain bursts not complying with
given requirements, an admission control is impliomade. Moreover, by forwarding

bursts to appropriately selected nodes, traffiabeahg is achieved. The advantageous
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effects of the proposed mechanism can additiorlyamplified by granting extra offset
time to the burst. The major advantage of prop@ggmtoach consists in the fact that OBS

core nodes do not require the full knowledge oftdpology anymore at initialization.
2.2 Reservation Schemes for Efficient Network Utiiation and Bandwidth in OBS

Optical burst switching (OBS) reservation schem#srdbased on how and when the
network resources like bandwidth, are reserved ratehsed. There are two types of
reservation schemes called as immediate reservatidrdelayed reservation scheme. In
case of an immediate reservation scheme, an owpuelength is reserved for a data
burst immediately after the arrival of the corrasgiag control burst. In a delayed
reservation scheme, the control burst (CB) anddtta burst (DB) are separated in time
by an offset value in order to accommodate the gesiag of the CB. Depending on
bandwidth reservation, offset time and control nggmaent; three schemes for OBS
implementation have been proposed: Tell-And-Go (JAGust-In-Time and Just-
Enough-Time (JET).

J.Y.Wei et al[32] proposed another wavelength reservation sehll@mown as Just-In-
Time (JIT) for OBS, in which the data burst is leuffd at the edge node where electronic
memory is cheap and abundant, rather than at teemediate switching nodes where
optical delay lines are expensive and limited. Arse node sends a SETUP message to
reserve wavelength before data transmission andERERSE message to release
wavelength after data transmission. An intermed@tgtching node will attempt to
reserve wavelength immediately when receiving a #ETmessage and release
wavelength on receiving a RELEASE message. Howeétvegsults in worse wavelength
utilization due to the fact that the bandwidth hiodd time is bigger than the burst

transmission time.

Also, M.Yoo et al.[42] proposed a wavelength reservation scheme knasvJust-
Enough-Time (JET) for OBS, in which the ingress exadaits for a long offset time
before it starts to transmit the data burst. Thigalroffset time is set to be larger than the
total processing time of the burst header packetR)Balong its path. (The calculation of
initial offset time is based on the product of n@mbf hops between the source and the
destination with per-hop burst header processimg)ti If at any intermediate node, the

reservation is unsuccessful, the burst will be deap
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A.Detti et al.[67] proposed a wavelength reservation scheme krasvTell-And-Go
(TAG) for OBS, in which a source node sends oubmtrol packet to inform a burst’s
arrival. The source node then immediately sendsaaddta burst. In order to allow time
for the processing of the control message and dh&guring of the switch at each node,
the burst may need to be buffered at each nod€A, there is no acknowledgment of

the path setup and the control packets are seatseparate channel.

J. Li et al.[68] described the working of one-way reservatootocol such as JET in
OBS networks. In JET, a BHP reserves an outputredldor a period of time equal to the
burst length, starting at the expected burst drtinge, which can be determined based on
the offset time value and the amount of processing the BHP has encountered at the
node up to this point in time. If the reservatisnsuccessful, the BHP adjusts the offset
time for the next hop and is forwarded to the rieof; otherwise, the burst is blocked and
will be discarded if there is no fiber delay lil€PLs).

S. Junghans et al[69] have described JET as RFD (reserve a fixedtdn)
algorithm. This implies that the arrival time oktburst at the node and the duration of
the transmission is well known at the node. Thenokhis reserved exactly for the time;
the burst really needs the transmission link, kaitlanger and not earlier. This unique

feature of JET is typically called delayed resdora{DR).

Comparing with JIT, the BHP in JET contains theinfation of the offset time and
the burst length. So the wavelength at each intéiate node will be reserved at the start
of the data burst and will be released at the drideodata burst (the capacity is reserved
from the time when the burst data reaches the Bwinot when the control packet
arrives). This means the intervening link time cha allocated to some other
transmission, improving utilization. This is knovas “delayed reservation”. Also, the
control packet contains the duration of the datastoso that the switch knows when the
capacity will be free again and know teardown mgssa required. Hence, JET has
reduced the setup and teardown costs in compatsoincuit switching and TAG and is
therefore much better suited to statistically nmlétx short timescale switching. A
detailed discussion for the JET protocol, togethgh a simulation-based performance

evaluation for networks which retransmit lost bsirsan be found in [70].

M.Yoo et al.[71] proposed a new optical burst switching protofor supporting

quality of service. They showed that their scheetkices the burst dropping probability
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by several orders of magnitude for high priorityrdis at the expense of reducing the
blocking probability slightly for low priority buts, in a two class system. They also
found that the overall blocking probability is uaciged when compared to a classless
system. Also, they extended their work to analyzdtiple classes and systems with fiber
delay line (FDL) buffers in [42] where they appli®IM/k/k and M/M/k/D models to
provide upper and lower bounds on the burst blackirobability for each class. They
found that significant isolation can be achieved tioee highest priority class, at the
expense of the lower classes. This scheme obviaosigduces extra delays for high

priority classes which may be at odds with low gekquirements of some services.

J.Turner et al.[72] developed a burst switching technique knoven“Blorizon
scheduling”, which is simpler than JET. This is dese the state information in JET
consists of the start and end times of each bursady allocated to a wavelength,
whereas the Horizon scheme maintains only the wourseheduling horizon for each
channel, i.e. the latest time at which the chammdleing used by a burst. Beyond the
horizon is where the channel is guaranteed to & &nd bursts may only be allocated
there in this scheme. For this reason, it achiéweser utilization than JET, but it is much
simpler to implement and so may be more attractive eventual commercial
implementationsK.Dolzer et al.[15] have discussed an overview of the Horizonl JE
and JIT protocols, which shows that JET outperfagrtiorizon which outperforms JIT
in terms of blocking probability. They also intragu an analysis of the blocking
probability for a 2-class system which follows dtyalof service (QoS) scheme as
proposed in [42] and extends their analy&idolzer et al.compared their analytical
predictions with simulation outcomes and the lob@unds obtained by.Yoo et al[42].
They showed that their method provides good agraeméh simulation and slightly
overestimates the blocking probability.

Whilst JET, Horizon and JIT provide signaling praits, it remains for each switch
to decide to which wavelength an outgoing burstukh@actually be assigned. This is
known as wavelength assignment or wavelength sdingduThe algorithms for
wavelength scheduling were not discussed unitKiong et al.[14] outlined several
algorithms. They described a possible architectorean optical burst switch, similar in
design to existing packet switches and also prap@seystem design for the control
packet processor at the switch. They also descfibgida simple first-fit (FF) algorithm

which does a round-robin search of available wanggles and assigns the first found; a
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latest available unscheduled channel (LAUC) algamitwhich is essentially the same as
the Horizon algorithm [72] and assigns the bursthe channel which has the latest
horizon time (to use the smallest gaps first solttar arrivals which need larger slots are
not blocked); and the latest available unused oblanith void filling algorithm (LAUC-
VF) which exploits knowledge of all burst start aedd times to place bursts in gaps
between other bursts when it can. Using a selflamtiaffic model based on Fractional
Gaussian Noise, they simulated their algorithmsfandd that LAUC-VF performs best,
followed by LAUC and FF, in terms of burst lossaat

The LAUC-VF algorithm has since been extended inous ways, for instance
M.Yang et al[73] give a modification to LAUC-VF for hardwarenplementation and
extend the algorithm such that control packetsqaried separately according to service
class, with the highest priority queue served fiesicording to the LAUC-VF discipline)
and subsequent queues served in descending prodéy until all control packets in all
gueues are exhausted. In this way, the high pyidmitrsts are given the best pick of
available wavelengths and are more likely to besptad, at the expense of the lower
priority bursts. This is a simple idea and produnese than an order of magnitude
reduction in the blocking probability of high prtyr bursts, again at the expense of a
worsening in the blocking probability for the lowgsiority class. Their system is also
slotted and the simulation was performed on esafnt ring of core nodes, with each

core node (switch) connected to one source asasels neighboring core nodes.

X.Wang et al. [74]described a highly novel algorithm in which eaelitch monitors
its success rate when sending on each wavelengthdo destination and preferentially
transmits on the wavelength which succeeds the madstn transmitting to that
destination. The switches learn from statisticaladeollected and use a simple update
procedure to update the preference given to eagkleragth at each observation step. For
low traffic intensity this was shown by simulatido provide up to two orders of
magnitude of benefit in blocking probability oveandom wavelength assignment,
however this benefit is all but lost for trafficémsities above 0:25. Furthermore, they did
not compare their algorithm with LAUC or LAUC-VF,hich both perform much better
than the random wavelength assignment algorithneré&fbre this idea, which is unique,

does not appear to perform well enough to compéteather proposed algorithms.
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J. Xu et al.[75] presented efficient burst scheduling algorishim optical burst-
switched networks using geometric techniques. Thlegw that Horizon scheduling
provides fast wavelength scheduling. However, it cause excessive burst discard since
it can not utilize the voids created by previoustheduled bursts. LAUC-VF (Latest
Available Unused Channel with Void Filling) can duze efficient channel schedules but
it takes O(m) time to schedule a burst, which i3 $tow to be practical. The Min-SV
(Minimum Starting Void) algorithm can produce thanse wavelength schedule as
LAUC-VF and its complexity is O(log m) where m tsetnumber of voids per channel.
This is a significant improvement over LAUC-VF. Hever, Min-SV still requires 10 log
(m) memory accesses for each burst request. tisimusual that a system will have to
keep track of 100 K to a million voids. This meahst Min-SV takes up to a few
microseconds to schedule a single burst, whichilige slow to meet the stringent burst

scheduling requirement.

I. Ogushi et al.[76] proposed a parallel reservation protocol mdep to improve
unfairness of the burst loss probability among tsungth different numbers of hops. The
parallel reservation protocol is based on backwaskrvation in which wavelengths
along a transmission path are reserved with an Afpi€-control message. It is seen that
a burst transmission of the parallel reservatioatqmol is performed with two-way
reservation and this results in larger burst trassion delay than the burst transmission

based on one-way reservation.

For the delayed reservation in the OBS, a hop-ly4r@ority-increasing scheme was
proposed byB. C. Kim et al.[77]. In this method, the burst with a small humioé
remaining hops is given an extra offset time udiigls. With this method, the loss
probability of a burst with a small number of remag hops decreases. However, this

method is not effective due to the cost of FDLSs.

L. Yang et al[78] proposed a probabilistic preemption methodréalizing service
differentiation in the immediate reservation. Instimethod, a high priority burst can
preempt a low priority burst based on the probstidiparameter, resulting in a lower

burst loss probability of high-priority burst thérat of low-priority one.

The probabilistic preemption scheme allows multigieeemptions for a burst
transmission; however, multiple preemption makes\arall burst-loss probability large
as described by. Tachibana et al.79].
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B. Zhou et al[80] proposed a balanced just-in-time scheme (Bahd a prioritized
random-early discard (PRED) scheme for improvingainess in the immediate
reservation. In BJIT, as a burst is transmittednfrone hop to the next, this scheme
gradually increases the number of wavelengths @vailfor the burst. When BJIT is well
tuned for reducing unfairness, however, the resgltoverall burst loss probability
increases. On the other hand, PRED is based orctpm@aburst dropping with a
discarding probability that decreases as the buogt number increases. This scheme
discards a newly incoming burst according to prdistic parameters at the source
network access station. However, it is difficult determine the optimal parameters a

priori.

Jing Teng et al[81] presented a detailed analysis of the JIT, @@ Horizon
wavelength reservation schemes for optical bursiicked (OBS) networks. They
develop accurate models for an OBS node operatmtgruthe JET, JIT, and Horizon
wavelength reservation schemes. The analytical lmafsume Poisson arrivals, but are
valid for arbitrary burst length distributions aatbitrary offset length distributions. The
models also account for the processing time ofpsetessages and the optical switch

configuration times and thus, are very general.

One important finding of their work is that, undeasonable assumptions regarding
current and future capabilities of optical switchdaelectronic (hardware) processing
technologies, the performance in terms of burspdsmbability of the (significantly
simpler) JIT reservation scheme is very similarthat of the more complex JET or
Horizon schemes. For network scenarios where JEMasizon outperforms JIT, they
introduce enhanced JIT (J)T a new reservation scheme which retains the siitpbf
JIT but exhibits a performance behavior close t® d&d Horizon. Another contribution
made possible by their analysis is the charact@riz@af the regions of network operation
in which a more complex reservation scheme redtees simpler one (i.e., when JET

reduces to Horizon, Horizon to JIT+, or Jt® JIT).

Z. F. Syahid et al82] developed a simulation of JET and JIT protechd evaluate
their performances under very high bandwidth dermanél bursty Internet traffic
conditions. Their results identify that the perfamoe of JET is better than JIT, under

varying offset length and number of channel.
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2.3 Burst Dropping Policy/Scheme in Optical Burst @itched Networks

In OBS networks, the contention is resolved eittwerdropping one of the contending
bursts or more efficiently by dropping from onetbé contending bursts only the parts
that overlap with the other bursts. In both sitagi, only one data source will suffer the
data loss in favor to the other. The policy foreséhg which bursts to drop is referred to
as the burst dropping policy. A dropping algorithsnutilized in conjunction with a

scheduling algorithm to protect high priority b@rsthile reducing the overall burst loss

rate.

M. Yoo et al[42] introduced a prioritized offset scheme tovpde quality of service
(QoS) in a buffer-less OBS network. In this schehigher priority bursts are given a
larger offset time with respect to lower priorityrbts. By providing higher offset, the
probability of reserving the resources for higheonity bursts is increased, while in turn

the loss of higher priority bursts is decreased.

Y. Chen et al[83] proposed an active packet dropping policy Hase quality of
service (Qo0S). The proposed policy intervenes leefongestion occurs, as the selective
dropping of data burst (DBs) is initiated accordioghe data traffic profile to guarantee
that the higher priority classes have higher chartcemake successful reservations.
However, this scheme suffers from a major disadgmtthat there is an absence of
feedback from the core nodes to the edge nodestrarsdtraffic volume of different
classes cannot be controlled. Furthermore, isoldigiween different traffic classes is not
guaranteed. If the offered traffic load of a lowspity class is significantly augmented,
which increases the overall burst loss probabibty;st loss probabilities of all classes are

increased. Therefore, an additional traffic contn@lchanism is required.

V. Vokkarane et al[84] proposed a prioritized routing and burst segtation for
quality of service (QoS) in optical burst-switcheegtworks. In segmentation-based
scheme, each data burst is divided into severap@ddent segments. If data bursts (DBs)
contend for the same network resources, the coatems resolved by discarding or
deflecting some segments of one of the contendimgtf. The remaining part of the burst
(truncated burst) will then be forwarded to the detveam nodes where it will experience
more shortening, be dropped or be delivered todimess node. Unfortunately, this
scheme is implemented at the cost of increasingiteeof the control packets, since the

burst control packet (BCP) should at least contésegment number, the burst length
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and the routing information. Furthermore, the impéaitation of burst segmentation
strategies is faced by some challenges and prhigses such as segment delineation,

data-burst size, etc.

P.Fan et al.[85] proposed offset-based QoS scheme which adas@a offset time
to the basic offset between BCP and its corresmgn@®B. The additional offset time
called QoS offset is to compensate for the prongstime of the BCP. The duration of
such a QoS offset is varied, depending on the ipriof the service class. This offset-
based QoS scheme is proposed for just enough tia&),( whereby higher priority
classes have a larger offset. With this schema, ldw-priority DB with no additional
QoS offset time and a higher priority DB with a Qofset try to make a reservation of
the network resources, then, the DB with the lagffset will be able to reserve resources
in advance and before the low-priority DB. Thisulesin a lower burst loss probability
of high priority classes than that of lower prigrdlasses. Although the offset-based QoS
scheme does provide an acceptable service diffatiem, it is faced with some
challenges that cannot be ignored. For example, @Bgyh-priority classes suffer longer
waiting time (delay) than the data bursts of lowspty classes. Further- more, the
scheme is non-preemptive i.e., as long as low ipyi@Bs can block optical paths, no
complete isolation is achieved. Yet, starvationavi-priority classes is possible if the
offered traffic load of high priority bursts is gnd not controlledv. M. Vokkarane et
al. [30] proposed a segmentation drop policy (SEGhwvihe assumption that each
transmitted data burst consists of individual irelegent segments such as slots.
Therefore, if contention occurs, only the segmenthe lower priority burst involved in
the contention are removed. Although the QoS-edabdgymentation algorithm appears
to be straightforward, the hardware implementatsoiffers from multiple issues. For
example, due to segments being dropped and pac&etarrive out of order. Also, the
authors in [30] described two approaches for dnoggiurst segments when contention
occurs between bursts. The first approach is te dine tail of the first burst and the
second approach is to drop the head of the comtgrulirst. A significant advantage of
dropping the tail segments of bursts rather thanmtad segments is that there is a better
chance of in-sequence delivery of packets at thsirdgion, assuming that dropped
packets are retransmitted at a later time. Onesifisat arises when the tail of a burst is
dropped is that the header for the burst, which beaforwarded before the segmentation
occurs, will still contain the original burst lehgttherefore, downstream nodes may not
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know that the burst has been truncated. This mayitren unnecessary packet loss. If a
tail-dropping policy is strictly maintained throumit the network, then the tail of the
truncated burst will always have lower priority,dawill never preempt segments of any
other burst. However for the case in which tailphiag is not strictly maintained, some

action must be taken to avoid unnecessary packs¢$o

F. Farahmand et al[86-87] considered the various dropping schemepatipg
QoS. The following is the detailed description dfedent drop policies.

Latest arrival drop policy (LDP) searches for amikable unscheduled channel (as in
LAUC-VF) and if no such channel is found, the latescoming data burst will be
discarded. Although the processing speed of BHRRanLDP scheme is attractive, the
main disadvantage of this technique is that itretetively poor performance with respect
to data loss when no buffers are utilized. InhdyehDP is not capable of differentiating

packets with different priority types.

Look-ahead contention resolution (LCR) policy taketvantage of the separation
between the data bursts and the burst header ga&ieteceiving BHPs one offset time
prior to their corresponding data bursts, it isgilde to construct a look-ahead window
with a size of appropriate time units (slots). Sacleollective view of multiple BHPs
results in more efficient decisions with regard vitnich incoming bursts should be
discarded or reserved. The LCR mechanism offerslatesas well as proportional class
isolation. In absolute class isolation the posi#ybdf a high-priority burst being blocked
by any lower priority burst is eliminated. On th¢her hand, in proportional class
isolation the dropping criteria will be based o tielative length and priority level of
data bursts. In such a scheme, it is possiblelibateen a short duration high priority
burst and a long duration low priority burst, threeavith higher priority will be discarded.
Clearly, in terms of complexity, minimal additionstleps are required to enable service
differentiation in LCR. An important issue pertaigito the performance of the LCR is its

fairness. LCR is more likely to favor longer buratal drop short bursts.

In shortest drop policy (SDP) scheme, each incorbimgt slot is checked and upon
detecting contention, the lower priority burst witte shortest duration and latest arrival
time are preferentially be dropped. This allows BHB be processed and transmitted
soon after they are received. One drawback of aymblicy is its potential over-reserving

of resources, since some earlier reservations neyellminated later. In terms of
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supporting class differentiation, SDP supports mitéd number of priority levels and
requires no extra offset assignments for bursth Wigher service requirements. It also

guarantees complete class isolation. In additi@®, §ffers proportional differentiation.

Tachibana et al.[88] introduced an approach in which low-prioribursts are
intentionally dropped under certain conditions ndey to reduce loss for high-priority
bursts. The scheme provides a proportional reductther than a complete elimination
of high-priority burst losses due to contentionhaldw-priority bursts. A limitation of the
scheme is that it can result in the unnecessanypang of low-priority burstsL. Yang et
al. [78] proposed a probabilistic preemptive schemepfoviding service differentiation
in terms of burst blocking probability in OBS netks. In this scheme, high-priority
class traffic is assigned a preemptive probabilityus, high-priority bursts can preempt
low priority bursts in a probabilistic manner. Thathors claim that by changing the
preemptive probability, an OBS node can adjustrdi® of burst blocking probability

between different traffic classes, while the oVdslicking probability is not affected.

Q. Zhang et al[89,46] proposed an absolute QoS model that pesval worst-case
loss probability for the guaranteed traffic. Twoahanisms for providing loss guarantees
at OBS core nodes are an early dropping mechamignch probabilistically drops the
non-guaranteed traffic and a wavelength groupingchmaeism, which provisions
necessary wavelengths for the guaranteed traiipaosposed. It is shown that integrating
these two mechanisms outperforms other schemeswidpg loss guarantees, as well as

reducing the loss experienced by the non-guararttetit.

To have a better deal with a dynamic environmengpssible solution to provide a
desired loss is to use a congestion control mebyoddjusting the burst sending rate or
intentionally dropping burst at the edge nodes: thg flow rates are adjusted according
to some feedback information to control loss rateper flow basis, as presented by
Farahmand et al[90].

Zhang et al.[91] introduced a retransmission scheme in whioh Blursts in the
contention are dropped selectively according todifog policy adopted in core nodes and
retransmitted by edge nodes. The most represeatdtop policy is the Time-based Drop
Policy (TDP), in which the contending burst, ithe burst arriving at the core node later,

will be dropped in the contention.
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A. Abid et al.[92] proposed a staged reservation scheme (BBS)d dropping
policy in order to increase the throughput tbe core-nodes and also to overcome
some of the limitations introduced by therdbusegmentation concept. By adopting
SRS dropping policy, if a contention is ampiated in the core-nodes, the resources
allocation process will not be aborted .Convgrsehe burst control packet (BCP) is
updated according to the resources that thes-mode can provide. Hence, only the
overlapping segments are dropped at the arriva, tatlowing part of the data burst (DB)
to be transmitted. Thus, the contention is resolakethe BCPs level rather than at the

DBs level.

Kim et al.[93] proposed a retransmission-count based dripyp@RCDP).In RCDP,
when the contention occurred, retransmission cR) of the original and that of the
contending burst will be read out and compared wabh other and the burst with the
lower RC will be dropped and retransmitted. In OBSworks with retransmission, too
many retransmission attempts will ruin the netwpekformance, so the retransmission

count should be limited.

Peng et al[94] introduced a drop policy based on hop numbemyhich the burst
with larger total hop number is given the highegopty in the contention and that with
smaller total hop number is dropped and retranethitifhe theoretical analyses and
simulation results show that the drop policy immevthe network performance

effectively.
2.4 Contention Resolution and Control Schemes for BS Networks

Burst loss occurs primarily due to the contentidrbuarsts in buffer-less core nodes. In
literature, some approaches have been extensiitalied to resolve the burst contention
problem in OBS, such as wavelength conversioncapbuffering etc. However, when
there is no unscheduled channel, the contentionatdoe resolved by any one of the

above techniques, some of the bursts must be ddoppe

In optical bust switching (OBS), contention and tbilsss can be reduced by
implementing contention resolution techniques. €hare different types of contention
resolution techniques, such as time deflectionn@uduffering) [95], space deflection
(using deflection routing) [96], wavelength convens (using wavelength converters)
[97] and soft contention resolution (using diffearenontention resolution algorithms) [14,
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30]. Using buffering approach introduced Gy Gauger[95] for contention resolution in
the OBS core switches may not be viable, sincénéindware complexity and high cost of
such devices make them less attractive and linhigsr tpracticality. Space deflection
proposed byX. Wang et al[96] results in inefficient routing and potentiala high
number of collisions. Furthermore, it results ighiend-to-end delay and possible packet

reordering, neither of which may be acceptablexfany applications.

Similarly, wavelength conversion proposed ®yYao et al[97] on output ports is a
very efficient approach for resolving contentiordaadds an additional dimension (in
addition to time and space) to contention resofutiBlowever, optical wavelength
conversion has been demonstrated in laboratory@mwients, the technology is not yet
mature and the range of possible conversions i®at@t limited. Also, two well-defined
soft contention resolution algorithms have beempsed and studied. One is based on
dropping the latest arrival as proposed¥hyXiong et al[14] and the other is based on
dropping only the portions of the burst involvedccontention (known as segmentation) as
described by. Vokkarane et a[30].

S. Yao et al[98] presented a unified study of contention-reBoh schemes in optical
packet-switched networks. They described that buaffecapabilities can be granted to an
OBS network to mitigate the congestion. In OBS fdrurig is achieved either by storing
the traffic at edge nodes in electronic memoriesy(flsmoothing) or at core nodes by the
mean of Fiber Delay Lines (FDL) working as optidalffers. By using wavelength
converters at the FDL entrance the buffer capasitgutomatically multiplied by the
number of available wavelength [98]. Thus, onlyraa number of FDLs might be
required. The application of FDLs gives good result the presence of transient
contention but will have no effect when permanenigestion is experienced. However,
FDL buffering adds a lot of complexity to OBS, wkawain advantage relies precisely in
its simplified architecture and operation, when panng to optical packet switching
(OPS).Also, the authors indicated that both defectouting and buffering lead to an
unordered reception of the burdf. Yoo et al.[42] introduced an offset scheme for
isolating classes of bursts, such that low-priobitlysts do not cause contention losses for
high-priority bursts; fixed and variable fiber dgléine buffers were also utilized to
further reduce blockingC.-F. Hsu et al.[40] presented a method to solve transient

congestion states in OBS networks by using defiaatbuting. In this method, rather than
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dropping a burst which failed to get a reservatara particular link, the burst is sent on

an alternative output link.

Also, S. Gjessinf99] proposed a hot potato deflection scheme irclvian arbitrary
link is picked to forward the contenting burst. Haxer, the main difficulty with proposed
approaches is caused by the problem of insufficdfsiet-time. Namely, a burst, when
deflected, might have insufficient offset to reatshdestination due to the difference in
the length of the primary and alternative path.sTproblem can be solved either by
restricting the deflection to the paths with thensalength as the primary one or by
providing additional offset to the bursts at edgdes.

G. Thodime et al[100] proposed a dynamic congestion-based loaahloall routing
in optical burst-switched networks. In this schem@tention avoidance is achieved by
dynamically varying the data burst flows at therseuto match the latest status of the
network and its available resources. In the propasgheme, this is achieved by re-
routing of some of the traffic from heavily loadpdths to under-utilized paths. A similar
approach has also been introducedJoyLi et al. [101] where the authors consider
balancing the data burst traffic between predefiakernative paths. Alsd{.Wen et al
[102] proposed a global load-balancing contentiesolution scheme and examined its

performance for both dynamic and static traffic.

Further,S. Y. Wang et a[103] introduced a transmission control packet RjGke
congestion avoidance mechanism to regulate the tsarsmission rate. In this approach,
the ingress edge nodes receive TCP ACK packets émgmess edge nodes, calculate the
most congested links and reroute their traffic adiogly. X. Huang et al[104] proposed
burst cloning as an effective way to reduce datatdass. The basic mechanism in burst
cloning is to replicate a burst at appropriate sogled send duplicated copies of the burst
through the network simultaneoushky. Farahmand et al[90] proposed a feedback based
OBS network in which using explicit feedback signglto each source, the required data
burst flow rate going to congested links is coméal It is observed that the major
concern with having feedback-based proactive coii@nresolution schemes is
additional signaling overhead and signals processktence, it is critical to design

signaling protocols which are simple to implememd aequire minimum overhead.

W. Liao and C. H. Lo[105] described that in OBS networks, a relativaly of

service (QoS) is provided by maintaining the numbiewavelengths occupied by each
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class of bursts. In this scheme, each class ofcgehas a preset usage ratio of available
bandwidth. The incoming bursts which are undeiizitiy their share can preempt data
bursts violating their assigned share. Similarlysaute QoS schemes including early
dropping and wavelength grouping schemes are peapbgQ. Zhang et al[89, 46]. In

the former, bursts of lower priority class are bitistically dropped in order to
guarantee the loss probability of higher prioritgss traffic. In the wavelength grouping
scheme, the traffic is classified into differenbigps and a label is assigned to each group.
A minimum number of wavelengths can be provisiofogdach group.

Also, traffic engineering (TE) methods have beescdbed to balance the flows over
the network and both linear (as proposedJbyhang et al[106]) and nonlinear (as
proposed byM. Klinkowski et al [107]) optimization methods have been developed f
that purpose. The TE approaches presented allonggbermanent contention by a pro-
active exploration of the knowledge of averagdfitahtes.

To further avoid congestion and in particular isesof network overload, congestion
avoidance control (CAC) schemes can be appliedh Sebemes aim at limiting the
amount of traffic sent to prevent the network frblacking. CAC schemes can be based
on the analysis of the incoming flow as introdubgdh. Lazzez and N. Boudrig&08] or
can take their decision based on feedback recdreed other nodes as suggestedfoy
Farahmand et al[109].
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CHAPTER IlI
OPTICAL BURST SWITCHING NETWORK ARCHITECTURES

Publications from Chapter

1. Amit Kumar Garg, R S Kaler, “Comparison Analysis@ptical Burst Switcheg
Network Architectures”|nternational Journal for Light and Electron Optics,
Elsevier Scienceyol. 121, No. 15, pp. 1412-1417, September 2010.

2. Amit Kumar Garg, R S Kaler, “A Novel Optical BurStvitching Architecture for
High Speed Networks'Chinese Optics Letters (Journal of Optical Societyf
America), vol.6, no.11, pp.807-811, November 10, 2008.

In this chapter, we have investigated the firseaesh objective i.e. to study and analyze
various optical burst switching architectural altgives in terms of the burst handling
techniques and with the possible use of fiber dbteey for buffering and contention
resolution. The chapter is divided into two sectiolm the first section, an efficient OBS
network’s architecture has been presented. Theopeaparchitecture incorporates small
fiber delay line (FDL), efficient burst assembly a®ll as dynamic route selection
techniques, for improving OBS system’s performanice,terms of lower blocking
probability and higher throughput. Also, to enhanice performance of the proposed
architecture in terms of performance metrics sugHoaver switching processing time,
gueuing delay, better wavelength utilization, ceffectiveness etc, as an alternative,
another performance oriented congestion free OB®ank architecture based on optical
label processing, has been investigated in thenskesection. Further, the performance of
the proposed OBS architectures has been analyzbdanpared with the conventional

architectures.

3.1 Comparison Analysis of Optical Burst Switched Btwork Architecture

In this section, efficient network architecture foptical burst switching has been
presented. To improve the system performance, tbpoped architecture incorporates
small fiber delay line and efficient burst assembdy well as dynamic route selection
techniques. A queuing model is used to predicsistem behavior for both classless and
prioritized traffic. Simple closed-form expressiorse derived for the burst loss
probability of both classless and prioritized ti@affThe simulation results show that the
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proposed OBS architecture provides lower blockirappbility and higher throughput for
prioritized traffic classes as compared to the otteffic classes (in reference to earlier

known results).
3.1.1 Proposed Efficient Optical Burst Switched Ne&tork Architecture

The proposed architecture comprises of classlegsiditized traffic models, efficient
burst assembly and dynamic route calculation tephes. The following are some of the

assumptions that have been made in the proposkiteatare.

1. Assume, an output queuingN x N optical burst switch architecture, with
kwavelengths in each port. Each of the input postth&DL for storing the bursts.

The maximum delay offered by the FDLisseconds.

2. The full range wavelength conversion capability hbesn considered i.e. an incoming
burst can be directed from any wavelength in tipaitipport to any of the output port.

3. A Just-Enough-Time (JET) signaling protocol hasrbeensidered.

4. The Latest Available Unscheduled Channel (LAUC) estthing algorithm is
considered for the classless traffic while the katvailable Void Channel (LAVC)
scheduling algorithm is considered used for therjiized traffic.

5. The arrival of the optical bursts arrive is consatkto be a Poisson process with a
total intensity of A bursts per second on each port. The burst lengtes a

exponentially distributed with an average lengthl/of seconds. The burst

destinations are uniformly distributed. The systatilization is considered to be
P = A -
U

6. Atfirst, all of the bursts will contend for the welength in the destined output port. If
a burst is blocked, it will try to reserve one loé tavailable FDL in the input port. The
burst is blocked if there is no FDL available og #DL cannot provide enough delay.
The first-in-first-out (FIFO) service discipline fidbeen assumed for each of the
output port.

7. The base offset time has been ignored, sincecdrismon for all the bursts.

3.1.1.1 Classless & Prioritized Traffic Models

In order to study the system behavior, only onepuuport has been considered by

assuming output queuing switch architecture witmiorm traffic distribution. Since the
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fiber link containsk wavelengths, each output port is considered kserver queuing
system. Under the assumption of Poisson burstadsri@nd exponential burst duration,
each output port can be modeled asMd M /K queue. In the case of an electronic
switch, a packet occupies the buffer space untd gerved. As a result, the buffer space
capacity is independent of the duration that a eadan stay in the buffer and a
conventionak-server queuing model is sufficient. The maximum banof packets that
can be held by the system equals the number ofepéckfers. An incoming packet will
be dropped whenever there is no buffer space whthad packet. In the case of an optical
buffer, it is assumed that the maximum delay preditly a fiber delay line is seconds
and each FDL can hold multiple bursts. As per tBsumption of an exponential
distribution for the burst duration, the numbebafsts contained in the fiber delay line is
actually being unbounded. In addition to the abdive,state of the system has been taken

to be the number of bursts in the system.
(A) Classless Traffic Model

The classless traffic model has been derived &®nfol

1. When the system is in state A and g (i20) are considered to be the burst
generation rate and the burst service rate, raspbct

2. For the classless traffigy; :min[i,k],u, since there ar&wavelengths available in the

output port. For<k, there is no burst loss, since the incoming datatkcan find an
idle channel to carry it. Thus= A fori <kK.

3. When the system is in stateg, is the burst loss probability. Thus,= A(1- £,) and
B, =0 fori <k.
4. Fori 2k, the probability of no loss in state(1- 3,) is equal to the probability such
that there are at least k +1service completions within time, given as:
1o = for 0,
) (i = k)!
5. After specifyingl, andy, , the steady state probabilities are obtained (the system is

j-1

in state ,i 20) as: 7, :ﬂorji+1; j=1
R

6. The average burst loss probability is calculateds Z]Tj B
=k

7. It is observed that all of the above equations ddpen the model parameters only
and also there are no iterations involved in thenmatation. Therefore, a simple
closed-form expression has been derived for theesyperformance measure.
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(B) Prioritized Traffic Model

The prioritized traffic model has been derived@boftv:

1. A system withnclasses, labeled a81,......n—1, in increasing order of priority, has
been considered. Lep denote the overall traffic intensity and denote the traffic
intensity of class traffic. Similarly, let g denote the overall burst loss probability

andg, denote the burst loss probability of classraffic. By using the conservation
n-1
relation, we geB = Y ¢, B .The relative traffic intensity of clasis ¢, = p, /p.
i=0
2. A burst is discarded if it's expected waiting timsdonger tham , the maximum delay
that can provided by the FDL.
3. The burst loss probability derived for single-claggaffic is given by:

B =Burst,, (k, o, f,7), wherek is the number of wavelength in each fibér,is the

number of FDL in an optical buffer; is the maximum delay provided by an FDL
and p is the traffic intensity (It is also assumed thlaére aren traffic classes

numbered from 0 to—1, where clas$1 —1represents the highest priority traffic).
4. The traffic intensity of clas$ traffic is taken ap, . Also, it is observed that the class

n—1traffic source is completely isolated from the lowpeority traffic classes. Thus,
its burst loss probability is given ag._, = Burst,, (k,0,,, f,7).

5. For the classj traffic, the burst loss probability is affected the incoming class
to classn—1traffic sources

6. By using conservation relation, the average buwss$ probability for clasgto class
n-1 )
n—1ltraffic sources is equal tg c!B , wherec/' is the portion of traffic that comes
i=]
) -1
from classi source, given as’ = p, 2,0, :
=]
7. Using above relations, the burst loss probabildy ¢lassj traffic,0< j<sn-2, is
given as:

B, :C_lj{BurStFDL(kiipi’ f,r)- nz_‘icijﬁi}

j i=j+1
8. Thus, all of the above equations provide an iteeatechnique for approximating the

burst loss probabilities for all traffic classegpmoritized optical burst switching.

3.1.1.2 Dynamic Burst Assembly

All incoming packets will be forwarded to the capending queue according to their
destinations. Also, it is assumed that the ingreste has one dedicated burst assembly
gueue for each egress node. When the queue sideerea threshold or the waiting time

of the packets in the queue reaches a thresh@dyabkets in this queue are sent out as a
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burst. In this section, a dynamic burst assemliprihm has been proposed (as it can

dynamically change the value of Assembly Time (ATany queue at every ingress node

(e.g.AT

queu

o) according to the length of burst recently seti@. Drief functioning of the

proposed algorithm is as follows:

1. It is assumed that the network uses a static rgulgorithm. For the link between
two nodeiand nodg, a seQ; is defined, which contains ald,iff the bursts

assembled fromq,, use the link from node to nodej. Then, for an®,, the

inequality based on the link capacity is given as:

ABL
Yy S < CxBW (3.1)

GsaQ; ATS
(ABL,_ : average burst length of queyg ;C: number of wavelengths on this link;

BW: bandwidth of one channel).
2. Using inequality in equation (3.1), the constraiaots assembly time (assuming that
every ingress node uses the same AT.) are obtasied

2 ABL,,

Osq0Q; :
- < AT, < min, (RTO-RT 3.2
(: x EB\A/ s f ( 1) ( )

(RTO: retransmit timeout value; RTT: the round tiipe valuemin, (RTO-RTT):
minimum value ofRTO - RTT) over all TCP flows fronsto d).

3. Since ABL, changes with the value &, it is difficult to obtain the accurate

lower bound ofAT, . Thus, the following equation (3.3) has been ysédilar to the
equation for RTT calculation [11]):

ABL,= ® x ABL, + ¥ x SABI, (3.3)
(SABI,: sampled average burst lengtiABL,: smoothed average burst length
P, W : positive weights @ + W = 1)).

4. Given a queuq, it is assumed that the network uses a single fmatioute each
flow, in the extreme case, the assembled burdtaradm q., occupies all the output

bandwidth. Thus, similar to the rationale behinduatpn (3.2), the following
constraints exist:

ABL,, i
Srpas S AT, <min, (RTO-RTT) (3.4)

5. Similarly, assembly time&T, ) of queuey,, is given as:

AT ABL, (3.5)
= X — T4 .
W= F CxBW

(B =21: assembly factor)
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6. Using equations (3.1) to (3.5), the following résslobtained:

BWxC ,
= W ClQ| (Q): size o) (3.6)

7. Thus, it is clear from equation (3.6) that is the average number of the assembly

gueues that are sharing the link. The data buratsare too small are not sent in order
to reduce the overhead; i.e., bursts are sent ®igoan as possible and certainly
before the first packet in the burst misses itgltiea.

Thus, in the proposed algorithm, a control packetjenerated when either a burst
exceeds a minimum burst length (MBL) or the assgntiohes out, whichever comes
first. The two parameters namely maximum assemétiod (MAT) and MBL can be set
such that the minimum burst length is smaller than average burst length (obtained

using equation (3.3)) and also the maximum assentbhe is approximately

min, (RTO-RTT) (as in equation (3.2)).

3.1.1.3 Dynamic Route Calculation

The dynamic route calculation is based on manyedsfit metrics such as the physical
distance, number of hops, congestion informatiod &mk utilization. The routes are

recomputed every units of time. The selection of weight functiei, j) is based either

on a single metric or a combination of metrics.ohder to have minimum delay, the

weight function based on congestion as well asiphlydistance is given as:

w(i, j) = p@i, J) +d(i, })/d s (3.7)
(d(, j): physical distance of the lirtk j); d,.., : maximum physical distance of any link
in the network).

Through simulation, it is observed that the distéabhased metric equation (3.7),
results in better performance in terms of delaycesiminimal link distances are selected
in a path, thereby reducing the propagation délays, in this section equation (3.7) has

been considered to have reduced propagation deligiproposed OBS architecture.
3.1.2 Simulation details

In the simulation, a NSFNET (National Science Faiimh Network) topology with 12
nodes has been considered [110]. It is assumeck#eat single fiber link is bidirectional
and has the same number of wavelengths. Eachdliogerating at 2.5Gbps. Each node in
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the network routes, generates and receives trdifie. data bursts are not retransmitted.
The bit errors in the transmission are ignored Jike of the electrical buffers in the edge
nodes is infinite. The simulation experiments anme fior a sufficiently long time. Some of
the parameters used in the simulation are: avebbagst length (90usec); control burst
processing time (2.5usec); switching time (12usqmppagation delay on a link
(0.2milliseconds); assembly factor (12); assemlntyet (0.02sec); confidence interval

(95%).
3.1.3 Results and Discussions

Figure (3.1)compares the burst loss probability performancearfventional and the
proposed OBS architecture. It is observed thaebe&duction in burst loss probability
has been achieved with proposed OBS architecturecomspared to conventional

architecture.

le-2

I Conventional OBS Architectures with k =120
[ Proposed OBS Architecture with k =120

le-3 —

le-4 —

le-5 1

le-6 H
le-7 T

T T
0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80

Burst Loss Prabability
]

Traffic Load Per Wavelength
Figure 3.1 Burst-loss probability Vs traffic load

Also, figure (3.2) shows that with the usage of aiyic burst assembly as well as
route selection technique, the simulated proposB8 @etwork architecture provides an
accurate fit in terms of throughput with analyticedffic model for prioritized traffic
classes and lower bounds for the other trafficselashat are more closed than earlier

known results.
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Figure 3.2 Throughput Vs load

3.2 Proposed Congestion Free OBS Network Architecte

In this section, in order to achieve further impments in the above architecture, in
terms of reduction in electronic switching procegsiime, decrease in delay associated
with FDL usage, another efficient congestion-freBSOnetwork architecture, utilizing a
short- prior-confirmation-packet (SPCP) and optiedel processing with JET signaling
has been presented. In the proposed architecturaydid burst losses, first, a Short-
Prior-Confirmation-Packet (SPCP) is sent over tbatl channel that simulates the
events that the actual packet experiences. OncBGPSletects a drop at any of the
intermediate nodes, the actual packet is not semtthee process is repeated. The
orthogonal optical codes (OCC), which are codifeedy in intensity, have been used.
The results achieved have indicated that a decreadmurst loss probability, cost-
effectiveness and a gain in processing time arairdd when optical label processing is

used as compared to electronic processing.
3.2.1 Proposed OBS Network Architecture based on @Qipal Label Processing

It is known that the average burst length is stipngjated to the performance of the OBS
control channel, thus, in the proposed architectagical code labels and optical
processing has been used with JET signaling aDB8 control channel. The internal

architecture of optical burst switching node hasrbdescribed in the figure (3.3). The
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optical processing consists of optical-correlatddthe OOC labels that arrive in the OBS
node. Each bit is divided up intatime periods, called as chips. The total number of
illuminated chips in the code is called as the Wweig .The encoder of each transmitter
represents each hitby sending the code sequence; however, 8 h# not encoded and

is represented by using all-zero sequence. Thef¥S@OC sequences is characterized by
the parameters such as length,(total number of illuminated chips in the sequefe )

and maximum values of the auto-correlation andszomsrelation @, A, ), respectively.

Optical
Control/ > LabeI—Swapping ————— Electronic
Label
Wavelengthi, A 4
E || R IR
000G | | N
Assignments of >
.>
Wavelenath T L Toxe
Wavelengthi, Optical-Switch
Data- Burst

Figure 3.3: Internal architecture of optical burst switching node

By consideringx andy as two sequences in an OOC, the auto-correlatidrcenss-

correlation are given as follows:

= w, forr =0
= 3.8
|:0X'X' {s/ia,forlsrs L—1} (3.8)
L-1
XV SA,forOsr<L-1 (3.9)
1=0

(7 : relative delay between two sequencesindy, )

By using, the numbers of sequences in OOC familidls same weight, correlation

restrictions given by equations (3.8) and (3.9, gbssible lengths are given as follows:
L2 L, =[Cww-1)+1] 16)

(C: number of sequences in the OOC family with saraiglat)
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3.2.1.1 Scheduling with SPCP

In the proposed architecture, before sending the slat, the switching contentions along
the path are checked by a SPCP (i.e. a controlagesastead of the OBS Burst Header).
The SPCP travel in the control channel carryingnmiation to prepare the optical path
for the data burst switching. The SPCP, in conttaghe burst header, will return back
with the outcome of the reservation attempt. To endks possible, an offset is used
longer than the round trip time. In the event ofegative outcome, the data slot will not
be emitted. So, only the queues that received @iwSPCP will emit one slot to be
switched according to the already prepared schedoleach node. The SPCPs are not
owned by the payload slots that triggered theint¢du) but are used by first in the relevant
gueues. Thus, the FIFO order is always preservedpitt the existence of negative
SPCPs. The different queues are maintained peindgsh. In the proposed mechanism,
source routing is employed and the knowledge abaah route also includes the round
trip distance measured in slots. The entry poreath node includes a synchronizer,
which by means of variable delay lines aligns tbargaries of the incoming slots in all
input ports and wavelengths. A small guard-ban@ &w tens ofns provides a safety
margin. In the control channel, the synchronizeshg¢mission occurs in fixed size slots
(i.e. control slots) of the same size as of theadslbts. Each of the control slots
accommodate a large number of SPCP, the formahmwhws shown in figure (3.4).

Input SPCP Counting
wavelength ~ Source [ Destinatio Offset ECF
A ACKINACK Recervatinn FiB
10 10 10 10 1 2 1 8
< 64-bits >

Figure 3.4: SPCP format
(F/B----Forward or Backward SP-CP direction; ECE#ror Correction Field)

Also, under the assumption that some bits are vedefor future use, the SPCP size
reaches 64 bits. Each control slot has a size @f0R@bits and can host more than 3,800
SPCPs, thereby making congestion in the contrairmblaextremely unlikely. Every node

acts as source node for its local traffic and irafpal as a switch for the rest of the traffic.
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As a source, each node is responsible for the ggaes of SPCPs to serve its local
traffic The SPCPs are managed per queue, with @aehe associated with a destination.
The SPCP departs as soon as a payload fittinglahdéas been prepared. Once a SPCP

with a certain offset delayT(, ) value has been launched, the relevant data ead T,

slots later under the condition that a SPCP witkitp@ reservation will have returned

before. The SPCP will either return at planned tifmg—1) or earlier, albeit with a

negative reservation. The SPCP will be launchedisgaa new count down to the

newT, . As a core node, each node is responsible fohamelling of transit SPCPs and

scheduling its future switching actions. As the BPéhters each core node, the node

switch learns thal, slots later, a data slot will enter from the sgoe in the indicated

wavelength claiming the indicated output also, i a request to reserve a targeted
future slot in this output port in the same wavgtén(unless conversion is supported, in
which case, this is to be decided by the schedulleryontrast with ordinary switches,
which are at any time scheduling the next slot,nibdes in this system are given an early
warning by the SPCP and thus they program futuitcking actions many slots later in
time, while simultaneously executing current switighactions that were planned some
slots earlier in time. When a new SPCP claims apuipany contentions from other
SPCPs entering from other input ports are resoleétin the present slot time by
considering also any previous claims for the satots shat are already marked in the
scheduling log. The latter have of course has pletee over newer claims and also

among SPCPs with samé, (higher attempt number(N,)are preferred in the
contentions). Also, ifN,is same, the ones nearer their destination areddvand if this

is also equal, random choice is exercised. The SRIGR could not be accommodated are
switched around and returned back without compietineir trip to the other end.
Returning with a negative reservation, these SR&&spt the dispatch of a new SPCP
by the source edge node. Thus, no data slot is @eniding losses of data and this is the
most important difference as compared to the otbBS systems. Hence, positive
reservations are used to cause a departure oaddtaegative ones to cause the issue of a
new SPCP. The round trip time of control slotsargér than that of data slots by the extra
time needed in each node for processing. The dorgrdistributed with each node
executing the scheduling and thus either accemiingjecting reservations on the basis

of local information. Each of the core switches namgploy wavelength converters as
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well as fiber delay lines in multiples of the slaize. However, only converters are

assumed in this section, although a significantrowpment is to be expected by adding

delay line buffering.

3.2.1.2 Analytical Model

The description of the analytical model is as falo

1.

The network burst intensity has been modeledusue theory and also the burst loss
probability is calculated for both optical and eteaic label processing. The optical

label processing timéT,,, ) is given as:

1
Top = 77— — 3.11
OPL (L _1)/TC ( )
The chip-periodT. ) using bit rate B) is given asT. = 1/BL (3.12)
By using equation (3.10), can also be written as:
1 (3.13)

Te* B[C.w.(w-1)+1]

The equations (3.11) to (3.13) indicate that dptical processing time depends on
the bit-rate, the number of codes and the codeieibus, optical code processing

can affect the OBS network traffic characteristcg., burst length. The minimum

burst Iength(TMBL) that can be transported to the OBS network is gbsen
Tye= N [k — ke ]TP (3.14)

(N : number of fibers in the core-routek; : number of wavelengths that carry the

data burstk. : number of wavelengths for control)

In order to evaluate, the OBS network perforogaas a function of time processing
and burst length, the performance metrics such a&wank utilization

efficiency(7,,- )and economy of wavelength (EW) are given by:

e (%) =—1B9_ X100 (3.15)

Burst P
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W WL
EW(O/O) — Electronis Optical ><100 3:(6)

Electronic

(Tgys - burst-length; W andWg,i. - NUMbers of wavelengths utilized for

Electronic

electronic and optical label processing, respelgfive
6. The traffic intensit)(p) of the queue is given by:

p=A [TBurst +T oxc] (3.17)
(A: Burst-Arrival Rate (BAR) in bursts per secorfg.: optical cross-connect

switch-time)

7. Also, the burst-loss probability based on gl formula [10] is given by:

_ YK

k
> Ymr”
m=0

P, , Wherer = pk (3.18)

3.2.2 Simulation details

The proposed architecture has been evaluated bgutemsimulation using a 4 x 4 torus
network topology [5], where all nodes have one adtgrface receiving locally generated
traffic and four interfaces to core nodes. The leatering every node is destined with
equal probability to each other. The routing idistadetermined beforehand using the
open shortest path flow (OSPF) algorithm. There@avavelengths at 10Gps for data
and one control wavelength at 2.5Gbps in every bhkhe network. The slot size is
10Qus, accommodating 1-Mbit of data withodc = 1ms. The length of links between
nodes is 220 km, corresponding to 11 slots (or &)lidence, the round—trip times are
2-n-1.1ms, where n is the number of hops. Givetrtlieamaximum number of hops in the
network is 4, the round-trip can reach 8.8ms attlagimum domain dimension 880km.
The full wavelength conversion has been assumedllinodes (no FDL for delaying
data). In order to provide, a realistic patterntfoe input traffic of the network, a traffic
aggregation unit receiving bursty IP traffic frontaege number of sources was simulated,
generating 1Mbit payloads. The traffic aggregationt in each node turns into slots
whenever 1Mbit of data are collected or a time@ums occurs (as described in [111]).
The routing is determined beforehand choosing thsisertest paths that create a
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symmetric distribution of the routes over the linkd nodes produce the same amount of

traffic destined to all other nodes with equal @oility.
3.2.3 Results and Discussions

The results concerning the optical label processmg are shown in figure (3.5), where
optical label processing time versus the numberO&C has been illustrated by
considering bit rates (B) = 2.5 and 10 Gbps anceameights (v) = 13 and 14. It has

been observed that low processing times are olataimd optical label processing. The
optical label processing time converges approxim&ate0.4 and 0.1 ns for bit rates of 2.5
and 10 Gbps respectively, independently of OOC rermaind code-weight. This occurs
because the limitation of optical processing islitigoeriod i.e. the reciprocal of the bit-
rate and thus, the optical label processing timeely short compared with electronic
processing. The optical label processing time alfects the traffic characteristics of
OBS network because the burst length accepted t@bsported in the OBS network is a

function of label time processing.

0.6

I code weight 14, bit-rate 2.5Gbps
[ code weight 13, bit-rate 2.5Gbps
I code weight 14, bit-rate 10Gbps
[ code weight 13, bit-rate 10Gbps

0.4 = = =
0.3

0.2

BRI T T 0 0 1

5 20

Rooessrgtine (ns)

Number of OOC's

Figure 3.5: Processing time of optical label procesg Vs OOC

It has been observed in Table 3.1, that for a 1psAtt-rate, the minimum burst
length accepted to be transported is 15 ns and 4or optical and electronic label

processing.
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Processing-Time Minimum Burst-Length

(Bit-rates)

2.5 Gbps 10 Gbps

Optical (ns) 60 15

Electronic(us) 13 4

Table 3.1: Minimum burst length required for electronic and optical label

For both optical and electronic label processihg, éffects of bit rate and number of
wavelengths on minimum burst length for transpgrab OBS network are shown in the
figure (3.6). It has been observed that when obtigbel processing is utilized, in
comparison with electronic processing, the minimborst length decreases for all
number of wavelengths considered. It is also olegkmhat the minimum burst length
increases when the number of wavelengths increasigshe bit rate decreases. Thus, by
using optical label processing, OBS network apgreacconventional packet switching
granularity and thus network utilization has beeareéased especially, for small bursts
composed by IP traffic.

Electronic processing, A's= 64
Electronic processing, A's=32
Electronic processing, A's=16
Optical processing, A's=64
Optical processing, A's=32
Optical processing, A's=16

4 6 8 210

Bit-rate (Gbps)

HUHN
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c L

0.01 -

[ ‘
2

Figure 3.6: Minimum burst length Vs bit-rate
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From figure (3.7), it is seen that the utilizatiefficiency for optical label processing
is higher than those for electronic processing. elmv, when the processing time is
higher than the burst-length, the utilization efficy of electronic label processing
decreases whereas the utilization efficiency ofcapfprocessing is practically the same
for different bit-rates. These results have beetainbd by considering the burst loss

probability equal to zero. This is an effectivewsmn for adjusting the burst length.

100

I optical label processing, bit-rate = 2.5 Gbps
[ optical label processing, bit-rate = 10 Gbps
I electronic label processing, bit-rate = 2.5 Gbp

80 [ electronic label processing, bit-rate = 10 Gbps

60 -

40 A

UlilizatioEffidency (99

20 -

o) || || || || ||

2 4 6

0
B
o

Burst-Length(s)
Figure 3.7: Utilization-efficiency Vs the burst-lergth

Figure (3.8) shows that the burst loss probabibtyoptical label processing is lower
than electronic processing at same traffic-loads (Erlang).Using electronic label
processing, a burst-loss probability of 1X{&pprox.)is obtained for 33 and 60
wavelengths (with BAR = 3200 and 6400 Bps) wherd@sand 53 wavelengths are
required for optical label processing. This showsmprovement in wavelengths usage
of OBS network, which in turn increases the netwatikzation gain (efficiency). For the
burst loss probability of 1xI¥approx.), there is an economy of wavelength (E)aé
to 9 and 12 % at BAR of 3200 and 6400 Bps, respelgti
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Figure 3.8: Burst-loss probability Vs number of waelengths

Figure (3.9) shows the average queuing delay olNetestinations versus the total
offered load expressed as a percentage of thedotput capacity of each node. At low
loads, the queuing delay remains essentially nsaraund trip time, since each burst

departs with the return of the almost always posjtSPCP.

Delay (me—>
N
1

20 30 40 50 60 70
Load (20)---->

Figure 3.9: Average queuing delay Vs load

In the following figures (3.10) and (3.11), the girg delay for payloads destined to
1-hop and 4-hop destinations, is shown for twoedédht systems load values i.e. for 60%

and greater than 65%. For the 60% load, both lamap4-hops queues show delay that
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slightly deviates from the respective round-tripés. For the load up to 65%, most of the

SPCPs return with a positive acknowledgement, byeneaking the queuing delay close

to the round trip time, since each burst departsoas as the relevant SPCP returns back.

As the load increases beyond 65%, the congestibrsianirrored in 1-hop queue, since

the relevant SPCPs are addressing future slotsatieatlready being reserved by the

higher-hop length queues. As a result, althougle, ikhop queue experiences the

congestion even for 65% load, but the delay of4t®p queue remains intact regardless

of the increasing load in the system (the delays4fbop destinations coincide for the
load values 60% and greater than 65%, as shownreifigure (3.11)).

...... > 65% Load

60% Load

Delay (m—>

Figure 3.10: Queuing-delay for 1-hop destination

10

60% Load
>65% Load

Deay (me)—>

T T T
o 1 2 3

Time (s)--->

Figure 3.11: Queuing-delay for 4-hop destinations
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Also, it has been observed in the figure (3.123f the throughput value of proposed
OBS architecture is better than conventional OB®itacture. Thus, this is attributed as
throughput gain to the fact that proposed OBS #&chire can use bandwidth more

efficiently.
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I Proposed OBS Architecture
80 - [ Conventional-OBS (JIT-Based)
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Figure 3.12: Throughput Vs load
3.3 Conclusion

In this chapter, we have proposed and presentauestf OBS network’s architectures as
an alternative, in order to improve network utitina, lower burst blocking probability,
cost-effectiveness and to overcome some limitat@fnsonventional OBS architectures.
Based on the properties of optical burst flows drahdwidths provisioning in the
networks, an efficient OBS network architecturdizitig adaptive burst assembly, small
fiber delay line along with dynamic route selecti@chnique, has been investigated. It
has been observed through the simulation resudis ttie proposed architecture can
reduce the simultaneous contention in the core arétwmake the traffic smoother and
thus improve the system performance in terms o$tboss rate and throughput. Simple
closed-form expressions are derived for the buss$ probability of both classless and
prioritized traffic. The results obtained show thia¢ simulated proposed OBS network
architecture provides an accurate fit with analticaffic models for prioritized traffic
classes and lower bounds for the other trafficsgdaghat are tighter as compared to the

earlier known results.
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Further, in order to have reduction in electronntshing processing time, delay
associated with FDL usage in the above architectamether efficient congestion-free
OBS network architecture utilizing a short- pri@n@irmation-packet and optical label
processing with JET signaling, has been presentedcomparison to conventional
architecture based on electronic switching proogsshe proposed architecture provides
reduced switching processing time, lower burst lpssbability and better network
utilization. The proposed architecture incorporagesselective throttling of traffic
according to the specific congestion conditionshgl@ach route, allowing a graceful
release of traffic from the periphery buffers. Thagn contrast to the conventional OBS
where the network is burdened at times of congestith repeated retransmissions,
further aggravating the problem. Thus, the systeakans exemplary use of the advantages
of all-optical technology by meticulously delegatiswitch planning and contention
avoidance for control processing, thereby, sidestep the lack of cheap optical

buffering.

Thus, based upon the results achieved above, @omgluded that the proposed
architectures, in comparison to conventional aechitres, can be considered as cost-
effective and efficient OBS network architectures high speed telecommunication

applications.
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CHAPTER IV

RESERVATION SCHEMES FOR EFFICIENT NETWORK UTILIZATI ON AND
BANDWIDTH IN OBS NETWORKS

Publications from Chapter

1. Amit Kumar Garg, R S Kaler, “An adaptive reservatischeme for optical
network”, Optik - International Journal for Light and Electro n Optics,
Elsevier Science|n Press, Corrected Proof, Available online 3 20¢0.

2. Amit Kumar Garg, R S Kaler, “An Efficient Schemer f@ptimizing Channel
Utilization in OBS Networks”,Optik - International Journal for Light and
Electron Optics, Elsevier Sciencevol. 121, no. 9, pp.793-799, May 2010.

3. Amit Kumar Garg, R S Kaler, “Enhancing Bandwidthilidation and QoS in
Optical Burst Switched High-Speed NetworkInternational Journal of
Microwaves, Optoelectronics and Electromagnetic Aplcations, vol. 7, no. 2,
pp.91-100, December 2008.

In this chapter, we have investigated the secosdareh objective i.e. to study and
compare various reservation schemes for efficiemivark utilization and bandwidth in
optical burst switched (OBS) networks. The chameativided into three sections. In the
first section, an adaptive reservation scheme based multi-service OBS edge node
with synchronized bandwidth reservation mechanis® been proposed. The proposed
scheme enables network nodes to dynamically resbevdandwidth needed for active
data burst flows. In order to have better chantiezation, higher throughput and lower
blocking probability, in comparison to above propescheme, in the second section, we
have investigated an efficient reservation schemehich data burst are scheduled in
batches. In the proposed scheme, the heuristitvaitecheduling algorithm is utilized to
obtain the maximum number of non-overlapping buiststher, to obtain better fairness
control and bandwidth utilization as compared t@ thbove proposed reservation
schemes, in the third section, we have presentethanefficient reservation scheme in
which each edge router finds a suitable route eodéstination edge router autonomously
by using feedback and prior information packetsisTiesults in decrease of average
resource usage for the dropped packets (i.e. smuree wastage) in the network. Also,
the performance of proposed reservation schemebdascompared with some existing

reservation schemes.
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4.1 Adaptive Reservation Scheme for Optical Network

In this sectionan adaptive reservation scheme based on a muliceeOBS edge node
with synchronized bandwidth reservation mechanis® leen proposed, which enables
network transport nodes to dynamically reserve hadith required for the active data
burst flows. The simulation results show that wiite proposed scheme, the packet delay
obtained is within the constraint for each trafiew and also the performance metrics

such as burst loss rate, throughput are remarkidggoved.
4.1.1 Proposed Reservation Scheme

In the proposed reservation scheme, multi-serviB& @dge nodes and OBS core nodes
are interconnected by wavelength division multipléx(WDM) fibers (containing
wavelength channels). The bandwidth of each wagthers organized into a series of
frames, each of which is sub-divided into fixedg#ntime slots. The structure of the
proposed multi-service OBS edge node is shownarfigure (4.1). The node aggregates
a diversity of data traffic from emerging real-timervices to legacy data-transfer services
and also from asynchronous transmissions to synolisotransmissions. The aggregated
traffic is then translated into appropriate optibatsts for transmission through the OBS
core nodes. The multiservice OBS edge node cornsisdstraffic classifier, a multiclass
burst assembler, a scheduler and an optical switeh.data packets (such as IP packets,
ATM cells, SONET/SDH frames and Ethernet packets)iajected into the classifier at
the ingress multiservice OBS edge node. The classibrts and forwards the incoming
data packets into corresponding burstifiers forregation on the basis of the traffic,
destination, loss and delay specifications. The getckets are placed in the burstifier
gueue where they are assembled into bursts acgotdithe multiclass burst assembly
algorithm. After that, the bursts are scheduledtfansmission in the scheduler over the
switch fabric. A control packet precedes each bloysan offset time. Once assembled at
the ingress node, an optical burst is able to tramg distance via core nodes before it
arrives at an egress node, where the optical midssassembled and the data packets are
forwarded to the client networks. The core nodesisia of a switch controller and an
optical switch. The switch controller creates anaintains a forwarding and reservation
table and is also responsible for configuring thgtical switch. When the switch
controller receives a control packet, it identifiee intended destination and searches the

forwarding and reservation table in order to fihe intended output port. If the output

62



port is available when the data burst arrives,sivéch controller configures the optical
switch and allows the data burst to pass from inngrtime-slots to the output port while
satisfying the QoS requirement of each data bilogt. fSince switching is done in a slot-
by-slot manner, all incoming slots in different itports are aligned with the local time-
slot before entering the switching network. Thigmnent is performed by using optical

input synchronizergl12-113].

| Contioller
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Classifie Schedule
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Figure 4.1: Architecture of a multi-service OBS edg node

The multiclass burst assembler of the multisen@®S edge node aggregates various
types of data packets into optical bursts. In ag@iag data packets, it takes into account
the QoS classification of each packet, such asqtddss rate, delay constraints and
transmission efficiency. The multiclass burst addem consists of time division
multiplexed (TDM) frame, timer-based and size-balsedstifiers. After receiving a data
packet, the multiclass burst assembler checks#fiicttype, attributes of the data packet
and forwards it to an appropriate burstifier. Oadeurst is created by the burstifier, then
its corresponding scheduler (according to its bassembly method) sent the burst to the
output port. The packet loss probability can beuced by using scheduling methods,
which actually cooperate with the proposed resemamechanism performed at core
nodes. The TDM frame burstifier supports burst-fragnand transmission of TDM
frames arriving from legacy SONET/SDH client netlgrOne or more TDM frames can
be encapsulated by using a framing device capdbiteapping SONET/SDH frames into

slotted burst payloads. The slotted burst in thestifier queue is scheduled for
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transmission in a round-robin order. Consequetitly, TDM frame burstifier periodically
generates slotted bursts aligned with a slot boyndéhe number of incoming TDM
frames determines the allocated number of slotg;hwib expected to be constant on each
successive time slot for a long period. By co-opegawith this TDM frame burstifier,
the core nodes (using the proposed reservation anexth) are able to reserve slots for
the periodic TDM burst flows. The timer-based bifiest is able to guarantee the delay
bound of multimedia packets. The packets from tasstfier output are queued and fitted
into slotted bursts after aggregation in keepingkpt delay tolerance. If the size of
buffered packets is smaller than the queue sizesm@wing packet is admitted; otherwise
it is lost. The size-based burstifier fills up atshith packets to improve the transmission
efficiency without considering the delay boundutilizes the slot size as a parameter to
determine the number of packets to be assembled slotted burst. At the time slot
boundary, the numbers of slots, which are filledwith packets, are sent. If no slot is
filled up with packets at a time slot boundary, soheduler does not send any burst. In
the TDM frame burstifier, the amount of burst enueson each successive time
frame/slot is deterministic. The delay of a TDMnfira in finding a certain number of
TDM frames ahead of it, under the first-come-fgstved (FCFS) queuing discipline, is
therefore bounded. However, in the timer-based sind-based burstifiers, the exact
number of packets that are sent in a burst is m@ndbeach successive time frame/slot
and depends on the number of waiting packets.elfetlis a positive probability that the
waiting packets receive service within a time fréstod, the delay of a packet is
arbitrarily large, despite the fact that the packeives at a burstifier queue with a finite
number of packets ahead of it. In these burstifiersre slots are allocated to one burst
where the demand is higher, so that the longemtleie is in terms of the number of
packets, the more the packets are served through émission. The processing time to
generate a burst at each burstifier queue is agbtortge a constant. With the round-robin
scheduler, the cycle time to run around all queni@sround robin method is taken &s
Therefore, in each burstifier queue, the time agiglivided equally into successive
frames/slots of length. A burst is assembled during the cycle timend then the
scheduler determines whether to send the assenhbiesit at the slot boundary. The
packets arrive at the multiservice OBS edge noal@ fihe access networks. It is assumed
that the packets arrive at each burstifier queumrding to a homogeneous Poisson

process with ratd . If there are fewer tharK packets present, an arriving packet is
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admitted; otherwise, it is lost. A packet admitthding (0,T) is removed at one of the

epochskT (k =1). If, it is admitted at the timd& —u(O<u<T), its delay is the sum of

Uand(k -1)T . At the end of a time interval, the burstifier queue will contain
j (1= <£K) packets. The packets 0<i< j) are transmitted out of the buffergd
packets. The remaining—i packets remain in the burstifier queue and areidered for

transmission in the subsequent slot (with the besed burstifier, if there i®l or more
packets at the end of a time-sldN, packets are transmitted through a burst; otherwise,

the packets will remain in the burstifier queué)slassumed thai(i, j) is the probability

that i of the | packets are sent on first cum first service (FCB&is. The quantity

{p(i, j)} has to satisfy the following:
j . .
> pG,j) =1 (4.1)
i=0

{p(N,j):lforstsK 4.2)

p(, j) = 0,elsewhere

In this section, an efficient synchronized bandWideservation mechanism (SRM)
has been proposed (as shown in figure (4.2)), whitdbles dynamic establishment of
adjustable rate channels while satisfying QoS caimds and bandwidth flexibility
through the high speed transport networks. The ©&® nodes support differentiated
services. Upon receiving control packets with peidiby, the core node examines the
ingress/egress address pair of the burst, detesmam@utgoing port and also a slot for the
burst to be sent to a next node. At first, the aowde checks whether there has been a
reserved slot on a reserved outgoing wavelengthraidor the arriving burst. If the core
node finds a reserved slot for the arriving buitssends the burst through the reserved
slot. If there is no reserved slot, the core natestto find an available slot among
unreserved outgoing slots. When an available ontgaiavelength channel and a slot are
determined, the burst is sent via the internal gwftbric to the outgoing channel and
then to the slot. If neither an available outgowayelength channel nor a slot is found for
burst transmission, the core node tries to usentieenal fiber delay line (FDL) buffer to
delay the burst transmission. If the FDL buffeful, the burst is dropped. After the burst
is successfully sent, the core node records imrtsal record table, the ingress/egress

address of the burst, the outgoing wavelength adlaamd the slot number, required to
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send the burst. By checking the transmission rexofdhe arrival-record table, the SRM
scheduler knows the slot numbers used to transurgtd corresponding to a specific
ingress/egress address pair. Thus, it recognieegehodicity of the used slot numbers. A
repetition counter is used to judge the periodiotyburst transmission from an ingress
node to an egress node. Once the periodicity o$tbwansmission is determined, the
SRM scheduler knows that a certain ingress nodeestg a bandwidth reservation for its
periodic burst flow, so it performs a slot reseimaton the upcoming frames for the

duration recorded in a certain max-reservation tmunin conventional reservation

methods, reservations are either made or deniedoeedd. The proposed mechanism
allows a partial reservation, in which some linksd resource reservation for a particular
burst flow while others do not have.

On links without reservation, bursts are carriedaohest-effort basis and the SRM
request continues on the downstream towards thesggnode. When a core node
recognizes that a newly arriving burst flow is myito reserve a time-slot that was
reserved by another flow, it optionally sends aifiwattion message to inform the
corresponding ingress node that its bursts hava bleked. A loss counter is used to
find the periodicity of lost bursts with the sanmgress/egress address. Upon receiving
the blocking notification message from the coreedbe ingress node reads the blocking

notification message and recognizes the loss dtbtinat it has sent.

The working of the proposed synchronized bandwiddervation mechanism (SRM)
is as follows:

1. Receive a Burst
2. Read its ingress/egress address
3. If either the reserved slot or outgoing &wtBurst is available
Then
Forward the Burst throubl outgoing slot

Lookup the matched emtrthe arrival-record table
Else

Drop or Buffer the Burst
Goto 2

4. If either the matched entry or match-courdaches a preset value
Then

Reserve the slot numbettie ingress/egress address for a preset value

66



Else
Add an entry with thetshfmmber and ingress/egress address
Increase the counter by 1
5. Go tal

Although the above proposed mechanism does not a&arlde use of FDL, its QoS
performance can be significantly improved even wiithited FDL to resolve contention

for bandwidth among multiple bursts.

When burst collision occurs because there is ndadla outgoing slot, the core node
can try to allocate the blocked burst in later outg slots by using FDL, which store one
or more bursts and delay transmission. Once SRVhamsm is performed with FDL,
the priority of the burst buffered in the FDL ig $&wer than that of non-buffered bursts.
In this way, it prevents the loss of non-bufferegdis due to competition with buffered

bursts.
4.1.2 Simulation Details

In the simulation, it is considered that the nodes connected by WDM links with
multiple wavelength channels carrying bursts. Thaglen is capable of wavelength
conversion and the transmission rate of each wag#leis 10 Gbps. The wavelength is
organized into a series of frames, each of whigulsdivided into fixed length time slots
(0.175 ms) .Each time slot contains about 156 kbabté in one burst. It is assumed that
bursts generated by a size-based burstifier ofrtbki-class burst assembler arrive at a
node according to a Poisson process per time lat. also assumed that one frame
consists of 6 slots and for a burst flow, burseseriodically transmitted every 6 slots.

4.1.3 Results and Discussions

It is observed in the figure (4.2) that better buoss rate has been achieved with the
proposed scheme. As the flow length increases fs@nbursts to 400 bursts in the
proposed mechanism, the burst loss rate greatlsedses. At the beginning of a newly
arriving burst flow, the bursts comprising the flexperience burst collision for the slot
reservations. Once core nodes recognize the peitypdif bursts and execute the SRM
mechanism for the subsequent bursts flow, the suiese bursts do not suffer blocking.
Consequently, the overall burst loss rate of lamgd burst flows is relatively lower than

that of short lived burst flows.
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Figure 4.2: Burst loss rate Vs offered load with vaous flow lengths

Figure (4.3) shows the burst loss rate of the SRhmanism with various
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values of FDL. With the FDL, the burst loss ratedésreased dramatically. While it is

certainly possible to improve burst loss rate bgvahg bursts to use more than two FDL

buffers, but that possibility is not consideredenbecause it is costly and difficult to

implement.
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Figure 4.3: Burst loss rate Vs offered load with vaous numbers of FDL
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In order to distinguish the effects of the maximrgservation counter, the flow length

is set to 100 bursts and its burst loss rate hes mvestigated (as shown in figure (4.4)).

As the number of reserved slots increases, the lmssrate increases. Although a burst
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flow has finished, the reserved slots for the bilest cannot be used for other bursts.
Therefore, if the maximum reservation counter istge large value for short lived burst
flows, it will waste the channel resources. Whenoge node recognizes that a newly
arriving burst flow is trying to reserve a time{sleserved by another flow, it sends a
notification message to the corresponding ingreser{a loss counter is used to find the

periodicity of lost bursts with the same ingreseteg address).

HE SRM-OBS; 7-BURSTS RESERVED
[ SRM-OBS;5-BURSTS RESERVED
0.1 + N SRM-OBS; 7-BURSTS RESERVED -

Bust lossrate
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Figure 4.4: Burst loss rate Vs offered load with vaous reservation counter values

As shown in figure (4.5), the lower the loss cousit, fewer bursts are lost because
the loss notification is quickly sent to the ingrede. However, if the loss counter value
is set too low, this induces core nodes to genenai@ notification messages in response

to the loss of non-periodic single bursts.

Hl SRM-OBS; LOSS-NOTIFICATION=5
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Figure 4.5: Burst loss rate Vs offered load with vaous loss counter values
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The SRM mechanism improves the burst loss rate byenthan one order of
magnitude in the region of low offered loads in gamson with the burst loss rate with
conventional ones (as shown in figure (4.6)). la pinoposed SRM mechanism, once the
SRM scheduler recognizes the periodicity of thdtetb burst, it reserves slots for the
subsequent bursts. Therefore, if the length ofthiloe/ increases more than 400 bursts,
the overall burst loss rate decreases. On the didnad, if the flow length decreases by
one slot, the burst loss rate of the SRM mechamssolose to that of the conventional

reservation schemes.
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Figure 4.6: Overall blocking probability

4.2 Optimizing Channel Utilization in OBS Networks

In comparison to the scheme proposed in sectiontd.thave better channel utilization,
higher throughput and lower blocking probability,this section, we have investigated an
efficient reservation scheme in which data burstsmheduled in batches. In the proposed
approach, a burst is represented by an intervainoé. The process of scheduling a
number of bursts, thus, turns to be a processttnidia set of the corresponding time
intervals on a channel time line that representsamnel-time resource. By doing so, the
scheduling process can be formulated as a combialatiptimization problem. Then,
graph theory is applied to schedule as many nonlagy@ng intervals as possible onto

the channel time line. The results obtained shaat the proposed scheme gives better

70



performance in terms of burst loss probability, rofel utilization, fairness-control and

throughput as compared to existing schemes.
4.2.1 Proposed Reservation scheme for Optimizing @hnel Utilization

In the proposed scheme, a channel is representadilme line (as shown in figure (4.7)).
The proposed scheme partitions this channel timeihto small time windows where a
channel scheduling decision takes place on a pedow basis. Only those data bursts
(DBs) that intend to utilize channel during a certehannel window, not the others, are
scheduled together. A burst header packet (BHP)hig1scheme, thus serves as a DB
agent in requesting channel resources for a pé&tiahannel window. The proposed
scheme comprises of: BHP collector (batcher) maqdaleclassifier with channel
assignment module and a channel scheduler, asalled in figure (4.7). The following is

the brief working of the system model as showrigare (4.7).

Incoming
RHPs<
BHP Data
W W W W channel ’
Collector

Channel
Scheduler

Schedule

Collected Classified

Figure 4.7: System model

In order to be eligible for scheduling in a certime window, a BHP must arrive
prior to the closing time of this window. The BHBIlector (batcher) scrutinizes the
BHPs, by looking at their DBs arrival times and ations to determine the channel
window in which the DBs are to be transmitted. Bi#P batcher then puts the BHP in an
appropriate basket as shown in figure (4.8). Eaa$két represents each channel time
window (i.e. it is a one-to-one mapping betweerhannel time window and a basket.).
For each basket, BHPs are sorted (e.g. by the& loiatst arrival times). This results in
assisting BHP classification and channel assignnientmultiple-channel scheduling

systems. Once the closing time of each channel avind reached, the corresponding
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basket is removed from the BHP grouper and no ddt#Ps are eligible for scheduling

consideration in that window.

BHP

Incoming Buffer

BHP:

Basket 1

Basket 2

Basket N
L—>

Figure 4.8: BHP collector (batcher)

The classifier with channel assignment module @aed in figure (4.9). It performs

channel (or wavelength) allocation and serviceeddtiation. The service differentiation

is provided, for examples, by employing a priordggheme (a weighted round robin
discipline). After being grouped, the BHPs are siféexd into classes and are placed in the

gueues. In case of a single class, there is osipgle queue. The channel (wavelength)
assignment module then passes BHPs to the chariredlders.

Queue Data
— —> >
" > Scheduler
I’,
BHP - Queue ! Wavelength - Data
1 —»
1
Baske : ! Assianmer :
| \ |
1 1
1 \ 1
1 N 1
1 \* ]
Queue Data

Figure 4.9: Classifier with channel assignment
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The channel scheduler module schedules BHPs (lmasedspecification of the start
and end times of their corresponding DBs). It mazés the number of BHPs that are to
be scheduled in the channel time window. For aosé8HPs/DBs, the scheduler first
establishes interval representation profile (asmshm figure (4.10)). The figure shows
seven DBs with various start times and duratiomeehe interval representation profile
is created, it is transformed to an interval graplgure (4.11) depicts the interval graph
for the example of figure (4.10). Each vertex ia traph represents a burst. There exists
an edge to connect two vertices if and only ifirtlterresponding bursts are overlapped
otherwise, there is no edge between these vertlees.example, DBs 1 and 2 are
overlapped, thus, there is an edge connectingcesrtlt and 2 in the figure (4.11). On the
other hand, there is no edge between vertices 45afa$ these DBs do not overlap).
Based on the interval graph, the channel schedgpties an appropriate scheduling
algorithm to obtain the set of maximum number afdoeerlapping intervals. In the given
example, there are two possible sets of maximumavenlapping DBs. The first set is
{3, 4 and 5} and the other set is {1, 3 and 4}. Tdannel scheduler chooses either of the
set depending on the criteria deployed in the sdeglalgorithm.

=1 O o e LD B

Figure 4.10: Interval representain
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Figure 4.11: Interval Graph
4.2.1.1 Scheduling System Operation

As mentioned above, the channel time is partitiomdd a sequence of equal time
windows. During each window, a core node keepsecttlg BHPs arriving over the
control channel. To be eligible for being schedufethis time window, the BHP arrives
before its closing time. Typically, the window dlog time is well before of the actual
channel time during which DBs is transmitted (tgkinto consideration other processing
times such as scheduling time). The sequence @kepses as seen by a core node for a

single channel scheduling window is as follows:
1. Burst header packets are batched.
2. Classification with channel assignment takesela

3. Once the data channel and a class of servicelenéfied, BHPs are scheduled and a

set of new BHPs are forwarded to the downstream.
4. Finally, when DBs arrive, they are forwardedadmng to the schedule plan.

In the proposed scheme, heuristic interval scheduligorithm has been carried out
by the channel scheduler to schedule DBs onto anghaThe basic function of this
algorithm is to create an interval graph out of thet of DBs delivered by the
classification and channel assignment module. Haamel scheduler then uses this graph

to obtain the maximum number of bursts that carstd®eduled. To achieve this, the
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scheduler leverages the unique properties of amvialt graph in order to find a clique of
maximum size in the graph i.e. maximum stable dethe graph. A clique in an

undirected graphG =(V,E)is a subsetV'0V of vertices, each pair of which is

connected by an edgeln The clique problem is an optimization problenfiofling a

cliqgue of maximum size in graph. The Maximum Clig@eoblem (MCP) is a hard
combinatorial problem, classified as NP-Completd4f116]. The objective of this
algorithm is to find a cligue of maximum size inagh using a verification and
elimination method. If the algorithm gives an odutfhen it is the maximum size clique in
that given graph, but it is not possible to provate upper bound for the time it takes.
Thus, this algorithm is heuristic in nature (heticisnterval scheduling algorithm has
been used to find a clique of maximum size in gydpha graph of size N, there are
exactlynCk sub-graphs of size K. So, the total number of guaiphs in graplG is given

as:

N
G=) nCk =2 (4.3)
K=1
It is seen that equation (4.3) is exponential itur@a So, verifying all of the sub-
graphs will take a long time, because number dfigations required is not a polynomial
in N. For decreasing the time required, some of \thdfications are avoided. The

proposed algorithm uses the following importantpardies of the clique.

1. Every graph contains at least one clique.
2. In aclique of size M, all the vertices have thgrée M-1.

3. If the maximum size of any vertex is M, there ddesrist a clique of Size >
M+1.

4. If there is a clique of size K, there are cliquésamy Size < K in the same graph.
5. Conversely, if there is no clique of Size K, thei#t not be a clique of Size > K.

The number of vertices in the clique is known asgtze (N) of the clique. There are
three procedures known as FINDCLIQUE, SELECT andU®UE which are used in
the proposed algorithm. The output will be the maxn clique. The following is the
brief description of the proposed algorithm. Thé&edent steps of the FINDCLIQUE

module are summarized as follows:
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1. It finds the maximum degree m, sets |b to Otaulm and (Ib + ub)/2 to mid
2. Check whether there is a clique of size mid+1

(a)lf it is there, no need to verify the sub-graphsize <= mid and hence sets Ib to
mid+1

(b)If not there, then there is no need to condidersub-graphs with size > mid (set ub
to mid-1).

3. If Ib<=ub, sets (Ib + ub)/2 to mid and repgatsp 2)

4. The clique, which is found just before when dzdmes > ub is the clique of maximum
size in the given graph G.

5. Print the size and vertices in that clique.

The checking of the existence of the clique of siad +1 (step 2) is made by the
SELECT module. This module finds the different camalions of the selected vertices
and calls the module ISCLIQUE for checking whettieat combination of the vertices
form a clique or not. If the degree of every vertex the induced sub-graph by that
combination is equal to mid, ISCLIQUE returns TRUE.

It is observed that the module FINDCLIQUE works iamto that of binary search.
For maximum degree M, the time complexity of thgoaithm FINDCLIQUE is O(log
(M)), which is polynomial. If the size of the subagh to be verified is K, the time
complexity of the module ISCLIQUE is Of) which is again polynomial. The module
SELECT is based on combinations. In worst caseahal,Cx combinations may have to
be verified. But whenever a clique is found, thgoathm will return, neglecting the
remaining combinations. So, the average time coxtgl®f the proposed algorithm is

practically polynomial.
4.2.2 Simulation details

The performance of the proposed scheme has betramdusing NS-2 simulator on the
NSF 14-Nodes network (as shown in figure (4.12))islassumed that each node is
composed of both an edge router and a core rdtiéeh link has some data channel and
one control channel and the transmission rate ch ehdannel is 10 Gbps. At each edge
router, the aggregate packet arrival process igrguposed by independent ON/OFF
source (ON and OFF periods are exponentially tisted and the minimum length of
ON period is 1 and that of OFF period is 0). Thegtd of bursts is a fixed value of 15000

bytes. The scheduling time window is consideredCirs. The following are some of the
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parameters used in the simulation. WavelengthspgtOfiber), control burst processing
time (4 psec), switching time (12 usec) and propagadelay on a link (0.8

milliseconds).

12
1
(9
13

Figure 4.12: NSFNET (14 nodes)

4.2.3 Results and discussions

The simulated results (as shown in figure (4.13)pvs that the proposed scheme
outperforms the conventional scheme over the erdimge of the mean offered load. The
gain increases slightly with load. The improvemienburst loss probability is achieved

with the proposed scheme, particularly in the lfogid to overload region.
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Figure 4.13: Burst loss probability Vs burst length
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It is also observed (as shown in figure (4.14)) thidh the proposed scheme better
results are obtained in terms of channel utilizatibhe improvement is observed over the
entire range of mean offered load (0.1 to 0.8). improvement of the proposed
scheduling over the conventional JIT schedulinghswn, specifically at high loads (0.8
to 1.2).
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Figure 4.14: Channel utilization; exponential interarrival time and burst length
4.3 Enhancing Bandwidth Utilization and QoS in HighSpeed Networks

In order to obtain better fairness control and badth utilization, lower blocking
probability, as compared to the above proposedvasen schemes (in sections 4.1 and
4.2), in this section, we have presented an efftareservation scheme that reduces the
probability of burst contention by controlling theute at an edge router without
contention resolution scheme at a core router lansl €nhances the bandwidth utilization
in OBS networks. Also, this section has been fodusethe number of resources a packet
uses in the network to lower the overall resoursage and loss probability. The
simulation results indicate that the proposed seéhanproves throughput and quality of
service (Qo0S). By using statistical multiplexingtive proposed scheme, re-configuration
is minimized and thus bandwidth utilization is ented. The blocking probability of the
proposed scheme is also significantly reduced aspeaced with the traditional OBS

schemes.
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4.3.1 Proposed Reservation Scheme

It is already known that the main components of @8§e router are: Packet Assembler
Unit, Data Channel Unit and Control Unit (as shawfigure (4.15)).

1.

Packet Assembler Unit (PAU): It collects thpuhpackets and places them in certain
burst boxes to form bursts. The incoming buffesad an assembler for data flows.
The scheduler also makes burst request to contibtauinitiate a control information
packet. The statistical multiplexing is used tor@ase utilization of bursts or data
channels.

Data Channel Unit (DCU): It is the abstractfona potential wavelength channel to
transmit a burst. There are two states for a datmmel. In the reservation state,
resources such as wavelength, transceiver and QXS pre assigned to the data
channel and hence a wavelength channel is setuer thfe burst is transmitted, the
wavelength channel is torn down and the resourtesedeased. In the release state,
the data channel just waits for new reservationrnand from control unit.

Control Unit (CU): The control unit takes casethe control packet. The control
packet includes enough information for burst rogitioffset time (on which the burst

will arrive) and burst length.

For a data channel to transmit a burst, the foulspgampose a reservation of a data

channel i.e the time for a reservation state ieast:

Fcrservation (Mia = Tsetup"' Tburst+ Tprop + Tteardown (4-4)

The time such as&enationand Tkeardownare for physical actions in order to setup and

to teardown the wavelength channel after receittiegallocation or de-allocation request

from the control unit. The timepk, is the propagation time that the burst takes &spa

the channel. st is the transmission time for the burst at the $pkked of the wavelength

channel. The three parts except for thesfare cost incurred by re-configuration. If re-

configuration takes place frequently, these pastsiaulate a considerate part and lessen

the bandwidth utilization.
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Figure 4.15: Components of OBS edge router

Therefore, statistical multiplexing is used to reglihe effect of re-configuration (in

which case the time for setup and teardown is z81d even [, is excluded in

computing the minimum dservatiom T he re-configuration bandwidth C(ﬁ@[econﬁguaﬁon) and
bandwidth utiIizatiorﬁU) can be defined as:
— Treserva im _Tburs
Creconfigwation - Treiervatim : (45)
T
U= burst (46)
Treservaticm
By using equations (4.5) and (4.6), it implies that
Creconfiguaion =1-U (47)

As the burst data is transmitted after the release of the resource reseveatipied

by the previous burst, thus, an average end-to-end delay fortasburs
fdelay = -Freservatim +-Frelease (48)

(Tieease - release time or idle time for a data channel)
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In equation (4.8), the average is made over alefused data channels. Again, in the
case of statistical multiplexing of flows shariren®e routing, re-configuration is avoided

and delay is identical to all these flows.
4.3.1.1 Prioritized Scheduling

In the proposed scheme, prioritized scheduling das® hop-counts is used , which
considers several parameters, such as the patke#sn the network, the application’s
real-time demand, the number of resources usedhannetwork and the numbers of
resources left to use on its path in the netwote JET scheme experiences increasing
blocking probability for each hop performed (i.esource used). This has the undesirable
effect of wasting resources and increasing the omf® overall loss probability. It is
observed that the proposed scheme not only utitteesetwork resources effectively, but
also treats the packets fairly. Each edge rowgep& the information of all routes to each
destination edge router. The priority is set farteeoute. The source edge router receives
a feedback packet after sending a burst. When st lsirforwarded successfully, the
destination edge router sends back the feedbadiepé#tat indicates the success of the
transmission, whereas when a burst is discardexh almmediate core router, the core

router sends back the feedback packet that indi¢ghefailure of the transmission. Each

route has two values i.e. prioriy(0< P<1) and N, (number of received feedback
packets). The default value @& and N. isl. On receiving feedback packets, edge

routers updateé® and N by using the formulas as follows:

PxN, +1

SuccessP = N 1 Ne =N +1 (4.9)
F
Famue:P=|;xTZ;NF::NF+1 (4.10)
F

The route has a high probability of the successsnwtie priority P is close td
.When the priorityP is close t®, the route has a high probability of the failureorder
to improve the performance; the source edge radeds not only a burst but also some
prior information packets on the control channeheTprior information packets are

forwarded on several routes, except the route fsethe transmission of a burst. By
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sending these packets, an edge router searchetewnhbe transmission of a burst is
succeeded or failed on the route, except the raseel for the transmission of the burst.
The transmission of these packets enables an edger to find a suitable route without
sending a burst payload and also the number oudlsed burst is reduced.

4.3.1.2 Bandwidth Reservation

Also, in the proposed scheme, two classes of ss\sach as real-time and non-real-time
have been considered. The bursts in the real-tiass have a strict bound on delay and
jitter, thus requiring a guaranteed low blockinglpability. On the other hand, the bursts
in the non-real-time class tolerate delay but nequieliable delivery which is
accomplished by buffering and retransmissionshis $ection, it has been assumed that
no buffers are used in the optical layer, whichighly desirable in all-optical networks.
However, buffering is used in the electrical laj@r control packets in OBS nodes. The
control packet contains the information about agesponding burst and is electronically
processed by the ingress node (as well as atealithsequent nodes along the path to the
destination user). Therefore, the control packetsrat transported transparently in an

OBS network. It is thus, feasible to buffer the ttohpackets in the electrical layer at the

OBS nodes. The two queues are added in JET prateco], for classO control packets

and ¢, for classl control packets. The size af, and g, is limited by the memory

resource in the OBS node. A time windot § is also associated with these two queues.
The control packets exist in a particular time vm'w[il,tl +At], if the control packet
arrives in that interval. All incoming control paatk in the particular window are buffered
and are kept in the corresponding queues. Theam isffset time between the control
packet and its corresponding burst. The proposedviaidth reservation scheme shows
that classl is always scheduled befordass0O in time window (At ) which indicates
that classl has more priority thaglassO in reserving the available bandwidth. The brief
description of the proposed bandwidth reservaticdmesie (at a single node) is shown

below:
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Begin

Buffer all the control packets ifime—window Attg the corresponding queues
For each control pack&tin %
If resources are available for

Reserve bandwidth ?d)r
Else

Blocl%'
End For

C. .
For each control packet in %
If resources are available Fdr

Reserve bandwidth ?(J)r
Else

Bloclgj
End For
End

4.3.2 Simulations details

A bidirectional link has been assumed which cossddt two unidirectional fibers in
opposite directions. Each fiber has 4 data chanmaels Gb/s transmission capacity. In
order to get more realistic results, the long ratigeendent traffic model is employed. In
this traffic model, traffic that arrives at eachdieqair in the network is the aggregation of
multiple IP flows. Each IP flow is an ON/OFF prosesith Pareto distributed ON and
OFF times. The packet length is set to be 100 bytesre is no wavelength converter and

optical buffer in all core routers. The offereddaatio of classl to classO be set &t:9.

P Is considered as ratio of the offered load to dtieer traffic (@ : traffic bias). The

a

following are some of the parameters used in thulsition. Wavelengths (12 per fiber),
average burst length (100 psec), control burstgasiog time (2usec), switching time (12
psec), propagation delay on a link (0.6 millises)nd

4.3.3 Results and discussions

Figure (4.16) shows that network based on the megpccheme performs better than the
best effort network for increasing load. This isdigse a best effort network drops a packet
that has performed several hops in the network thighsame probability as a new packet.

Such a long distance packet on its path have bibokeer packets from being served by the
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switch and the thus, the resource utilization ¥8doin best effort network as compared to
the proposed scheme. Also, by differentiating thekpts according to their hop count level

(HCL), the proposed scheme avoids this effect amdd, increases the throughput.

Best-effort
-+ Proposed scheme

0.1 A

Loss Probahility

0.01 -

0.001 T T T T
0.2 0.4 0.6 0.8 1.0

Offered Load
Figure 4.16: Total loss probability (Proposed Scheme Vs best-effort)

The average resource usage for dropped packetth@.eesource wastage) according
to the above reasoning is found to be lower in psed scheme, as shown in figure
(4.17). The resource waste will decrease for ameasing load. This is explained by
knowing that the resource wastage is the averagebeu of resources a packet uses
before it's dropped (i.e. average number of hopfopaed before being dropped). When
the load increases the average number of hops asasdefore the packet is dropped,

thus lowering the resource wastage.

—@— Best-effort
--O--- Proposed scheme

Resource-wastage
o
®
1

0.2 0.4 0.6 0.8 1.0
Offered Load

Figure 4.17: Resource wastag@’roposed Scheme Vs best-effort)
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It is shown in figure (4.18) that the proposed scbeoffers lower burst loss
probability than the conventional scheme. Thisdasause in the proposed scheme, due to
prior information at each edge router, the trai§iciot concentrated on particular link. It
is observed that the proposed scheme with numbeprioi information packets

(N, =2) offers lower burst loss probability than thatwitumber of prior information
packets (N, =0). This is because the transmission of prior infation packets enables

edge routers to get more information and thusntimaber of discarded bursts is reduced

in this process.

le+0

- Shortest-path
-0 Proposed with N =0
el 7 —-w— Proposed with N =2
g R S Oerreri fo ETIRREaEn 0
> O O o -
e O
S 1e3 9~ B - B
; —»v——-—-—v‘———-——v -v— v
5 e
om . _
le-4 ¥y~
le-5 : | | |
0.2 v o - |

Offered Load

Figure 4.18: Burst loss probability Vs offered load

It is observed that the conventional JET schemébésztthe lowest throughput due to
the path length priority effect. In contrast, theogosed scheme (as shown in figure
(4.19)) exhibits the best performance in termshwbughput. Therefore, the proposed
scheme indicates that a burst traversed more hopglete its transmission more

successfully.
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Figure 4.19: Throughput Vs offered load

Figure (4.20) shows thatlassl traffic has better performance with the proposed
scheme, especially when the load of the networréster than 70. Moreover, because
classl traffic consumes more bandwidth, it also degratiesperformance of class 0
traffic. However, figure (4.21) shows that the tdilcking probability in the network is
almost the same, which indicates that proposednsehsoes not degrade the blocking

probability of the network.

I Proposed with Class (0)
[ FCFS with Class (0)
BN FCFS with Class (1)
[/ Proposed with Class (1)

0.01 ~

0.001 A

Blodking Probahility

0.0001 T T T
20 40 60 80 100

Load( in Erlang)

Figure 4.20: Comparison of performance of differentraffic

86



0.04 - M
I Proposed scheme

T FCFs

0.03 -

0.02 -

Bladking Prabetility

0.01 A

0.00 - - - I O I.H

20 40 60 80 100

Load(in Erlang)

Figure 4.21: Burst loss probability Vs FCFS (Time wndow = 0.5s, Offset time =
0.25s)

4.4 Conclusion

In this chapter, new quality of service (QoS) otéehreservation schemes has been
investigated for enhancing the bandwidth and nekwetilization in optical burst
switched (OBS) network#\n adaptive reservation scheme based on a multiese®BS
edge node with synchronized bandwidth reservatieshanism has been proposed. The
proposed scheme enables network nodes to dynayniealtrve the bandwidth needed for
active data burst flows. It provides a flexibletfdam for the convergence of packet and
circuit based network traffic on the OBS capalafitiThe proposed scheme provides QoS
guarantee and flexible bandwidth management owerhigh speed transport networks
without any complex signaling or offset-based resgéon. By comparing the proposed
scheme with other conventional existing schemess tbserved that better burst loss
probability has been achieved with the proposedhar@sm. The proposed scheme
provides efficient delivery of various types of wetk traffic, while satisfying QoS

constraints.

In order to have better channel utilization, highieroughput and lower blocking
probability, in comparison to above proposed schamneefficient reservation scheme is
investigated. In the proposed scheme, data bugss@reduled in batches. The problem
of DB scheduling is mapped to a combinatorial optation problem of scheduling DB
time intervals on a channel time line. The heuristiterval scheduling algorithm is
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utilized to obtain the maximum number of non-ovepimg bursts. The performance
comparison of proposed scheme with existing schdrasdeen performed. The obtained
results show that the proposed scheme is bettégrins of burst loss probability and

channel utilization.

Further, to obtain better fairness control and kadth utilization as compared to the
above proposed reservation schemes; another efficeservation scheme has been
presented in which each edge router finds a seitadlte to the destination edge router
autonomously by using feedback and prior infornrratiackets. The simulation results
show that the proposed scheme performs betterrmst@ef burst loss probability and
resource wastage than a best-effort network. Thaugfhput is thus increased and the
network resources are used more effectively. Thisspecially true for high loads. The
proposed scheme also performs admission contrdy @ew packets that don’'t block
already admissible packets are allowed into the oatwork. The obtained results have
proved that the real time applications which areatled by class 1 traffic have a better
performance using the proposed scheme than withSF&Hheme. Also, the proposed
scheme can avoid the path length priority effect anhance the throughput in multiple
hop network environments. Also, by using statisticaltiplexing, re-configuration is

minimized and thus, the bandwidth utilization ifhyanced.
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CHAPTER V

COMPARISON BETWEEN BURST DROPPING TECHNIQUES

Publications from Chapter

1. Amit Kumar Garg, R S Kaler, “Burst Dropping Polisian Optical Burst Switched
Network”, Optik - International Journal for Light and Electro n Optics,
Elsevier Scienceln Press, Corrected Proof, Available online 23 M2G09.

2. Amit Kumar Garg, R S Kaler, “A new flexible and emiting bandwidth
utilization burst dropping technique for an OBSwwmk”, Optik - International
Journal for Light and Electron Optics, Elsevier Scienceln Press, Corrected
Proof, Available online 31 May 2010.

In this chapter, we have investigated the thirceaesh objective i.e. to analyze and
compare the different burst segmentation policiéh whe standard dropping policies.
The chapter is divided into two sections. In thetfsection, an efficient burst dropping
policy based on even selection of burst (BDPES)besen proposed. Also, an adaptive
burst assembly and congestion control mechaniswes heen used in the proposed policy
in order to provide differentiated service for sagmg the quality of service (QoS)
requirements. In order to achieve further improvetsien the proposed burst dropping
policy such as better utilization of bandwidth, Ewburst loss rate etc, another efficient,
flexible and enhancing bandwidth utilization, budsbpping technique for an OBS
network has been presented in the second sedtien performance of proposed burst
dropping policy/technique has been analyzed andpeoed with the conventional

schemes (such as drop, delay, deflect) in ternosefall all burst drop rate.

5.1 Burst Dropping Policies in Optical Burst SwitchedNetwork

Optical burst switching (OBS) is a competitive sihg technology to support the next
generation optical Internet. However, due to theie-way resource reservation
mechanism, OBS networks experience high burstss (fhackets) loss rate. In OBS
networks, the contention is resolved either by gnog one of the contending bursts or
more efficiently by dropping only the parts fromeoof the contending bursts that overlap
with the other bursts. In both situations, only ala¢a source will suffer the data loss in
favor to the other. In this section, an efficienirdi dropping policy based on even

selection of burst (BDPES) has been proposed teigeadifferentiated services. In the
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proposed burst dropping policy, the dropped segsnarde selected evenly from both of
the contending bursts and also in proposed padliwytruncated bursts are guaranteed to
be larger than the minimum burst length allowed thg network. Furthermore, the
proposed policy is enhanced via a flow control na@i$m. The simulation results show
that the proposed policy is better than existingsbdropping policies in terms of lower

burst (packets) loss rate.
5.1.1Proposed Burst Dropping Policy

In the proposed policy, the QoS requirements olihyger layer packets are defined based
on their classes. The packets of the same classlestthation are assembled into the
same data segment, which are labeled with a prioritmber, accordingly. In the
proposed policy, an adaptive burst assembly algoritas been used to assemble the data
segments into data bursts such that the lowerifyridata segments envelop the higher
priority data segments (as shown in the figure )§5.In order to achieve high link
utilization, the data burst transmission time berst length/channel speed, has been
considered to be larger than the switch fabric igométion time. Earlier, the length of the
data burst was entirely overlooked by the resoafioeation schemes based on the burst
segmentation, since no policy related to the sizth® truncated burst during the burst
segmentation process in the core nodes was imptecheflso, there was no fairness in
allocating the network resources to the contendiata burst i.e. all the segments were
simply discarded from only one burst to resolve domtention, which increased the
likelihood of having bursts shorter than the minimmiburst length (MBL). Thus, the
better solution is to select the segments to bepld, evenly, from both of the
contending data bursts. Also, the truncated buestnaonitored at the core nodes and

guaranteed to be larger than the MBL in order waeongestion in the control channels.

[ Dwaturst [ [LLTTUTTT = Fq seomep |

I:I Lower priority data segments
|:|:|:| Higher priority data segments

Figure 5.1: Burst envelope format
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The following are some of the assumptions that Haeen made in the proposed
BDPES policy.

1. SB: Scheduled data burst with arrival titpeand leaving timé,

CB: Contending data burst with arrival tiyg and leaving timd

TB: Truncated data burst
X,Y: Number of segments in SB and CB respectively

DSL: Data segment with length
SBL: Scheduled data burst length i.e. SBl=t_,= X* DSL

2 T

~

CBL: Contending data burst length i.e. CB,=t_,= Y* DSL
8. EDS: Expected number of segments to be dropped &ach data burst in case of
contention i.eEDS = |t,, —t,|/2DSL

9. TS: Time of switching

10. Offset time conditiont ju .o tior-burst (tmascourst - Maximum burst size)

11.Maximum burst size (upper bound),,, it S T a/N

propagation
(tpropagatin - PrOpagation delay : the ratio of FDL delay to the propagation deldy;

number of nodes)
12.The delay ratio ) affects the increment of End-to-End (ETE) delay (ETE delay

increment from FDL can be reduced by lowering the delay raf)o (

The proposed BDPES policy is based on the four main eveals agicontention-
detection, truncated-burst, resource-allocation and service differentiafiom brief

description of the proposed policy is as follows:

1. Check contention-detection /I if the coodliis true//
If ((ca_ tsl) < TS)

ThenEDS = |t,, —t,|/2DSL

2. Check truncated burst length /I ifcbredition is true//
If (SBL- TB < MBL) | (CBL- TB < MBL)
Then

If (CBL < SBL) Then

Drop CB //Contending data burst is the smallest: dropped//
Else
Drop SB /I Scheduled data burst is the smallest: dropped//
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End If
Else
Resource-allocation
Perform resource-allocation
=0 /' initialize counter//

DO
{
If (1 2= 0) Thent_,=t_+ DSL
Else
t,=1t,- DSL
End If

l++

}
WHILE  {(-t,) < TS)

5.1.1.1Proposed Adaptive Burst Assembly Algorithm

To have service differentiation, both of the edgel @ore nodes co-operate with each

other by using the proposed adaptive burst asse(Adp) algorithm in the edge nodes

and BDPES in the core nodes. In proposed adaptivet assembly algorithm, a small

amount of traffic has been stored at the edge raute the output traffic is determined by

the amount of stored traffic.

The following are the assumptions made in propoaddptive burst assembly

algorithm:

1. The preset maximum tolerant value for the edgedounig delay is taken &% .

2. At the initial phase of assembly, the arriving petskare stored at the edge node until
the timer exceed3 c2%°.Then, edge router sends traffic out at an averagein the
timescale D, T.2299].

3. Attimet , the rate of the output traffic is set to therage rate as{,t + T,

4. When the bursts are sent out periodically, thetbsire is set to the average number
of packets arriving during assembly perigd

5. Itis assumed that each edge router has M quewssttthe arriving packet. Also, the
timer and the length of the que@§i] are considered a, andL{i] .

6. The threshold for generating a burst is takeh,f§. Thus, when the value of the
queue lengthL[i]is smaller thah,[i], all of the packets irfQ[i]will be assembled
into a burst. Otherwise, a burst is generated with length ofL,[i]and all other
packets are left iQ[i] .

7. The threshold,[i] has been calculated by the following equation:
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L i = @+ @) LT wherdL i > Ui}/ 4
{@+a)xLLil/ B, wherdL [i] < Uil/8

(L,[i]: mean length of the recektbursts of)[i]; a : parameter of the redundancy
degree for the prediction of the arriving bursesjz is defined as;3 =T 29%/T, )

The brief description of proposed adaptive burseasly (ABA) algorithm is as
follows:

Begin

When a packet with a length bfarrive atQJi]
IfQ[i] is empty)
Start¥@rT[i] ; Li] =b
Else
Push ketdntoQ[i] ,
Li]=li]+b
End if
WhenT[i]=b
Ifgi] > L [i])
L= L[]
L[i] = L[] - Ly[i]
T[i]=0
Restart tin1¢r]
Else
L, =Li]; 4i]=0
T[i]=0
Stop timHi]
End if
Generate asbwith lengthL, and send it into the OBS network
End

5.1.1.2 Flow Control

In order to implement the proposed policy (BDPEBgatively, it is seen that neither
dividing each data burst into data segments (D®s)representing each DSs control
information in the burst control packet (BCP) isdible and sufficient (traditionally
done). Thus, in this section, the length of eaament (ranging from one to several
packets) is selected, in accordance with minimuchraaximum length requirements for

efficiency. Additionally, the length of each DS explicitly reflected in the BCP.
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Therefore, a suitable BCP format is proposed. Thapgsed BCP format provides
constant transmission overhead and makes the B&lRbse to higher speeds, as it uses
the flow control and reservation bits (FCRB) as skgments length indicator, instead of
flags [117]. In the proposed burst control formas €hown in figure (5.2)), an explicit
signaling in the backward direction has been uged. bits of FCRB are used to indicate
explicitly the amount of data sent and arrived. the backward direction, explicit
signaling notifies the egress node that congespoocedures have to be initiated,
wherever applicable for the traffic in the sameediiion as of the sent bursts. It indicates
the number of the dropped segments and also the lsest that has encountered
congested resources. The ingress node then lowenumber of data segments sent in
each data burst (DB) to be equal to the numbeatd# degments that are allowed through
the network to the intended destination. Thennin@aber of data segments is augmented
progressively based on either the maximum sizénefdata burst reaches or the FCRB

field congestion report.

Burst control packet
(BCP:

\—b{ Explicit-signaling | DSL | Flag | 1 |~— - —~| 1 | 1 | 1 |
One DS is dropped —>| 0 |~ ----- | 1 | 1 | 1 |
Length of DB= 2* DSL —>| 0 |~ ----- | 0 | 1 | 1 |

<
<

v

FCRB
Figure 5.2: Burst control packet format
5.1.2 Analytical Model

1. In this section, a queuing model M&Ghas been used to evaluate the performance of

the proposed BDPES policy.

2. With no buffering, the proposed policy has been ehedl as M/Gb queue system
with infinity of imaginary servers besides the dalle n servers (i.e. number of

wavelengths).

3. By considering, the number of busy servers equ@l tK), the following two cases

arises:
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(a)k < 0; no contention (number of busy sergar)
(b)k >0; all the n servers are busy and there &eimaginary active servers

for k upcoming DBs to be switched.

4. For the case (b), there akeDBs lost for everyndata-segments transmitted.

5. As soon as the contention is resolved, the comgndburst is moved from the
imaginary server to be served by an original servEmus, the packet loss

probabilityP(PLB) is given as:

P(PLB) =TL*Y i P(n+k) (5.1)

k=1
(TL™: traffic load;P(n + k) : probability that(n+ k) servers are busy)

6. Since the number of busy servers in MfGhodel has a Poisson distribution [15],

Thus the probability?(n + k) is given as follows:
P(n+k) =TL™ e™/(n+k)! , k= 1234........ (5.2)
7. The Erlang-B formula has been used to obtain thstlhass probability:

K /Kt
P(k,TL) = —kTL /k'

3T m

(5.3)

(TL: traffic load k: number of wavelengths available at each outptt) po
5.1.3 Simulation details

The simulation has been performed on the 12-node NSwork. The paths between all
of the source-destination pairs are calculatedguBiijkstra’s shortest path algorithm. The
packets are arrived at the ingress nodes followiaigson distribution with rateand are
assembled into bursts. Each of the burst is contpos®& segments and each segment is
composed of 10 packets. The packet size is expafigrdistributed with average size of
10000 bits. The links rates used are 10Gbps. Tasreno wavelength converters and
optical-buffers at the core nodes. The offsets betwBHPs and their associated data
bursts are fixed. Only two traffic classes are as=ul with the same traffic load. First
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class with Priority-1 is the higher priority whese®riority-0 is for the second class,
which is the lower priority. The burst loss ratd.@ is used as a performance metric in
the simulation (burst loss rate is the percentdgleucst that are sent by the source but

never received by the destination).
5.1.4 Results and Discussion

Figure (5.3) shows the overall performance of psagbpolicy in terms of BLR, as
compared to the segmentation drop policy (SP) atest arrival drop policy (LP) policy.
As expected, SP and LP provide the upper and lob@inds on performance,

respectively. On an average, the proposed polidppes better than LP.

le+0

I | atest arrival drop policy(LP)

[ Proposed burst drop policy (BDPES)
le-1 -| HEEE Segmentation drop policy(SP) ]
le-2 -
le-3
N J”‘
le-5 -

0.2

T T s T
0.4 0.6 0.8 1.0

Bust Loss Rate

Offered Load (Erlangs)
Figure 5.3: Overall burst loss rate performance usig different burst drop schemes

At first, the simulation has been performed withtlwe use of congestion control
mechanism (as shown in figure (5.4)). Afterwardss proposed congestion control
mechanism (only backward signaling) has been usedthe corresponding result is
shown in figure (5.5). Through simulation resultshas been observed that the lower
priority data segments experience more dropping. fEte higher priority data segments
are given a higher quality of service and the rédacon the dropping rate is achieved

particularly, by using proposed congestion comnmechanism.
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Packet drop rate
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Figure 5.4: Packet drop rate Vs traffic load (withaut congestion control)
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Priority O:(Proposed BDPES)

. Priority 1:(Conventional BP)
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0.1 + ‘ ‘
0.0 -
0.0 0.2 0.4 0.6 0.8 1.0
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i

Padet drgprate

Figure 5.5: Packet drop rate Vs traffic load (withproposed congestion control)

Figure (5.6) shows that the comparable resulterims of packet loss probability have
been achieved in both analytical and proposed p@licther improvement is expected, if
the proposed policy is designed to support defdaatouting with fiber delay lines or with
wavelength conversion capabilities).
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5.2 Flexible and Enhancing Bandwidth Utilization Burst Dropping Technique

By analyzing different contention scenarios, imagiced that the burst dropping policy (as
proposed in section 5.1) as well as current drappthemes e.g. tail dropping and head
dropping, are not sufficient to use the availabdedwidth efficiently. To address this
problem, in this section, efficient, flexible andhancing bandwidth utilization, burst
dropping technique has been investigated for cdoterresolution in optical burst
switched networks. In the proposed scheme, any eeggbased on packet count number
(PCN) in either a scheduled burst or a contendurgttare dropped to resolve contention.
The simulation results show that the proposed dngpfechnique performs better than
existing burst dropping techniques in terms of padoss rate (without wavelength
converters) and thus utilizes the available bantwadficiently.

5.2.1 Proposed Burst Dropping Technigue

In conventional burst dropping techniques, spediifyc tail dropping and head dropping,
sometimes, a segment with more packets might bepdwhile a segment with fewer
packets are scheduled and delivered to the nexd. Adds deteriorates the performance of
the system in terms of packet loss rate. Howeuerthe proposed burst dropping
technique, segments of either scheduled bursts ootending bursts are dropped
whenever contention occurs. In order to determihether to truncate the contending
burst or scheduled burst, a performance metriedak packet count number (PCN) has

been used. Whenever contention occurs, there ised tob calculate the PCN of both
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truncating the scheduled burst and that of trungatihe contending burst, respectively.
By comparing the two PCNSs, the burst with less @atiPCN is truncated. The truncated

data bursts are guaranteed to be larger than thenomn burst-length allowed by the
network.

It is observed that whenever contention occurs éetwan arriving burst (contending
burst) and some scheduled bursts on a channebfdhe following states (S) occurs (the

switching time has been ignored in this section):

1. The head of the contending burst overlaps thi¢htail of a scheduled burst and the

remaining part falls in an open void (S1).

2. The head of the contending burst overlaps #ithtail of a scheduled burst and the

remaining part falls in a closed void (S2).
3. The tail of the contending burst overlaps with head of a scheduled burst (S3).
4. The two ends of the contending burst overldh two scheduled bursts (S4).
5. The middle part of the contending burst oyeslavith a scheduled burst (S5).
6. The contending burst overlaps with multipleestuled bursts (S6).

In the proposed technique, a small amount of trdffis been stored at the edge router
and the output traffic is determined by the amafrdtored traffic. The brief description

of the proposed technique is summarized as follows:

1. Whenever, a new burst arrives at an intermediatie nine scheduling algorithm first
try to find a channel without contention. Thustries to find channels closed void
first and then tries to find channels with opendvoi

2. If there are multiple closed void or open volthnnels available, it will choose the
channel on which the minimal start void (the voefdse the arriving burst after it is
scheduled) is minimal.

3. If no voids available, contention happens:

Find S2 (first), S3, S1, &45 (last)
Else

Drop the arriving burst
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4. Calculate the PCNs of the scheduled burststzatdof the contending burst on every
candidate channel in order to determine which cblhim choose when there are
multiple channels available.

5. Channel whose PCN is the minimum among allctredidate channels, is chosen as
the channel to be scheduled.

6. Reserve the bandwidth for the arriving bssised on selection)

5.2.2 Simulation details

The following are some of the parameters that Heean considered in the simulation.

The network topology used is composed of 10 naeéesour edge nodes, two core-
nodes and four destination nodes. The edge nodextctraffic from legacy networks
and generate optical bursts. There are 8 wavelsragtieach link. The paths between all
of the source-destination pairs are calculatedguBifkstra’s shortest path algorithm. The
packets arrive at ingress nodes following Poiss@atrildution with arrival rate.. The
packet size is exponentially distributed with ageraize of 15000 bits. The transmission
rate is 10Gbps. There are no buffers at the codeso

5.2.3 Results and Discussion

Figure (5.7)plots the packet loss rate versus offered loaddfarence network with and

without wavelength converters at every node. lsaen that when the load is light, the
performances of the dropping techniques look simiath wavelength converters,

because contentions are not likely happen withtligad. However, if the load get

heavier, the heavier the load is, the better thepgsed dropping scheme performs
compared to conventional techniques (specificalyl, and head dropping techniques)
while there is not much difference between tail &edd dropping. Also, it is observed
that even when the load is light, proposed droppé&atpnique out-performs tail dropping
and head dropping because there are no waveleogtterters (WC) and there are much
more chance for contentions to happen even witt lgpd.
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Head Dropping Scheme (With--wWC)
~~~~~~~~~~~~~~~~~~~ Tail Dropping Scheme (With-WC)
—————— Proposed Dropping Scheme (With-WC)
—_——— - Head Droping Scheme (Without--wWC)
_—— Tail Dropping Scheme (Without--WC)
——————— Proposed Dropping Scheme (Without--WC)
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Figure 5.7: Packet loss rate versus load for diffent burst dropping schemes

5.3 Conclusion

In this chapter, performance of proposed burst pirgp policy and technique has been
investigated. It is known that the size of the datasts has a direct impact on the
bandwidth utilization and burst loss probabilithetefore, flexible and effective burst
dropping policy and technique have been developeti @mpared with the existing
techniques in terms of overall all burst drop ralee dropped segments are evenly
distributed between the contending bursts in tltep@sed BDPES policy for achieving
fairness between traffic flows and to minimize thenber of short data bursts. Also, the
proposed policy enables the core nodes to monitdrraanage the size (length) of the
data bursts traveling within the network. The prgmb scheme is practical and its
implementation does not lead to any compromisesomma of the main motivational
reasons behind the emergence of the OBS paradighichwis the simplicity.
Additionally, a burst control format is proposedpmvide flow and congestion control
capabilities in the optical domain. With this fortntdne length of the data burst and data
segments, the number of the dropped segments arfdriiarded segments using only a
limited number of bits (flow control and reservatibits) can be shown. The simulation
results show that the proposed policy supportsicerdifferentiation with moderate

complexity.

To achieve further improvements in the proposedstbdropping policy (discussed
above) such as better utilization of bandwidth,doWwurst loss rate etc, another efficient,

flexible and enhancing bandwidth utilization, budsopping technique for an OBS
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network has been proposed. In the proposed schargesegment based on packet count
numbers (PCNS) in either a scheduled burst or éending burst is dropped to resolve
contention. It is seen that at low load, the penfmnces of the dropping schemes looks
similar with wavelength converters, because comnatare not likely happen at lighter
load. However, if the load get heavier, the heather load is, the better the proposed
dropping scheme performs compared to tail and deapping techniques while there are
not so much difference between tail dropping amadhdropping. It is also observed that
even when the load is light, proposed dropping rnegre out-performs tail and head
dropping because there are no wavelength conventershere are much more chance for

contentions to happen even with light load.

Thus the simulation results achieved above confilat the proposed burst
dropping policy/technique performs better in terofigpacket loss rate and flexibility as

compared to existing burst dropping schemes.
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CHAPTER VI
CONTENTION RESOLUTION AND CONTROL SCHEMES
FOR OBS NETWORKS
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vol.97, no.3, pp.295-308, March 2010.
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In this chapter, we have investigated the fourtbeagch objective i.e. to investigate,
analyze and compare the performance of variouseotioh resolution policies and
control schemes for optical burst switched (OBS)woek, in order to reduce packet
(burst) loss, while supporting quality of servite.the first section, to reduce the burst
loss rate, hybrid contention resolution schemegdas delay, deflect and wavelength-
conversion, have been investigated. In order taawg the scheme, proposed above, in
terms of proportional differentiated services, loywacket loss etc, in the second section,
an efficient scheme based on adaptive wavelendgietamn and burst assignment, which
supports better proportional differentiated servieath lower packet loss in the buffer-
less OBS networks, has been developed. Furthérawe both contention resolution and
congestion control for reducing burst loss in agdtiourst switched networks, in the third
section, we have investigated an integrated cootenesolution and control scheme.
Finally, to improve the schemes proposed abovernmg of wavelength utilization and
wavelength efficiency, in the fourth section, aricg#nt scheme based on resource
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reservation and adaptive network flow routing hasrbpresented. The performance of

the proposed schemes has also been compared wigxigting described schemes.

6.1 Contention Resolution Schemes

In this section, the basic and hybrid contenticsohation schemes have been compared
with respect to burst loss rate. The results adueshow that proposed hybrid schemes
particularly, prioritized delay, deflect and delay provides togédr burst loss rate as
compared to existing schemes. It is also observatla significant differentiation with

regard to burst loss has been achieved, when jesities are considered.

6.1.1 Proposed Hybrid Schemes

The traditional contention resolution policies aesed on drop policy, delay policy and
deflect policy. The drop policy discards the coxtieg burst. In the delay policy, the
contending burst is delayed by a fiber delay lIRBL) during a bounded time. If during
this period time the original burst still occupithe initial port, the contending burst is
then dropped. The deflect policy deflects the coditeg burst to an available alternative
port. If there is no available port, then the bisstropped. In this section, following basic

schemes, further assumptions are considered aw k@toonyms in parentheses):

(&) Wavelength Conversion without limitations redjag number of converters or

tuning range (WConv).

(b) Deflection Routing selecting an alternativeilalde output interface in each node in

the order of shortest path length (Deflect).

(c) Buffering uses a shared feedback fiber delawe Ibuffer with a single FDL
employing WDM (Delay).

6.1.1.1 Contention Resolution Policies Proposition

In this section, the following are the three diffiet combinations (based on wavelength
conversion, optical delaying and deflection roufintgat have been considered for

ordering the contention resolution policies.
1. WConv, Delay and Deflect policy

2. WConv, Deflect and Delay policy

104



3. Prioritized Delay, Deflect and Delay Policy

The various situations and choices that arise dusurst selection are summarized in
Table 6.1. Also, it is considered that when thestauhave the same priority, their lengths

are compared and the shorter one is discarded.

Situation | Original Burst Contending Longer Burst Chosen
o Burst Priority
Priority Burst

1 H H Contending Contending
2 H L Contending Original
3 L H Contending Contending
4 L L Contending Contending
5 H H Original Original
6 H L Original Original
7 L H Original Contending
8 L L Original Original

*H-High, *L-Low

Table 6.1: Contention resolution situations betweetwo bursts

Further, the differentiated service technique iprioved in order to optimize the
resource usage by using the parameters such amummresidual time (MRT) and the
provided network time (PNT) (for making the selentamong two contending bursts). It
is assumed that MRTc is the contending burst mimimmasidual time and MRTo is the
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original burst minimum residual time. For the lagtation, as shown in Table 6.2, the

choice of the burst selection is made by usindeghgth parameter.

Condition Chosen Burst

If (( MRTO<PNT) & (MRTc< PNT) & (MRTo< MRTCc)) Original

If (( MRTO<PNT) & (MRTc >PNT)) Original

If (( MRTO<PNT) & (MRTc< PNT) & (MRTo> MRTc))| Contending

If ((MRTo>PNT) & (MRTc<PNT)) Contending

If (( MRTO<PNT) & (MRTc< PNT) & (MRTo= MRTc))| No decision

Table 6.2: Determination of the chosen burst
6.1.2 Simulation details

In order to evaluate the performance of the progolgbrid contention resolution
schemes, the network used in the simulation is NSFMWith 14 nodes. The following
are the assumptions that have been made for thaladion. Each fiber has the same
number of wavelengths. The burst generation isopeéd using a Poisson distribution.
The burst length is exponentially distributed. T¥evelength is randomly assigned by the
sender for each burst. The control bursts are iimétes] through separate control channels
(control burst is never blocked due to unavailaépihif control wavelength). The network
traffic is evenly distributed. The following parataes are considered for the simulation
.Wavelengths (11 per fiber), average burst lend®0 (sec), control burst processing

time (3 psec), switching time (11 psec), propagatielay on a link = 0.8 milliseconds).
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6.1.3 Results and discussions

It is observed in figure (6.1) that the delay ame deflect policies are more efficient than
the drop policy. Also, for the burst with lower uak of average arrival frequency, the
deflect policy has better performance than theydptdicy. However, for the burst with

higher values of average arrival frequency valtlesdelay policy has better performance

than the deflect policy.

Drop Policy
.................. Delay Policy
08| —————— Deflect Policy
—_——— Deflect & Delay Policy

— — — Delay & Deflect Policy/’7

0.4 _

Burst Average Loss Rate
o
[}
\
\
\
\
\
\
\
\

0.2 ~

Burst Average Arrival Frequency xdo

Figure 6.1: Burst average loss rate Vs burst averagarrival frequency (FDL =5 ps)

Further, several simulation have been made in daalstudy the performance of the
following three different prioritized policies, spgrting QoS. Also, the following are the
different fractions of traffic in terms of high prity (PO) and low priority (P1) that have
been considered for the policies such as (WConwyrifized delay and deflect policy),
(WConv, prioritized deflect and delay policy) arérifritized delay, deflect and delay

policy)

1. The fraction in which 25% of the traffic is higriority and 75% of the traffic is low
priority (25%, 75%).

2. The fraction in which there is an equal amaafrttigh priority and low priority traffic
(50%, 50%).

3. The fraction in which 75% of the traffic is higriority and 25% of the traffic is low
priority (75%, 25%).
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Using WConv, prioritized delay and deflect polidyhas been observed in the figures
(6.2) and (6.3) that the loss of high priority lars lower than that of low priority bursts.
Further, in the figure (6.4), it has been obsertret the loss of low priority bursts is
lower than that of high priority bursts; howevdrg tgap between losses is less than as

compared to the above results.
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Figure 6.2: WConv prioritized delay and deflect poicy (PO, P1) = (25%, 75%)
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Figure 6.3: WConv, prioritized delay and deflect policy (PO, P1¥ (50%, 50%)
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Figure 6.4: WConv, prioritized delay and deflect policy (PO, P1¥ (75%, 25%)

The observations made in terms of high prioritysbdoss reduction in the figures

(6.2), (6.3) and (6.4) are also verified in thddwling figures (6.5), (6.6) and (6.7) based

on WConv, prioritized deflect and delay policy.
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Figure 6.5: WConv, prioritized deflect and delay policy (PO, P1¥ (25%, 75%)
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Figure 6.6: WConv, prioritized deflect and delay policy (PO, P1¥ (50%, 50%)
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Figure 6.7: WConv, prioritized deflect and delay policy (PO, P1¥ (75%, 25%)

Finally, by using Prioritized delay, deflect andajepolicy, the results obtained in
figures (6.8), (6.9) and (6.10) are similar to #adsund in above policies. Also, it has
been observed that Prioritized delay, deflect agldydpolicy has better performance as
compared to above two policies. This is because;pblicy offers an additional delay for

the contention resolution before dropping the burst
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Figure 6.8: Prioritized delay, deflect and delay plicy (PO, P1) = (25%, 75%)
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Figure 6.10: Prioritized delay, deflect and delay plicy (PO, P1) = (75% 25%)

6.2 An Efficient Technique to Resolve Burst Contemdn

To obtain further improvements with the policiesgpwsed above (in section 6.1) in terms
of proportional differentiated services, lower peickoss etc, in the second section, an
efficient burst contention resolution technique dth®n adaptive wavelength selection
and burst assignment for optical burst switched $PBetworks, has been proposed. The
proposed scheme provides proportional differerdiaservices in buffer-less OBS
networks by dynamically assigning more and longetiqals of wavelengths to higher
priority classes. In addition to this, burst headkets (BHPs) are buffered electrically so
that the fiber delay lines are unnecessary at tine sodes. As a result, BHP of a lower
priority class is buffered at the core router whtedoesn't find an available wavelength. It
has an opportunity to reschedule its burst to thegelengths that have been assigned to
higher priority classes but have not yet been weskerThe proposed scheme not only
provides proportional differentiated services bisibaachieves lower average dropping
probability without any preemption or segmentatiorechanisms. Compared with
existing approaches, the proposed scheme doesadttn generate any special packets
and needs to maintain only a few parameters atdhe nodes. It has been observed that
the proposed scheme exhibits simple implementatind improved burst dropping

performance in comparison to traditional schemes.
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6.2.1 Proposed Resolution Scheme

The proposed scheme is based on combination otiedapavelength selection (AWS)
and burst assignment. Compared with general wagtiderontinuity based scheme, it is
seen that the AWS scheme not only adjusts the wagti numbers dynamically when
the traffic load changes, but also utilizes the elengths more efficiently (because the
wavelengths are shared among different classesddition to this, the proposed scheme
is integrated with efficient burst assignment sceem which bursts of the lower priority
class are processed after a delay to ensure thstskof the higher priority class have a
higher probability of wavelength reservation. Inrdiuassignment scheme, burst head
packets (BHPs) are buffered electrically such thatfiber delay lines are unnecessary at
the core nodes. Thus, in the proposed scheme, adBERower priority class is buffered
at the core router when it doesn’t find an avadalhvelength. It has an opportunity to
reschedule its burst to the wavelengths that haem lassigned to higher priority classes
but have not yet been reserved. The proposed schemenly provides proportional
differentiated services but also achieves loweraye dropping probability without any
preemption or segmentation mechanisms. The follgvare the assumptions that have
been made in this section. It is assumed khdéta wavelengths are available for each
output link in an OBS node with full wavelength gemsion. Latest available unused
channel with void filling (LAUC-VF) algorithm hasdlen used at the core nodes due to its
high efficiency and simple implementation. In asslass OBS network, there is no
constraint on the wavelength searching range. Thpgsed scheme not only assigns
different constraints for different class servigethe wavelength searching range but also
assigns a candidate wavelength set for each dfassan incoming burst, the core node
schedules it to be sent only on one of the caneidatvelengths of its class. The void
between two scheduled data bursts on one wavelenhgtiused wavelength capacity. If a
wavelength is occupied exclusively by one classséhvoids are wasted despite, bursts of
other classes arriving during these periods. Toravg wavelength utilization and
minimizing the burst dropping probability, diffeteclasses have been used to share each
wavelength. In addition to this, to maximize wawgth utilization, the highest class is
assigned with the whole wavelength set whereaslaer classes are assigned with

different subsets. In the proposed schef@g(t) has been considered as the candidate
wavelength set ofclass,at timet. Also, Q- burst arrivals are used to represent the

monitoring timescale . A first in first out (FIFO) is used to record the statusha t
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recent Q-bursts. The depth of the FIFO is M-bitd &s width is 2N bit{N is the number
of classes). In the proposed scheme, electronitebig used. The proposed scheme
divides BHPs into two types such as Type- | andeFp The Type-I has higher priority
over Type-Il. The bursts of both types have the esaffiset time. The BHPs of Type-I

bursts are processed as they arrive and BHPs da#-Tylpursts are processed after they
have been queued fr,. A Type-l burst refers to each incoming burst, athiis

scheduled in accordance with the adaptive wavdbeagsignment scheme. A Type-I|
burst is scheduled to be sent only on a wavelewgthin the candidate wavelength set of
its class. If it is scheduled, its BHP is processedmally and sent to the next hop. If it is
not scheduled when its BHP arrives and also ifre'sidual offset time is shorter than a
threshold (the minimum time for the remaining rQutben it is dropped immediately. If

its residual time is longer than the thresholds itegarded as a Type-Il burst, whose BHP

is to be queued fott before it is sent on a wavelength within its resithiag

wait
wavelength set. In addition to the candidate wangtte setb, (t) for class, a rescheduling

candidate wavelengt (t) set has been assigned. The rescheduling wavelength set has

been assigned with the whole wavelength set when the candidatdength is not

empty. The rescheduling wavelength set is dynamically adjustedibursts are dropped

if no suitable wavelength ib" (t i found. In order to prevent the end-to-end delay from

becoming too large, a parameler(N' < N, ) has been considered which indicates the

max

maximum number of times for a BHP to be queued during transmis®ihen the
number of times a BHP has been queued reddhethe burst are dropped immediately if
it can not find a suitable wavelength in its candidate wavelesgjthThe required extra

offset time is thus limited to the expression suchtd&* =t . xN .

wait
The following are the assumptions and notations used in tipeged scheme.

1. The number of candidate wavelengthdpe k, for i =1.....N
2.NA : Number of arriving burst aflass

I~busrts *
3.(N+i)™ bit equals "1' indicates that a burstlafss arrives, whereag" bit equals "1’
indicates that a burst aflass is dropped.
4.ND_, «s: Number of dropped burst ofass
5. SR: Service Differentiation
6. BLR: Burst Loss rate
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The brief working of the proposed scheme is agvait

Begin

When a burst alass arrives

Use LAUC-VF algorithm to schedblarst,
If (schedule suat®e
Forwatrdb next hop

NA—busrts ++

Create a new entry with e +i)" bit set1

Else
Discanart

ND ++

i-busrts

NA—busrts ++

Create a new entry with bathand (N +i)™ bit, set1

End if
Push the new entry into the FIF@ pap the oldest entry
Far=1to N
NA—busrts = NA—busrts - B(;\Ilc;relntry '
NDI-bUSI"[S = ND| ~busrts B(L\Ild:ntry

B I—R = N Di —bursts

NA _pursts
IBLR/BLR > SR/SR
i <k)b =h +1
ElseBLR/BLR < SR/SR
It b >0)b =h -1
End If
End

In the proposed scheme, the status of only thenteé@ebursts is recorded, so the oldest
entry is deleted when a new burst arrives. Theabées such asD_, . and NA_ s »
which records the information of the oldest entry also updated. Whé3LR is too high
(or low), b, is increased (or decreased) in order to decreasaq@aseBLRand also to
maintain the ratioBLR/BLR . If there is no candidate wavelen@th=0) for the
arriving burst, the core node drops the burst, idfiately. In addition to this, it is

not considered in the proposed scheme, the BHRluasDffset time is less than the
processing time of the BHP for its remaining rowier it has been buffered at
intermediate nodes. In this situation, the corresipry data burst (DB) is dropped by the
core node because the BHP is not processed béeetival of DB.
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Whent,,; is close to zero, the whole system performancerides¢es because there is
not enough time for processing BHP of Type-l. Oa dther hand, a lartig,, causes

large extra offset time and also large end-to-ezldyd Thereforet,,, has been included

in the extra offset time. The significant advantag@roposed scheme is that there is no
basic requirement on the number of wavelengthaolks well even when there is only
one wavelength. Thus, the proposed scheme impreweeslength utilization and

minimizes the burst contention or burst droppingjaibility.

6.2.2 Simulation details

The following are some of assumptions and paraméhbat have been considered for the
simulation.

The network topology , as shown in figure (6.11hsists of 10 nodes (eight edge
nodes and two core nodes).The bursts are genexagath edge node (with average burst
size of 80 Kbytes).All bursts are assumed to hdne dame initial offset time. The
wavelength channels are operating atGhps with average link length of 800 km. Full
wavelength conversion is considered at the OBS sioé@ach link is bidirectional
comprising two unidirectional fibers in oppositeeditions. Also, each fiber is assumed to
carry eight data wavelengths and one control wagtle The reservation scheme is
based on the Just Enough Time (JET) reservatiotogob The bursts arrive randomly
according to Poisson process, with exponentiallstridhuted duration with a mean

of 20us (the arrival rate used here is the mean numbebsists generated per node, per
mean burst duration). The control processing tisngssumed to s .The shortest path

first routing method is used to establish a rowgenvieen each pair of edge nodes (with

maximum hop distance of 10).Confidence intervabg95
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Figure 6.11: Star-topology (eight edge nodes ardo core nodes)

Node Node

6.2.3 Results and discussions

Figure (6.12) compares the burst loss performarfcéhe® traditional burst dropping
scheme and the proposed integrated scheme. ltgeaisdiready observed in conventional
schemes that the burst loss ratio increases wleetrdffic load increases. However, the
result in figure (6.12) shows that the proposeeégrdted scheme has better burst loss
performance as compared to traditional schemeaubedhe proposed integrated scheme
does not waste wavelengths. In figure (6.12), is@en that the burst loss ratio of the
proposed integrated scheme is lower than thatetrdditional scheme when the traffic
load changes from 0.2 to 0.6. This is because thie Bf a lower priority class (Type-Il)

in the proposed integrated scheme is bufferedeattine node when it does not find an
available wavelength and thus, it has an opponutot reschedule its burst to the
wavelengths that have been assigned to higherityridass (Type-1) but have not yet

been reserved.
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Figure 6.12: Burst loss ratio Vs traffic load

Figures (6.13) and (6.14); illustrate the averagestloss ratio and normalized
throughput at each link (normalized throughput rotlghput/link capacity). The burst
loss ratio differs because each of the burst dagshave the same size. Thus, the
normalized throughput has been used to evaluatedtveork performance. The proposed
scheme has the highest normalized throughput antbttest average burst loss ratio (as
shown in figures (6.13) and (6.14)) whereas thdliticmal scheme has the lowest

normalized throughput as well as the highest lase at all load levels.
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Figure 6.13: Average burst loss ratio Vs traffic lad
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Figure 6.14: Normalized throughput Vs traffic load

Figure (6.15) compares the average end-to-end Hosst ratio. The proposed
integrated scheme has not only the best hop peafacenbut also having the best end-to-
end burst loss performance (the lower priority titgeave larger queuing delay than do
the higher priority bursts). The simulation resu#sow that although the proposed
scheme improves the burst loss performance at xpense of increasing extra offset
time, yet the increase of end-to-end delay is vemyall (at most hundreds of

microseconds) and is negligible for real time aggilons.

Traditional Burst Drop Scheme
~~~~~~~~ Proposed Integrated Scheme

End-to-BEnd Burst Loss Ratio
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Figure 6.15: End-to-end burst loss ratio Vs trafficload
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6.3 Contention Resolution and Control Scheme for Qyral Burst Switched
Networks

In order to overcome the limitations of the prombsehemes in section 6.1 and 6.2, in
this section, we have investigated an effectiveeswh based on integration of contention
resolution and control algorithm (ICRCA).The sintida results have shown that the
proposed scheme behaves well in practice and rdspguickly to any change in the
network status, while improving the overall netwpeformance. Also, it is seen that the
proposed scheme not only provides significantlytdseburst loss performance as
compared to conventional ones, but is also voiangfpacket re-orderings problems.

6.3.1 Proposed Integrated Scheme

The following are the basic constituents of theppsedscheme.
A. Contention resolution and control

B. Traffic control

C. Fairness

The assumptions that have been used in the progobedhe are as follows:
. TFA: Traffic load adjustment
. FBACK_CLPKT: Feedback control packet

. TXR: Transmission rate

AW N P

. TFA : Transmission flow increment

(62

. THL : Threshold traffic load

6. C.: Capacity of channel

7. C,: Number of wavelength channels carried by a link

8. RTT: Round trip delay
9. FWD_ CLPKT: Forward control packet

10.CPBD, CPTL & CPTTH: Contented packet (blockiteday, traffic loss & threshold
traffic load)

11. OPTL, OPBD: Original packet (traffic loss, thking delay)

12. ABD: Average blocking delay
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13. FDL_cnt: Fiber delay line counter
14. RFDL_num & RFDL_ur: Real FDL (number & utgitzon)
15. MFDL_ur: Maximum fiber utilization

16. 9i]: Sequence number

A. Contention resolution and control

I ngress Edge node (I EN)
Receive FBACK_CLPKT
Adjust Traffic load (TFA)

Upon receiving the traffic load adjustment requastink (p, q) at timelt(TFAg,q) the
edge node K, do the following actions:

) FTFE ‘{q =0, continue transmitting at the current rate

(i) If TFA{;Vq <0, increase the transmission rate of all (s, d) flavhere (p, q)J TFA(s,
d), according to the increment functin:

1. The most congested link difrA (s, d) was (p, q) an@iXR , + TFA <
TXR, @=TFA, ) where (j, k) is the next most congested linkTd#A (s, d)
2. THL,,+ TFA <THL geinea X (Cc [C,)
(iii) If TFA?, >0, check the value and time of the FBACK_CLPKIFA?, andt,

1. If TFA?, <TFA!, andt, < 2RTT+{,

Then ignore the incomingF ‘{q
2. If TFA?, >TFA! andt, <2RTT+t,

Then decrease the transmission ratd B, — TFA®,
3. If t; >2RTT+{,

Then reduce the transmission rate of all (s, d) flowdtq, =TL, [1-TF t{q ]

(where (p, QI TFA(s, d))
SendFWD__ CLPKT

Modify upcoming traffic
Core Node (CN)

Receive control packet of the contended packets
Read (CPBD, CPTL & CPTTH)

Identify (OPTL, OPBD)

Initialize t;-state = 0
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If FDL_free = True % available FDL
FDL_cnt:=FDL_cnt+ 1
t;-state: = {-state+ 1
Update (OPBD, ABD)
Compute (RFDL_num; RFDL_ur)
Identify (R_CN)
If t1- t1-State% {is reached
If RFDL_ur>MFDL_ur
Generate FBACK_CLPKT
If forward receive state = True
Delay FBACK_CLPKT
Else
Send FBACK_CLPKT
Delete packets with Max (CPTL-OPEBL{RFDL_num< R_CNLC ABD)
Privileggackets witHOPTL>THL)
End if
End if
End if
Else
Delete contended packets
Update OPTL
End if
Egress Edge node (EEN)

Do reordering action

1. The detection of reordering is performed atdbstination, looking at the sequence
numberdi]of each packet, whernenumbers the arriving packet order at destination.
This sequence number is set at the source nodewfofj a consecutive integer
sequence).

2. In turns, the destination node maintains a tw@ii], which identifies the sequence
number of the following expected packet.

3. Under normal conditions[i]is equivalent to the sequence number of the lasived
in order packet plus 1.

4. When packetiarrives, the packet is considered as reordered hetsi] < s[i].

Conversely, whethes[i] > di], the packet is considered in order &{d +1] = gi]+
1.
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5. The reordering ratio quantifies (given a certdata stream) the ratio of reordered
packets. This figure is easily obtained as the ramolb reordered packets divided by
the number of received packets. (it provides infaion about the minimal storage
(i.e., buffer size) at the receiver, which is nekbde restore packet order at

destination).

Generateontention requests statistic

Add statistic (FBACK_CLPKT & FWD_ CLPKT)
Send update information (if request is received)
B. Traffic control

1. Core nodes

() The network load is checked for fixed ivials.
(i) If network load is higher than threshol@ngestion message is transmitted to data
burst sender nodes.
(i)  If network load is less than threshold adable message is transmitted to data
burst sender nodes.
2. Edge nodes

(i) If the congestion message arrives at theentiie generation rate of the incoming
traffic decreases by one step.

(i) If the available message arrives at the ndte generation rate of the incoming
traffic increases by one step.

3. Time-window

() The set of flow proportions are periodicallwatuated at the end of each
measurement time window.

(i) If congestion occurs in the paths between sberce-destination pair, the flow
proportions will be adjusted based on the traffatistics measured in previous
time windows.

(i) If none of the paths between the source4idesibn pair becomes congested, the set
of flow proportions will remain the same as thattbé nearest previous time
window.

(iv) The time-window-based mechanism is based om dssumption that traffic
conditions are predictable (Since bursts in OBSvoeks are assembled from IP
flows, the congestion situation in the networkxpected to be predictable).

C. Fairness

1. Fairness is considered as an important issaayrcontention avoidance network with
feedback. A widely adopted criterion to define ri@ss is known as maximum
fairness criterion. In this scheme, the traffiosffofrom different edge nodes with the
same priority have an equal share of the congdistied

2. The termC, [T, /|N| is quantified by a faimess indek,() defined as follow:

R TFI= (TR /NI TF?)
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(|N|: number of concurrent flows into the congeste#; it : sending traffic flow of

the i" flow at equilibrium;F, : between 0 and F, :1 indicates perfect fairness)

6.3.2 Simulation details

The following are some of the assumptions and parars that have been considered to
perform the simulation. The simulation has beeifiopered on the 12-node NSF network.
All the nodes have the function of both edge an@ emde, depending on which pair of
node is selected to be the source (ingress edge) raodl the destination (egress edge
node).There are no fiber delay lines and wavelemgthverters in the network. The
reservation scheme is based on the Just-Enough-{UEE) reservation protocol. The
source and destination of each traffic flow arefamily selected among the nodes. The
data bursts are not retransmitted. The bit erreesgnored in the transmission. The size
of the electrical buffers in the edge nodes isnitéi Wavelengths (8 per fiber), control
burst processing time (4 psec), threshold load),(@&pagation delay on a link (0.8

milliseconds), switching time (12 psec).

6.3.3 Results and discussions

It is seen in figure (6.16) that the data bursslosthe proposed algorithm is lower than
one of the conventional ones. In the conventionalhwds, the higher the network load
becomes, the higher the burst loss probability beso This occurs because an excessive
number of bursts are generated and transmittedtidOBS network when the traffic
generation is momentarily high. On the other hahd, burst loss probability is almost
identical for any network load in the proposed athom, regardless of the load. The
proposed algorithm moderates a change of the nktlead by activating the traffic
control policy. Thus, it is possible to control tharst loss probability regardless of a

change of the network load in the proposed method.
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Figure 6.16: Burst loss probability Vs load

Also, it has been observed in figure (6.17) tha throughput value of proposed
algorithm is higher than the conventional methddss is considered as throughput gains

to the fact that the proposed scheme uses bandwiaité efficiently.
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Figure 6.17: Throughput Vs load
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6.4 Contention Resolution Based on Resource Resetiea and Adaptive Network

flow Routing

To improve the schemes proposed above (in secfidng 6.3) in terms of wavelength
utilization as well as wavelength efficiency, instlsection, an efficient scheme based on
resource reservation and adaptive network flowingutas been presented. The proposed
scheme reduces the overall burst loss in the nktewod also at the same time avoid the
packet out-of-sequence arrival problem. Its perfotoe is compared with that of
contention resolution schemes based on conventianding. The simulation results
show that the proposed scheme provides lower lgstin comparison to the basic equal
proportion (EPFR) and hop length based traffic flowting (HLFR) schemes.

6.4.1 Proposed Scheme

The proposed scheme is based on the JET protocolitbalso introduces some
mechanism to ensure quality of service (Qo0S). Hgeeiss node checks all the different
optical paths taking into account network topola@gd load statistics information. The
resulting routing information is sent in the cohgpacket. Then, intermediate nodes only
need to check the temporal availability for thereotr switching configuration to the next
hop suggested by the ingress node. The arrivirffictflows are assigned to multiple link
disjoint paths between each source and desting8@) pair based on a set of flow
proportions computed adaptively. Once the assighiioera new flow is made, the flow
is transmitted using the same path until its deparand is not shifted between different
paths in different time windows. Based on the mesas$guality at the end of each time
window as well as the hop length factors of thdnpathe set of assigned flow proportions
for the paths between SD pair is adjusted accolygiangd applied to route new incoming
flows in the next time window. Also, the burst aabdy time threshold for each path is
varied to further enhance the burst loss performaitie proposed scheme provides
better Qo0S, as controlled loops are made by usiagpteviously reserved resources. In
contrast to JET, resources are not released jtest@dta burst (DB) transmission but are
preventively reserved. If there are no availabkouveces at the next hop node, a loop is
created by sending the burst back to the preceulg (where resources have been pre-
reserved) and forwarding it again. The uncontrolaps and the computation problems
associated with rerouting are the drawbacks of entiwnal routing mechanisms which

are avoided with the proposed scheme. Due toats lflased nature, the proposed scheme
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is free from the problem of packet reordering. Thev routing is performed in a
weighted round-robin manner. Whenever a new trdffiev arrives, based on the path
selection sequence, a path is chosen to routeldhednd the path selection sequence
repeats in cycles. The flow based routing algorithas to maintain the mapping
information between the flow and its assigned patfis helps in improving the routing
stability and thus, reduces the traffic fluctuaian the network [7-10]. Therefore, the
overall network performance has been improvedcake, when two bursts with different
priority content the same path, a distributed wawgth assignment algorithm for burst
optical networks called as the priority based wength assignment algorithm, is used to
resolve the contention. The resource contentioresslved in the wavelength domain.
With this algorithm, each node assigns wavelengjesed on the wavelength priority
information learned from its wavelength utilizatibistory in a distributed manner. As the
learning process progresses, nodes in the samefghe network tend to assign different
wavelengths to avoid contentions, meanwhile, teesavavelengths are spatial reused in
the different parts of the network. Each senderenadkeeps a wavelength priority
database for every destination node y. For eaclelagth w, a pair of information, P(x,
y, w) and N(x, y, w) are recorded, where P(x, y,shpws the priority function and N(X,
y, W) shows the number of access times to wavehewg(The priority of the wavelength
is determined by the value of the priority functie(x, y, w), i.e., a wavelength with the
largest priority function value has the highesbpty. The number of access times N(X, y,
w) is used to determine the modification valuedpdating the wavelength priority. The

wavelength priority is calculated by the followirigrative formula.

1. When a burst with wavelength w is successfdéiivered, P(x, y, w) and N(x, y, w)

are updated as:
PO, y, W) ={P(x, y, w)* N(x, y, w) + IH{N(x, y, w) +1};
N(X, ¥, W) = N(x, y, w) +1 (6.1)

2. When a burst with wavelength w is not succelystlelivered, P(x, y, w) and N(x, v,

w) are updated as:
P(X, y, W) ={P(x, y, w)* N(x, y, w) }{N(X, y, w) +1} ;

N(X, y, w) = N(X, y, w) +1 (6.2)
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The value P(x, y, w) approaches to the successfobmission probability as N(x, v,
w) increases under steady state. In non-steadg, stetwever, adaptation becomes
difficult as N(x, y, w) increases, since adaptatpeed decreases as N(X, y, w) increases
(an upper limit to N(x, y, w) is necessary to maintconstant updating of P(x, y, w) in

order to accommodate dynamic change of burst ¢)affi
6.4.2 Simulation details

The burst loss probability, mean hop-length, wawglle utilization and wavelength
efficiency are used as the performance metrics.bst loss probability is measured as
the fraction of bursts dropped. The mean hop-lemgtineasured as the average number
of hops traversed by bursts. The average wavelefdtiannel) utilization is the
percentage of a single wavelength that has bedizedtito successfully deliver data
bursts. The average wavelength efficiency is thregreage of the average offered load
per wavelength that has been successfully conetbub the average wavelength
utilization (the average wavelength efficiency sBothie successful transmission rate).
The proposed scheme has been compared with tworflaing schemes i.e. the equal
proportion multi-path flow routing (EPFR) and thephlength based multi-path flow
routing (HLFR). For EPFR, traffic flows that arriad a SD pair are distributed evenly
among the multiple paths between the SD pairs.HidfR, flows are routed to a path
with a probability inversely proportional to thepghiength of the path. A bidirectional link
consists of two unidirectional fibers in oppositgedtion. Each fiber has four data
channels at 1 Gb/s transmission capacity. The datnnel scheduling algorithm
employed here is the latest available unscheduteshreel with void filling. The long
range dependent traffic model is employed (tratffiat arrives at each node pair in the
network is the aggregation of multiple IP flowskdh IP flow is an ON/OFF process
with Pareto distributed ON and OFF times. Duringhre®N period, a Pareto distributed
number of packets, with mean N and Pareto shaeneterf, are generated at the peak
rate (p)packets/sec. The OFF times are also Pareto disdbuith mean Xandy. The
set of values used for the simulations are: N (5)(1.2), X (4600@s), y (1.3),
wavelengths (16) and p (600)he packet length is set to be 100 bytes. The rmesson
rate per flow is fixed at 30kb/s.The range of B(xw) is set to be in between 0 and 1.
The limit of N (x, y, w) is fixed at 10.
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6.4.3 Results and discussions

The figure (6.18) shows the mean hop length traeby a burst with varying traffic load
per node pair for various routing schemes. The nmegnlength reflects the delay, initial
offset time and control burst signaling overheadhim network. Using figure (6.18), it is
observed that RR-ANFR achieves a shorter meandmggit over EPFR and HLFR. The
reason is that both EPFR and HLFR treat all thegpat a fixed manner. The flows are
routed through different paths based on the inikial proportion assignment throughout.
Therefore, on the average, bursts traverse longgaspmore often than RR-ANFR since
the routing does not adapt to the varying traffimditions in the network. It is also
observed that the mean hop length for RR-ANFR Bme®e when the traffic load
increases. The proposed scheme tends to give hogvepfoportions to the longer paths

when traffic load increases.

1.9 HE EPFR
[ HLFR
N RR-ANFR

1.8

1.6
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Flow Arrival Rate Per Node Pair( Flows/Sec)---->
Figure 6.18: Mean hop length Vs traffic load

The figure (6.19) shows the burst loss probabdityarious flow routing approaches
with varying traffic load per node pair (trafficdd is expressed as the mean flow arrival
rate (FAR) per node pair in the network). It is ebed that RR-ANFR performs much
better than EPFR and HLFR in terms of overall bloss rate. Although, both EPFR and
HLFR distribute traffic flows across multiple pathiey perform worse because they fail

to keep track of the varying traffic situationsine network.
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Figure 6.19: Burst loss rate performance of variouglow routing schemes

The results obtained show that RR-ANFR improvesitaeelength utilization and the
wavelength efficiency (as shown in the figures @.2nd (6.21)) in comparison to EPFR
and HLFR.
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Figure 6.20: Wavelength utilization

130



1.4 -
BN RR-ANFR
[ HLFR
A 12 I EPFR
|
g 1.0 -
Xe]
i os -
5§ 0.6
§ 0.4
0.2
0.0 -
5 10 15 20 25 30

Number of Wavelengths--->
Figure 6.21: Wavelength efficiency
6.5 Conclusion

In this chapter, to reduce burst loss due to resaontentions for optical burst switched
networks, efficient contention resolution and cohtchemes have been investigated and
are also compared with the conventional schemebritigontention resolution schemes
for OBS networks are developed. Through hybrid eotidn resolution schemes (such as
WConv, delay and deflect, WConv, deflect and delag Prioritized delay, deflect and
delay policy), it is shown that both contention atiee burst loss rate have been
minimized. Also, different mechanisms have beermwshéor handling prioritized data
traffic which combines prioritized optical delayingth prioritized deflection routing in
order to offer differentiated services at the agtitayer. The prioritized contention
resolution policies provides QoS with 100% claselason without requiring any
additional offset times. The combination of FDL teu$ with deflection routing yields
lower losses than wavelength conversion with déflacrouting in most of the cases,
however at the cost of additional buffer. The simtioh results show that the hybrid
techniques specifically, Prioritized delay, deflentd delay policy reduces the burst
average loss rate effectively, as compared to iagigechniques. Also, the significant

differentiation with respect to burst loss has baemeved.

In order to improve the scheme proposed above,temns of proportional
differentiated services, lower packet loss rategubhput etc, an efficient scheme based

on adaptive wavelength selection and burst assiggmehich supports better
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proportional differentiated services with lower ke loss in the buffer-less OBS
networks has been proposed. The simulation reswl$eved show that the proposed
scheme has better performance in terms of burst faso and throughput. Through
simulation, it has been found that when the BHPtingitime period (J.i) and the
maximum number of times for a BHP to be queued €dceed the predefined value, the
performance is improved smoothly. These resultvgmethe end-to-end delay from
becoming too large. In addition to this, the praggbscheme does not need any complex
burst segmentation or wavelength preemption supporit is especially suitable for OBS
networks because of its simple implementation. Canexb with the existing approaches,
the proposed scheme does not need to generatpaciglgpackets and needs to maintain
only a few parameters at core nodes. Thus, thet lonoppings are avoided and the
wavelength utilization is improved. Moreover, itogides controllable and predictable
proportional differentiated services for differestisses. The results obtained show that
although the proposed scheme improves the burstdesformance at the expense of
increasing extra offset time, the increase of endrtd delay is very small (at most
hundreds of microseconds) and is negligible fol tiege applications.

To have both contention resolution and controlréalucing burst loss in the network,
another efficient scheme has been developed. Trectateness of proposed algorithm
(ICRCA) lies in the preservation of packet ordenmigile reducing the overall burst loss
in the network. The performance of the propose@sehis expected to improve when it
is implemented with data burst spreading or intaTgl data burst dropping on adjacent
nodes when a downstream link is subject to comgestrhe traffic control scheme
ensures congestion recovery in the network by dngpgxcessive loads and also supports
fairness between bursts. For the proposed schelme éffective, it is ensured that, at the
edge router of the network, burst does not enenttwork at a rate higher than that the
network handles. The simulation results show thap@sed scheme successfully prevents
overload while it is able to achieve not only faiss but also optimized performance for

next generation networks.

Finally, in order to overcome the limitations ofthbove proposed schemes i.e. to
alleviate resource contentions more effectiyvely efficient integrated scheme based on
resource reservation and adaptive network flow imgutfor optical burst switched
network, has been developed. The proposed appiéets a significant advantage in

comparison to conventional routing. In it, the poess node has already reserved the
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resources when it has transmitted the burst, stemopaths are required to be calculated.
This allows computational resources to be saved thnd, it reduces the number of
signaling messages to be conveyed over the netwidris simplifies OBS network
control. It has been observed in the resultstti@proposed scheme reduces burst loss in
the network significantly and improves wavelengtitiaation and efficiency as compared
to the conventional static flow routing schemeshsas EPFR (the equal proportion multi-

path flow routing) and HLFR(the hop-length basadtipath flow routing ).
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CHAPTER VII
CONCLUSIONS, RECOMMENDATIONS AND FUTURE SCOPE

In this chapter we list the conclusions, recommé&nda and future scope of the research.

7.1 Conclusions

OBS is considered to be one of the possible waysptement the WDM technology in
core of the Internet in future. It avoids the peohl of under-utilization of resources in
circuit switching and does not require buffers amdical logic processing like packet
switching. It is usually assumed that the core Q®8wvork is buffer-less because the
main purpose of separating the control and dataeglan OBS is to avoid costly optical
buffering. Due to the lack of buffers and onlineeevation system of OBS, even if there
is wavelength conversion capability, bursts arepdeal whenever the number of them
simultaneously arriving at a core node exceedstimber of available wavelengths at
that time. These burst losses due to contentionvéuelengths are termed as contention
losses. These are very serious hindrances to theyeent of OBS networks. With
increasing online applications, most of the Intémnaffic contains multimedia and real-
time traffic. So, loss of bursts which causes sitemdous loss of several packets has a

severe impact on many applications at the higharta

In this thesis, we addressed the various performaetated issues arising in the
deployment of OBS networks such as network archites problems in terms of burst
handling, wavelength reservations techniques fdicieft utilization of bandwidth as
well as network resources, burst dropping and cdiate resolution schemes, in order to
reduce congestion and burst loss at the higherdaiege support various networking

applications such as with large data requests amsits/e to path delay.

The following are the conclusions based on thelt®sachieved in the individual

chapters of the thesis.

1. Considering the problems related to existing OBSwork architectures, we have
presented efficient OBS network’s architecture raléves in order to increase
network utilization, reduction in blocking probatyletc. Based on the properties of

optical burst flows and bandwidths provisioningtive networks, an efficient OBS
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network architecture utilizing adaptive burst asBltnsmall fiber delay line (FDL)
along with dynamic route selection, has been ingatdd. The results obtained show
that the proposed OBS architecture provides bdtiesughput and decrease in
blocking probability in comparison to conventior@es. The simulated proposed
OBS network architecture provides an accurate ffibh \&nalytical traffic models for

prioritized traffic classes and lower bounds far tiher traffic classes.

Also, to have reduction, in electronic switchinggassing time, delay associated
with FDL usage, in the above architecture, ano#fécient congestion-free OBS
network architecture utilizing a short- prior-canfiation-packet (SPCP) and optical
label processing with JET signaling has been ptederBy using optical label
processing, proposed network architecture apprsactmeventional packet switching
granularity and thus network utilization is incredsespecially for small bursts
composed of IP traffic. It has been observed thatfl0Gbps bit-rate, the minimum
burst length accepted to be transported is 15ngiamdbr optical and electronic label
processing. Using electronic label processing, sstdoss probability of 1x18
(approx.)s obtained for 33 and 60 wavelengths (BAR = 3200 @400 Bps) whereas
30 and 53 wavelengths are required for optical llggvecessing. This shows an
improvement in wavelengths usage of OBS networkiclvlin turn increases the
network utilization gain (efficiency). It is alsdserved that at low loads, the queuing
delay remains essentially near the round trip tignege each burst departs with the
return of the almost always positive, SPCP. Fod$oap to 65%, most SPCP return
with a positive acknowledgement, hence the quedelgy is close to the round trip
time since each burst departs as soon as the neIS®LP returns back. Although the
1-hop queue experience the congestion even for 88%, the delay of the 4-hop
gueue remains intact regardless of the increasiag in the system. It has been
observed that the throughput value of proposed @B3itecture is higher than
traditional architectures. Hence, this is attrilbugess throughput gain to the fact that

proposed OBS architecture uses bandwidth mordesitig.

. We have also analyzed and presented the qualibgmvice (QoS) oriented, efficient
reservation schemes in order to enhance bandwidtlchannel utilization in optical
burst switched (OBS) networks. An adaptive schermsed on a multi-service OBS

edge node with synchronized bandwidth reservatioechanism has been
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investigated. The proposed scheme enables netwamkport nodes to dynamically
reserve bandwidth needed for active data burstsflo&s the flow length increases
from 50 bursts to 400 bursts in the proposed schémeeburst loss rate decreases. A
loss counter is used to find the periodicity oft Ibarsts with the same ingress/egress
address. The lower the loss counter set, fewertduase lost because the loss
notification is quickly sent to the ingress node.the proposed scheme, once the
scheduler recognizes the periodicity of the slotbedlst, it reserves slots for the
subsequent bursts. Therefore, if the length of tbilesv increases more than 400

bursts, the overall burst loss rate will be decedageatly.

In order to have better channel utilization, thioogt etc, we have investigated
another efficient scheme in which data burst ahedaled in batches. The problem of
data burst scheduling is mapped to a combinatav@atimization problem of
scheduling data burst time intervals on a chanine¢ fine. The heuristic interval
scheduling algorithm is utilized to obtain the mmxm number of non-overlapping
bursts. The results show that the proposed scmegalitperforms the JIT scheduling
over the entire range of the mean offered load. ilsprovement in burst loss

probability has been seen specifically at high $pae. from 0.8 to 1.2.

In addition to above, to address the problem ohéss control between short and
long distance packets, we have analyzed and pessamother efficient reservation
scheme in which each edge router finds a suitahleerto the destination edge router
autonomously by using feedback and prior-infornrrapackets. The proposed scheme
based network performs better than the best-affetiork for increasing load. This is
because a best-effort network drops a packet tsitplerformed several hops in the
network with the same probability as a new pacgeth a long distance packet may
on its path have blocked other packets from bemwyesl by the switch and the
resources will thus be wasted. By differentiating packets according to their hop
count level, the proposed scheme avoids this effledtincreases the throughput .This
results decrease in average resource usage fopeattopackets (i.e. the resource
waste) in the network. The proposed scheme offaser burst loss probability in
comparison to conventional schemes. This is becauee proposed scheme, due to
prior-information at each edge router, the trafieot concentrated on particular link.
The traditional JET based scheme exhibits the lowle®ughput due to the path
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length priority effect. In contrast, the proposetieame exhibits the best performance
in terms of throughput Therefore, this scheme mlesithat a burst traversed more
hops can complete its transmission more succegsiiile results obtained show that
with the proposed scheme, the packet delay is wahin the constraint for each

traffic-flow and the performance metrics such assbdoss rate, throughput and

fairness are remarkably improved.

. It has been observed that the size of the datdsbhesve a direct impact on the OBS
control channels, bandwidth utilization and alssufts in burst dropping. Therefore,
we have presented effective and flexible burst piragp techniques/policies. In the
proposed burst dropping scheme based on even iealadt burst (BDPES), the
dropped segments are evenly distributed betweercdhtending bursts to achieve
some kind of fairness between traffic flows andrimimize the number of short data
bursts. It has been observed that the lower pyiaiéta segments experience more
dropping rate. The higher priority data segmengésgawen a higher quality of service
and the reduction on the dropping rate is achiguadcularly by using congestion

control mechanism.

Also, by analyzing different contention schemess itoticed that the current burst
dropping schemes e.g. tail dropping and head dngpptan not used bandwidth
efficiently. To address this problem, we have itigeded another efficient burst
dropping scheme to use bandwidth efficiently. la gnoposed scheme, any segment
based on packet count number (PCN) in either adsbbe burst or a contending burst
can be dropped to resolve contention. It is seahdhlow load, the performances of
the dropping schemes looks similar with wavelergihverters, because contentions
are not likely happen at lighter load. Howeverthé load get heavier, the heavier the
load is , the better the proposed dropping schesni@nns compared to tail dropping
and head dropping while there are not much diffezebetween tail dropping and
head dropping. It is also observed that even whendad is light, proposed dropping
scheme out-performs tail dropping and head droppegause there are no
wavelength converters and there are much more ehfmrccontentions to happen
even with light load. Results achieved confirm tiia¢ proposed burst dropping
scheme performs better in terms of packet loss aate flexibility as compared to

existing burst dropping schemes.
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4. Also, we have analyzed and described possibldisoiito address the problem of
contention losses in OBS networks. Through hyboidtention resolution techniques;
WConv, Delay and Deflect, WConv, Deflect and Dedag Prioritized Delay, Deflect
and Delay Policy, it is shown that both contentaomd the burst loss rate have been
minimized. The prioritized contention resolutionipies can provide QoS with 100%
class isolation without requiring any additionalset times. The results show that the
hybrid techniques specifically, Prioritized DelaReflect and Delay Policy can
effectively reduce the burst average loss rate ewetpto existing technigues; and

also the significant differentiation with respeetaurst loss has been achieved.

To resolve burst contention (burst dropping) in OB&works, an efficient
integrated scheme has been developed based ornvadapvelength selection (AWS)
and burst assignment, which can efficiently suppmroportional differentiated
services in buffer-less OBS networks. The resuiiswsthat when the traffic load
changes from 0.2 to 0.6, the proposed scheme htey berst loss performance as
compared to traditional schemes because it doeswvaste wavelengths. This is
because the burst head packBHP) of a lower priority class (Type-Il) in the
proposed scheme will be buffered at the core noldenwt cannot find an available
wavelength and has an opportunity to rescheduldutst to the wavelengths that
have been assigned to higher priority class (Tydait have not yet been reserved.
Results show that although the proposed schemeiraprthe burst loss performance
at the expense of increasing extra offset timejrtbeease of end-to-end delay is very
small (at most hundreds of microseconds) and wdadnegligible for real time
applications. For different traffic loads, the depd simulation and analytical results

show that the analytical model is in good agreemsaittt the simulation results.

In order to have both contention resolution andgestion control for reducing
burst loss in the network, we have investigatedgrdated contention resolution and
control (ICRCA) scheme for optical burst switcheetworks. In the conventional
methods, the higher the network load becomes, igffigeh the burst loss probability
becomes. This occurs because an excessive numbleursis are generated and
transmitted into the OBS network when the traféngration is momentarily high. On

the other hand, the burst loss probability is almdentical for any network load in
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the proposed algorithm regardless of the load. drloposed scheme can moderate a
change of the network load by activating the tcafiontrol policy. Thus, it is possible
to control the burst loss probability regardlessaathange of the network load in the
proposed scheme.

To alleviate resource contentiowe have presented another efficient scheme
based on resource-reservation and adaptive netfhawkrouting (RR-ANFR). The
proposed scheme tends to give more flow proportiorise longer paths when traffic
load increases. The performance of RR-ANFR is bedie compared to equal
proportion multi-path flow routing (EPFR) and hamth based multi-path flow
routing (HLFR). Although, both EPFR and (HLFR) distte traffic flows across
multiple paths, they perform worse because thelyttakeep track of the varying

traffic situations in the network.

7.2 Recommendations

The following are some of the possible recommendatbased on the individual chapters

in the thesis.

1. The proposed architectures are shown to be feaalifernative architectures for OBS,

2.

with a support for highly effective QoS provisiogiand routing management. Thus,
they can be used for the backbone of future lacgéesnetworks. The results achieved
have shown that proposed OBS network architecturesomparison to existing
architectures perform better in terms of lower king probability and higher
resource utilization. The strong points of the jmsgx architectures are: compatibility
with packet switching at the network edge, simplictost-effectiveness, efficiency
and flexibility of allocating different bandwidthranularities, depending on the
application needs.

The results have shown that the proposed resemgaschemes are the best, because
they not only reduce the burst loss, but also obritre edge buffering delay. The
proposed schemes are able to reduce the burstelgsscially at low traffic loads at
the expense of a small initial delay. The propasseérvation mechanisms with added
complexity have shown decrease in burst loss pibtyalcompared to existing
reservations like JIT, Horizon. However, the pragabsschemes with additional

complexity yields better results only if the offgetvarying. Also, the access to the
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4.

wavelengths reservation mechanism is controlleddission control. This allows in
realizing a very simple but effective solution the improvement of unfairness and

QoS differentiation.

It is observed that the proposed burst droppicigees perform better than the
standard dropping schemes and offer the best peafore at high loads because the
standard dropping schemes which incorporate defleteénd to perform better at low
loads, while deflection is not as effective at highds. The proposed burst dropping
schemes are suitable for transmitting packets whiate higher delay tolerance,
higher loss tolerance, strict loss and delay cairgl. Also, the proposed schemes are
easily scalable in order to support multiple pties in an all-optical burst-switched
network. In order to further reduce the packet,ldbse proposed schemes can be
employed in conjunction with all-optical wavelengttonversion and buffering
through fiber delay lines.

The proposed contention resolution schemes peovétwork stability by controlling
the traffic flow without combining with existing dgmic contention resolution
schemes, whenever the network needs to recover ifietability. The unnecessary
packet dropping is avoided by regulating the traassion of bursts, thus resulting in a
much reduced packet drop rate. The proposed schasempared to existing
contention resolution schemes provide flexibilityidg channel reservation based on
the type of data to be transmitted and hence ane monvenient in performance
evaluation of optical burst switching (OBS) techrégbecause they can be easily
modified according to various network topology ardhitecture. Thus, the proposed
schemes provide flexible solution suitable for Hamydthe varying traffic demands of

the next-generation optical network.

7.4 Future Scope

The following are some of the possible areas afrtutvork.

The proposed architectures can be employed in ootipn with all-optical

wavelength conversion in order to have better redign packet loss. In OBS networks,

an additional delay is involved for the prioritizedffic which is equal to the propagation

time between source to destination. Future workughes assessing the effect of increased

delays, in order to minimize burst losses due totexation, on multimedia applications

involving delay constrained traffic. Also, the posed burst assembly framework can be
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extended to handle variable-sized packets. Congdsirst assembly is also very
important when the core network supports both rati and unicast application. In this
situation, the edge has to differentiate the amgvpackets based on their destination
egress nodes, their quality of service class asullzhsed on whether they are multicast or

unicast applications.

Also, the possible areas of future work are to ymealthe end-to-end delay for the
proposed reservation schemes, to evaluate therpenfice in the case of more than two
packet classes and to investigate reservation igaobs to support delay-based QoS. With
optimal offset time with the proposed scheme, iyia possible to provide minimal loss
while also guaranteeing end-to-end delay. The pmdace of proposed schemes with
wavelength conversion in a multi-wavelength systan also be analyzed to improve
channel utilization and for monitoring the delagde-off. Also, the performance can be
improved by developing accurate analytical loss atelay model for proposed

reservation schemes.

An efficient burst dropping schemes have been tigated for contention resolution.
The proposed schemes perform better than the sthddapping policy and offer the best
performance at high loads. An area for future wisrkhe investigation of proposed
schemes with deflection schemes in which deflectsoperformed before segmentation
whenever contention occurs. Also, we considered amle alternate output port for
contention resolution. The schemes which considdtiple alternate output ports and in
which the selection criteria is based on load amuitest path may also be considered.
The proposed schemes can also be implemented watfitips. Priorities would be based
on a burst’s tolerance for segmentation, defleciiod loss. To effectively evaluate the
quality of service offered by various priority somes, a retransmission scheme for
dropped packets could be implemented in order tasmme end-to-end delay. A
reasonable approach would be to implement a TCer lag top of the optical burst-
switched layer. In such an implementation, it woalso be useful to evaluate how TCP
layer congestion control schemes react to andaatevith various contention resolution

schemes.

The proposed contention resolution and control mase would be extended to
include limited buffering. Also, it is desirable tovestigate whether proposed schemes
tend to favor longer and drop shorter bursts or,average, treat all bursts similarly.
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Furthermore, we intend to use our proposed schem@sr hardware simulation test-bed
to get much deeper insight into the performanceotAer desirable study would be to
examine the proposed framework such that it shprdgide better service differentiation
and QoS. Another area of future work is to lookatst overlapping at the edge node and
find a correlation between the burst rate reductieguest and the overlapping factor.
Distributed multi-path routing possibly with QoSnstraints, will be studied. Since multi-
path routing introduces the problem of out-of-ordberrst arrival. Also, mathematical
analysis will be performed to determine the en@td-bounds on the loss rate and delay

by considering the effect of different parametershsas burst length and offset time.
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