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Abstract

Optical burst switching (OBS) is the most promising all-optical architectures
for the next generation Internet. OBS is still being developed and several issues still
need to be addressed. Several studies have stressed the importance of the choice of
the offset time and its criticality in influencing the burst loss phenomenon in OBS
networks. The main problem arises in estimating the initial delay that is compatible

with the optical burst switching architecture implemented.

This thesis aims to provide a mechanism to calculate the offser time and to
study its effect on the network performance and refining QoS levels. The study is
extended to networks under failure to investigate the influence of the delay factor on
the restoration process especially in compensating failed-network performance
degradations. The simulation studies validated the proposed mechanism and formed
an annex that can be integrated on any OBS restoration mechanism. A new QoS
parameter is defined to meet service differentiation with respect to the data losses and

delays.
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Chapter 1

INTRODUCTION

1.1 Background

In the past decade, the Internet traffic has grown in an exponential manner,
where data network capacities has surpassed voice network capacities [LIS00]. The
optical technology was the viable transmission media pliable to that tremendous
growth, especially after the advances in the Dense Wavelength Division Multiplexing
(DWDM), where the transmission capacity per fiber is expected to exceed 1 Tbps in

the near future.

Several measurements and statistical studies have shown that Internet traffic is
self-similar where it exhibits a bursty nature at all time scales [LEL94]. Existing

optical circuit switching (OCS) is not suitable for supporting bursty traffic. The



bandwidth in circuit switching cannot be efficiently utilized if the data transmission
does not have a long duration relative to the set-up time of the lightpath. The

alternative to optical circuit switching is optical packet switching (OPC).

Optical packet switching is more efficient than OCS and it can be used to
support IP and ATM augmented traffic. The switching operation in OPS is
performed optically, where all the information stays in the optical form throughout
the transmission. The user’s data are transmitted by means of optical packets, in
which a wavelength is only allocated to a packet when it is transmitted, and it can be
reused by others after the transmission. However, OPS requires practical, cost-
effective, and scalable implementations of optical buffering, optical header
processing, and synchronization. With immature optical and photonic technology,
these requirements are the major problems of this approach which are still several

years away.

Optical burst switching (OBS) is the most promising all-optical architectures
for the next generation Internet. Optical burst switching serves as a compromise
between the current state of technology and the demands and fast growth of current
networks. In OBS, the data bursts follow directly their control headers without
waiting for reservation acknowledgments.  Control headers are processed
electronically at intermediate nodes; reserving resources for the coming data bursts

and thus evading the need for optical buffers.



Leveraging the strengths of optical switching technologies, optical burst
switching is a potential method by which future optical networks may use the
available optical resources more effectively. OBS is still being developed and it has
not been standardized yet [JUE0S5]. Several issues still need to be addressed as well

as the assessment of the architectural aspects of implementing OBS.

1.2 Motivation and Objective

A momentous issue for optical burst switched networks is the ability to
support a wide range of services, those being supported by IP networks today, and to
cope with network failures. A single failure in optical networks can disrupt services
for a large number of users, cause significant revenue loss for service providers, and

reduce significantly the Quality of Service (QoS) in the network.

In order to support QoS in OBS networks, the network must be able to
provide guarantees as well as differentiation with respect to data losses and delays.
Several studies have stressed the importance of the choice of the offset time and its

criticality in influencing the burst loss phenomenon in OBS networks.

The main problem arises in estimating the initial delay that is compatible with
the optical burst switching architecture implemented. This thesis aims to provide a
mechanism to calculate the offset time in Just-In-Time architecture and to study its
effect on the network performance and refining QoS levels. The study will be

extended to networks under failure to investigate the influence of the delay factor on



the restoration process especially in compensating failed-network performance
degradations. A new QoS parameter that meets certain burst blocking probabilities

during a network failure is presented.

1.3 Thesis Contribution

The major goal of this thesis was to study the importance of the “offset time”
value on the network operation and its effect on the network performance under
normal and failure scenarios. An enhanced restoration mechanism and a new QoS
parameter for OBS networks under link failures is proposed. The contributions of

this thesis are summarized as follows:

e A refined offset time estimation for Just-In-Time architecture protocol.

o A study of the effect of the delay parameters, mainly the switch fabric
configuration time, on the network’s data loss.

e A basis to ease defining relative QoS levels in OBS networks.

e Verification of the importance of the offset time value on the restoration
scheme used and a presentation of a methodology to best estimate the offset
time to compensate any link failures.

e An improved restoration mechanism that takes into account the offset-time
factor in compensating failed-network performance degradations by the

effective and efficient use of resources.



o A new QoS-based restoration scheme that ensures specific levels of burst

blocking probability upon a link failure.

1.4 Thesis Outline

This thesis is organized as follows. Chapter 2 presents an introduction to
optical burst switching, describing its operation and the various current architectures.
The concept of network survivability is discussed, describing protection and
restoration mechanisms. Then a literature survey is conducted with the up-to-date

techniques in achieving survivable optical burst switched networks.

Chapter 3 presents various techniques in finding the offset time, a time
interval that separates the transmission of the data burst and its corresponding control
packet. The effect of the offset time value on the network performance in terms of
blocking probability and meeting QoS parameters is studied. A new methodology to
calculate the offset time and present a structure to define QoS levels in Just-In-Time
architectures under normal network operation is proposed. The study is extended to
networks under link failures and shows the effect of the offset time value on several
restoration mechanisms proposed in literature and its role in the recovery process. An
enhanced restoration mechanism for OBS networks under link failures and a new

QoS parameter that meets certain data loss levels is presented.

Chapter 4 describes the simulator used and provides an overview of the model

built to simulate the core of an optical burst-switched network, describing the



modeling assumptions and the detailed behavior of the modeled system. In Chapter
5, we present the results conducted in the simulations and validate the proposal
described in chapter 3. Chapter 6 concludes this thesis and identifies suggestions for

future work.



Chapter 2

STATE-OF-ART OBS AND
SURVIVABILITY TECHNIQUES

2.1 Introduction

Optical burst switching (OBS) is the ultimate balance between optical circuit
switching (OCS) and optical packet switching (OPS). OBS combines the advances of
both techniques and overcome the current technology limitations. OBS is capable of
transporting variable-sized units, called bursts [QIA99], over the optical
infrastructure, ranging from long bursts as in OCS to short bursts as in OPS. Before
the transmission of a burst, a correspondent control packet is sent on a separate
channel to reserve the resources along the path to the destination. The control packet
goes optical-to-electric-to-optical (O/E/O) conversions at the intermediate nodes
taking advantage of the fast electronic processing and refuting the need for optical

processing needed in OPS.



As shown in Figure 2.1, the time lag between data burst and the control
packet, defined as the offset time, should be enough to process the control packet and
configure the optical cross connects (OXC) along the path. This will ensure that the
data burst will not need to be buffered at intermediate nodes. As the control packet
approaches the destination, the offset time duration becomes smaller along with the

separation time between the control packet and the data burst.

T oxc - OXC configuration time

1 T setup T setup : control packet processing time
]}uCI~\\\\‘-~\s~§
setup
]}Ht1-\\\‘\\\~\\5
setup
T OXC \

Burst | |
| . Burst |

OFFSET

Burst

Burst

Figure 2.1: Offset time in OBS

The one-way reservation used in OBS overcome the extra delay encountered
in OCS and provides a faster and more efficient solution with a higher degree of
statistical multiplexing [ILI02]. OBS varies based on how the network resources are
reserved and released. The next section review the OBS architectures proposed in

literature.



2.2 OBS Architecture

An optical burst switching network consists of burst switching nodes (BSN)
interconnected by fiber links. Each link consists of a number of wavelength channels,
some reserved for exchanging control information and others for transmitting data.
Note that the control channels can be physically on the same fiber link or on separate
links. The BSN can be either an edge or a core node. As shown in Figure 2.2, an
edge node connects various network elements such as IP routers, frame relay
switches, ATM switches, etc. to core nodes in an OBS network frame. As a result,
the OBS network architecture can be portioned into two parts, an OBS network edge

and an OBS network core.

End Devices

ATM switch

End Devices
AN
IP router @/\ . )
<]
L 4
N edge node
Frame Rela . \
switch

edge node
- S Core Network @
/ ge node

Ooxc \

End Devices ; \/\/ .

~ )
~

Figure 2. 2: Generic OBS Network Architecture



At the edge of the OBS network, an edge node collects the incoming data
packets such as IP packets, ATM cells, etc. and stores them in electronic buffers
according to their destination and class of service. A burst assembly mechanism
places these packets into bursts based on an assembly policy. Assembly algorithms
are characterized by three parameters: preset timer or threshold, maximum burst

length and minimum burst length.

The preset timer or threshold is responsible for triggering the creation of the
data burst. This parameter is very important since it controls the characteristic of the
data burst arrival to the network. The maximum and minimum burst size shapes the
size of the data bursts. These parameters are usually calculated based on the
processing times at intermediate nodes and the ratio of the control channels to the
data channels in the fiber [GE00]. In case there is not enough data to be aggregated,
bit-padding is used to assemble the minimum burst size [BAT04]. After the burst
assembly process, the data burst is ready for transmission to the desired destination.
At egress edge nodes, a dissembler is used to break down the burst into the original

packets. Afterwards, the packets are forwarded to the desired destinations.

Another edge node task is the routing and wavelength assignment. Three
major approaches are used to route traffic in OBS networks. The first approach uses
hop-by-hop routing, as in IP networks, where each node maintains a forwarding table.
The second approach maps the technique used in MPLS [QIA00] while the third

approach uses pre-calculated routes stabled via RSVP or CR-LDP [BATO03].

10



OBS is characterized as a one way signalling protocol, i.e. the user does not
wait for a positive acknowledgment before sending the data. To ensure proper
functioning, a control packet should be sent ahead of the data burst to reserve the
optical resources along the path. The signalling and reservation mechanism can be

either centralized or distributed.

Centralized OBS signalling protocol, which is known as wavelength routed
optical burst switching (WR-OBS) [DUEO1] [DUS02], is a two-way reservation
mechanism. A centralized server (CS) is responsible for resource allocations and
burst transmission scheduling. Upon the arrival of a data burst, the edge node sends a
control packet to the CS, which has a global knowledge of the network. After control
packet processing, the centralized server allocates a route and a free wavelength
channel for the incoming request and acknowledges the edge node. Upon the arrival

of the positive ACK, the edge node transmits the burst.

Burst Assembly Signalling Burst Disassembly
Routing and . .
Wavelength Assignment ' Core Scheduling ' Packet Forwarding
Edge Scheduling Contention Resolution
Ingress Edge Node Core Node Egress Edge Node

Figure 2.3: OBS functional diagram [JUEQ5]
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In distributed OBS networks, the core node takes the responsibility of
signalling and resource management. The functionalities of the OBS network
elements is summarised in Figure 2.3. Several reservation schemes have been
proposed for OBS networks, such as Just-Enough-Time (JET) [QIA99],

Horizon[TURO00], Just-In-Time (JIT) [WEI00] [BALO02].

The variants of the signalling schemes differ in how soon the resources are
allocated and released about the occurrence of the data burst. Some schemes, such as
JIT, use explicit or immediate setup mechanism. Upon the arrival of the control
packet at the core node, the appropriate wavelength is reserved and necessary port
configurations are done. On the other hand, in estimated setup mechanisms (as in
JET and Horizon) the control packet carries information about the burst length and
the offset time. This information is necessary to estimate the arrival time of the first
bit of the data burst. The core-node’s scheduler performs reservation actions based
on the expected arrival time. Estimated setup schemes outperform explicit setup
schemes in terms of burst loss probability, but they require more complex schedules
and are harder to implement. Similarly, resource release can be either explicit or
estimated. In explicit release schemes, a teardown message is sent after the burst to
release the reserved wavelengths. On the other hand, estimated release schemes
approximate the end of the data burst and free resources after the transmission of the
burst’s last bit. Unlike estimated release schemes, explicit release schemes results in

lower bandwidth utilization and increased message complexity.

12



2.3 Offset Time

An important trait of OBS networks is the separation of the control and data
planes. One dimension of this separation is “time”. As shown in Figure 2.4, an offset
time separates the transmission of the control packet and its corresponding data burst.
This separation is very critical in terms of insuring proper functioning of OBS
networks. During this time lag, all intermediate core nodes will have the time to
process the control packet and perform necessary resource reservations. As the data

burst arrive, it can cut through without the need for any buffers.

offset time
data burst € ] control packet

time

Figure 2.4: Offset Time

As the OBS architecture and signaling mechanism changes, the offset time
calculation rules vary. These variations can be classified into three categories: fixed

offset time, statistical offset time, and adaptive offset time.

2.3.1 Fixed Offset Time

The commonly used method to calculate the offset time was proposed with the
Just-Enough-Time (JET) OBS control protocols. Each intermediate core node is
characterized by a set of delays. These delays represent control packet queuing and
processing delays and the optical cross connect configuration time [QIA99] [WEI00]

[BALO2]. Obviously, the offset time should be greater than or equal to the sum of all

13



the delays encountered at intermediate core nodes between the source and the
destination. Depending on the routing mechanism used, the number of hops between
the source and destination could not be exactly known. Therefore, the ingress edge
node has to estimate the number of hops with some relaxation factor to ensure enough

time is granted before the arrival of the data burst.

In the centralized WR-OBS architecture, and as discussed in Section 2.2, a
centralized request server is responsible for the control/signaling mechanisms. The
offset time is calculated as the sum of the time the request waits in the queue, the
computation time of the routing and wavelength allocation algorithm, and the round
trip propagation delay between the ingress node and the centralized request server.
The propagation delays vary with respect to the position of the node relative to the
request server. In order to control the offser time value, the queuing delay for a
connection request is bounded by a maximum threshold, #;czes, Which is the maximum
time allowed for a connection request to remain in the queue. This value is set by the

network administrator depending on the traffic level in the network.

2.3.2 Statistical Offset Time

This scheme was proposed in OBS networks using MPLS [QIA 00]. A leaky
bucket regulator is responsible for generating tokens according to some random
process where no token buffering is allowed. As soon as a burst is assembled, its
corresponding control packet is immediately launched, and the burst is delayed by an

offset time equals to the time difference between the current time and the arrival time
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of the next token according to the underlying random process. Note that if the
transmission time of a previous burst overlaps with the arrival time of a coming
token, the token can not be grabbed. This variable offset time imposes a statistical
domination property and thus regulates the average rate at which data bursts are
released into the network. It has been shown in [BLU 99, AWD 99] that this offset

time is useful to handle traffic engineering and QoS provisioning purposes.

2.3.3 Adaptive Offset Time

Adaptive offset time mechanism takes advantage of the OBS network state to
acclimatize the value of the offset time. Under high traffic loads and in the absence of
buffering capabilities and wavelength conversion at core nodes, incoming bursts may
compete for the same resources. In such cases, the resource is contended and one of
the bursts will be dropped. One possible solution is to deflect one of the contending
bursts on an alternative route. This will result in a change in the route length and
congestion level in the network. As a result, the offsef time needs to be adjusted to

reflect the bandwidth utilization of the links and the network’s node traffic state.

A sliding window is used to measure the average change in either the route
length between all possible source-destination pairs or the average load change at the
active network nodes. During a window frame, the change level is recorded and

suitable time extensions are added to the offsef time value.
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2.4 Network Survivability

With the continuous growth in the volume of traffic transported by the
network infrastructures, network reliability is becoming a serious issue in the network
design. A network failure may cause fatal impairment on the service integrity to
innumerable end users [MOUQ2]. It is often revenue loss and business disruption that
are first in mind, but harmful complications from a number of network dynamic

effects also could occur. Table 2.1 summarizes these effects, based on [GRO03].

Today and upon designing a network, operators must develop a survivability
concept. A network is considered survivable if it can maintain service continuity to
the end users [ZHOO00]. The included survivability strategies must be able to cope
with current and future network sizes. Two possible failures can occur in a network,
node and link failures. Node failures are rare to happen, since optical cross connects
are robust and equipped with duplicates to overcome any possible hardware
breakdowns. On the other hand, link failures are more likely to happen due to man-

made errors, and uncontrollable natural phenomena.

Network survivability can be achieved through protection and restoration.
Protection is an operation performed in advance of a failure to defend the network
against any possible disruption. On the contrary, restoration is conducted after the

failure occurs to recover the affected traffic and reinstates service continuity.
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Target Duration

Main Effects / Characteristics

No outage logged: system reframes, service “hit”, 1 or
2 error seconds (traditional performance spec for APS
systems), TCP recovers after one corrupted frame, no
TCP fallback. Most TCP sessions see no impact at all.

< 5% voice-band disconnects, signaling system (SS7)
switch-over, SMDS (frame-relay) and ATM cell-re-
routing may start.

Switched connections on older channel banks dropped
(CGA alarms) (traditional max time for distributed
mesh restoration), TCP/IP protocol backoff.

All Switched circuit services disconnected. Private line
disconnects, potential data session / X.25 disconnects,
TCP session time-outs start, webpage not available
errors. Hello protocols between routers begin to be
affected.

Rangg
Protection <50 ms
Switching
1 50 ms — 200 ms
2 200 ms - 2s
3 2s—10s
4 10s — 5 min

All calls and data sessions terminated. = TCP/IP
application layer programs time out. Users begin
attempting mass redials / reconnects. Routers issuing
LSAs on all failed links, topology update and
resynchronization beginning network wide.

“Undesirable” 5 min - 30 min

Digital switches under heavy reattempts load, “minor”
societal/business effects, noticeable Internet
“brownout”.

“Unacceptable > 30 min

kxd

Regulatory reporting may be required. Major societal
impacts. Headline news. Service Level Agreement
clauses triggered lawsuits risks: 911, travel booking,
educational services, financial services, stock market
all impacted.

Table 2.4.1: Classification of Outage Time Impacts
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2.4.1 Protection

Protection is a lower layer mechanism that provides a first level of defense
against common faults, such as fiber cuts. Protection is topology and technology
specific and offers fast recovery. A fixed amount of capacity is dedicated for
protection purposes in order to make a fast transfer of traffic from failed links to the
protection links. Depending on how this pre-assigned capacity is used, one can

distinguish between dedicated or shared protection mechanisms.

There exist three types of protection: 1+1, 1:1, and 1:N. In 1+1 protection, the
traffic to be protected is simultaneously sent over two parallel paths. During normal
operation, the destination receives the two traffic streams and selects one of them. In
case of failure among the chosen path, the destination simply switches onto the other
path. No protection signaling is required because the destination can handle a failure
by itself, and the source node does not have to do anything else but always copying
the traffic onto the alternative path. This makes 1+1 protection very simple to
implement, and the achievable restoration time is very short. The disadvantage of

1+1 protection is the waste of bandwidth.

In 1:1 protection scheme, two parallel paths are also used. However during
normal operation, there is no traffic sent across the alternative path. Only in the case
of failure along the working path, both the source and the destination switch to the
protection path. The disadvantage of 1:1 protection is the overhead needed for

signaling. As a result, it will lead to a slower restoration time than that in 1+1
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protection. In order to achieve higher network utilization, low priority traffic is
transmitted on the protection path. In the case of failures, this traffic is dropped to the

advantage of the high priority traffic.

The last protection technique is the 1:N. This technique can only handle a
single failure. In case of multiple failures, the signaling protocol switches the traffic
of the higher priority to the protection path. This scheme can be extended to M:N,

where M represents the working paths and N is the number of protection paths.

2.4.2 Restoration

Restoration provides protection against network failure in the second step.
Typically, restoration can handle not only link failures but also node or multiple
concurrent failures, as opposed to protection. Restoration might be implemented in a
centralized or distributed approach. In both cases, a network failure must be detected
locally and then must be propagated to the control element controlling the restoration
procedure. Distributed protection restores failed services faster than centralized

protection.

Restoration speed is a key design criterion when developing a survivability
concept. The restoration time is defined as the time elapsed between failure detection
and connection restoration. The ITU-T recommendation M.495 “Maintenance
International Transmission Systems” specifies how the restoration time is calculated

as shown in Figure 2.5.
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Start of Restoration Procedure
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Last Restoration Operation Finished
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Figure 2. 5: Restoration Time according to ITU-T recommendation M.495

In the case of failure, the network node next to the failure detects the failure

by either Loss of Signal (LOS) or Signal Degradation (SD) and triggers the

restoration process after the failure is confirmed. During the restoration procedure,

control signals are transmitted to all nodes in the network. Upon global knowledge,

the protection switching operation or some re-synchronization is initiated after being

verified.

High speed recovery time usually comes at the cost of more equipment use

and thus higher network cost. The other dimension is the flexibility of our design.

The three dimensions are of cross-conflicting nature, as shown in Figure 2.6, and

represent a challenge to network designers.
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Equipment Cost How much equipment is needed

to all the mechanism to work?
Resource Optimization

Rec’overy Speed

How flexible is the mechanism How fast does the mechanism
in terms of failures it ca converge after failure?
recover from?
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Figure 2.6: Recovery vs, Performance

2.5 OBS Survivability

As discussed in Section 2.4, an important issue in OBS networks design is
survivability. Upon a network failure, large amount of data will be lost and
degradation in the network. Few studies have considered the issue of survivability in
optical burst switching networks. This section presents a literature review of the

work done in this area.

2.5.1 OBS Protection

Protection schemes provide a higher degree of survivability, but consumes

greater amount of resources. There is little work done on OBS protection schemes
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[QIA00] [QIUO5] [GRIO3]. The protection schemes are based on methods used in

multi-protocol label switching (MPLS) networks.

Protection schemes in labeled optical burst switching (LOBS) networks are
provided through the establishment of redundant labeled switched paths (LSP) for
each working path [QIA00]. A source node initially sends bursts over only one of the
LSPs. When a failure occurs, the source node is notified of the failure and begins
sending bursts over the backup LSP. In this scheme, no additional resources are
required in the network other than the LSP entries at the label-switching routers along
the backup path. Idle resources for backup routes can be used to carry lower-priority
traffic and thus improving the network level utilization. This technique can also be
extended to other protection schemes such as 1+N and N:1. In the 1+N case, a
primary LSP is protected by multiple backup LSPs, where each backup LSP carries a

faction of the traffic from the original LSP.

In [GRIO3] the authors propose a 1+1 protection architecture for OBS
networks with JIT architecture. In the 1+1 OBS protection, two disjoint LSP routes
are determined for each burst session. The ingress node duplicates incoming packets
and sends one copy on each of the label-switched paths. Thus, if a link fails on one
LSP, the burst will continue to be received on the other LSP. The authors discuss the
delay mismatch between the two disjoint LSP paths and propose constraint routing to

reduce the mismatch and buffering at the ingress node of the leading path.
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The advantage of this 1+1 protection is that no additional actions are required
in the OBS network in order to recover from a failure. The disadvantage is that the
scheme uses at least twice as many resources as the unprotected case. Also, the
destination must be able to eliminate redundant bursts. The concern of this scheme is
the fault detection and localization. The rigid data framing format with associated
overhead monitoring bytes used in SONET/SDH networks is not appropriate for
labeled OBS networks due to its bursty nature. A proposed solution is the monitoring
of the control channel since the control packets are terminated at each hop. This

solution is only good for fiber cuts and not applicable to channel failures.

[QIUOS5] presents a survivable OBS network using a multiple ring approach.
The network is divided into rings such that the traffic between any node pair is
restricted within one ring only. Under normal network operation, Keep Alive packets
are sent periodically between the communicating entities. Upon a link failure, the
downstream node detects the failure by Loss of Light while the upstream node
detection relies on the absence of the Keep Alive packets. The upstream node sends a
Fault Indication Packet (FIP) around the ring to announce the failure which upon all

the traffic is switched to the protection path on the ring.

This method takes into account the difference in the number of hops between
the working and protection path and adapt the control packet fields (wavelength,
offset) to these changes. The disadvantage of this method is the complexity in

finding the different rings in the mesh network and the route within the ring may not
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be optimal. Also this method will lead to high losses under high loads and in the

absence of wavelength converters.

2.5.2 OBS Restoration

With the advances in the optical burst switching techniques, shorter burst sizes
will be overwhelming. As a result, protection schemes will be inapt to be
implemented due to the low resource utilization and incapability to support QoS
requirements. Restoration is more effective technique in terms of resource utilization,
but requires longer restoration time. Restoration offers better scalability in terms of

fault management.

All the restoration schemes presented in the literature considers single link
failures. These schemes can be categorized based on the OBS control architecture

implemented.

In centralized OBS networks, [KOZ03] presents a restoration scheme for WR-
OBS networks. Upon a link failure, the centralized request scheduler is notified and
the routing tables are updated using adaptive shortest path routing such that the
consecutive bursts are routed around the failed link. As discussed in Section 2.2,
WR-OBS request schedulers are associated with a timer that controls the time the call
request wait in the queues. In the case of a link failure, the timer is incremented by a
failure-compensating delay to adapt to the failure. This schemes satisfies QoS end-

to-end delay requirements and tend to improve the overall burst loss probability.
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In distributed control OBS networks, the restoration schemes use deflection
routing to coop with link failures. [XINO4a] [XINO4b] presents a fast restoration
scheme based on deflection routing. When a link fails, the nodes adjacent to the
failure have to notify the element(s) responsible for routing in order to update the
global routing tables. Meanwhile, these nodes will deflect the traffic around the
failed link. The authors investigate between local and distributed deflection schemes.
In local deflection, the node adjacent to the failure takes the initiative to deflect the
incoming burst on a pre-calculated alternative route. In distributed deflection the
node adjacent to the failure sends a fault notification message (FNM) to all its
neighbouring nodes. The FNM contains the destination information for all the
primary routes passing through the faulty link. This scheme distributes the re-routed

traffic all over the network and thus decreases the chances of network congestions.

This scheme suffers at high network from deterioration of the congestion level
in the network. In addition, the capacity on the links between the node adjacent to the
failure and its neighbouring nodes is not utilized. To overcome this problem,
[XIA04b] proposed a deflection ratio, a, to determine the portion of affected burst
that should be deflected at the adjacent nodes. A preliminary and important factor
that was not taken into consideration is the offset time issue. In cases where the
alternative route is longer than the primary route, in spite of any restoration
mechanism used, the burst might be dropped since the control packet will not have

enough time to reserve resource ahead of the data burst.
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[LEEO4] tackles this problem partially. The authors present a hybrid
restoration scheme employing a combination of sub-path and path restoration
schemes to recover single link failures in OBS networks. Upon a link failure, the
upstream node adjacent to the failure knows first, and thus takes up the initial step
and employs a sub-path restoration. Afterwards, the upstream node sends a failure
indication signal (FIS) to the source node. As the FIS reaches the source node, it

takes over the responsibility from the upstream node and employs path restoration.

During the sub-path restoration state, the node adjacent to the failure checks
the offset time of the control packets on the failed link. If the offset time is long
enough for a new control packet to be generated, this replacement packet can use the
backup path. If the offset time is very short, incoming data burst will be lost. This
scheme only considers a solution to restore the data bursts that have lost their control
packets, and does not discuss the offset time issue for control packets that arrive
before their ingress node is aware of the failure. In this case all the bursts using
longer alternative routes will be dropped. Another disadvantage of this scheme is the
need to record the offset time of all the control packets that traverses a particular

node.

26



Chapter 3

OFFSET TIME AND DESIGN ISSUES

3.1 Introduction

The purpose of this work is to study the importance of the “offset time” value
on the network operation and its effect on the network performance under normal and
failure scenarios. In the previous chapter, the state-of-the-art of optical burst-
switched networks and the various OBS survivability approaches proposed in
literature was presented. This chapter presents different approaches in calculating the
offset time based on the OBS architecture, with the focus on the JIT-based optical
burst-switched networks. The importance of the offset time estimation mechanism on
the proper functioning of the network is discussed plus its significance in supporting
service differentiation with respect to loss and delay, and thus defining relative QoS

levels in optical burst switched networks. This study is extended to networks under
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failures, and an improved restoration mechanism that takes into account the offset-

time factor in compensating failed-network performance degradations is proposed.

3.2 Overview and Problem Statement

An intrinsic feature of the OBS is the separation of the control and data
planes, which facilitates the electronic processing of the control messages at optical
core routers and provides an end-to-end transparent optical path for transporting data
bursts. The core of an optical burst switched network, as shown in Figure 3.1, can be
envisioned as two networks coupled together: a pure optical network consisting of
optical switching fabrics responsible for transferring information in light-form, and a
control network consisting of smart routing elements responsible of all the control

and management issues in the network.

Figure 3.1: OBS control and switching planes
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As described in Chapter 2, the transfer of data across the network is achieved
by sending a control message ahead of the data burst in order to reserve the resources
along the path. Each control message stops at intermediate nodes to be processed,
and appropriate commands are given to the switching entity to be configured so that
the data burst can cut-through without the need for intermediate buffering. Having
enough time between the transmission of the control message and its corresponding

data bursts allows the network to function properly.

The time lag between the control message and the data burst is persuaded by a
series of delays necessary in the OBS operation. These delays can be classified
according to the network planes, as in Figure 3.1; control-plane delays and optical-

plane delays.

The main sources of delay the control packet encounters at the intermediate
controlling entities are the queuing and processing time delays. The queuing delay
represents the time the control packet has to wait in a queue in order to be processed.
Usually this value is connected to the level of congestion in the network, and in most
cases is not considered, and stills an open area of research. The processing delay is
the time necessary to handle the control packet on the network system, where the
control packet fields are read and necessary information is extracted from them. The
value of the processing delay in JIT-based architecture is in the range of 12 psec and

is expected to reach 50 nsec in the near future.
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The only delay encountered in the optical plane is the optical-cross-connect
(OXC) configuration time. This time represents the time necessary to stabilize the
optical cross connect on a specific wavelength between the appropriate input-output
ports after it receives a command from the controlling entity. This time is technology
dependent, currently ranging in milli-seconds and is expected to decrease

dramatically (to micro-seconds) with the advance in photonic switching techniques.

Other sources of delays are the transmission time and the propagation time
delays. These delays are of an insignificant effect on the offset time calculations.
Usually the size of the control message is relatively small to the size of the data burst,
and thus the transmission time (in the micro-second range) of the control header is
neglected and assumed to be zero. The control message and the data burst traverses
the same links from given source to any desired destination, therefore, these packets
encounter the same propagation delays and thus it is irrelevant to enter this parameter

in the offset time calculations.

The main problem arises in estimating the initial delay that is compatible with
the optical burst switching architecture implemented. While the exact mechanism to
perform and refine this estimation remains a topic for further investigation, we will
study the effect of the offset time value on the network performance and refining QoS
levels. In the next section, a summary of the various techniques used to determine the
offset time between the transmission of the control headers and the data bursts, based

on the architecture used is presented.
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3.3 Offset Time Calculation Methodologies

There are variations in the OBS literature on how exactly to determine the
pre-transmission offset time. This section describes the various methodologies used,
mainly in wavelength routed optical burst switched networks, OBS networks using

MPLS, and Just-Enough-Time based architectures.

3.3.1 Wavelength Routed OBS Network Offsets

In the WR-OBS architecture, a centralized request server is responsible for the
control/signaling mechanisms. The ingress node sends a request to the request server
for a connection. The connection request is queued until its turn to be processed,
where a route is calculated from the source to the corresponding destination and the
requested number of wavelengths is reserved [DUS02]. After the ingress node
receives a confirmation message from the request server, it begins data transmission.
The offset time is calculated as the sum of the time the request waits in the queue, the
computation time of the routing and wavelength allocation algorithm, and the
propagation delay on the way to and the way back between the ingress node and the
centralized request server. Note that the propagation delays vary with respect to the
position of the node to the request server. In addition, the queuing delay for a
connection request is bounded by a maximum threshold, usually referred to #ceq,
which is the maximum time allowed for a connection request to remain in the queue.
This value is set by the network administrator depending on the traffic level in the

network.
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3.3.2 Statistical Offsets

This method imposes a statistical domination property and regulates the
average rate at which data bursts are released into the network. As discussed in
Chapter 2, as soon as a burst is assembled, its corresponding control packet is
launched, and the burst is delayed by an offset time equals to the time difference
between the current time and the arrival time of a token that is generated by a leaky

bucket according to some random process.

3.3.3 Fixed Offsets

The commonly used scheme, which was proposed with the Just-Enough-Time
(JET) OBS control protocols, computes an offset time equals to the sum of the total
delays encountered at the intermediate nodes between the source-destination
[QIA99]. It is assumed that the exact number of hops in the network is given by the
routing protocol at the edge of the network. Thus the offset time equals the total
processing delays at all the intermediate OBS hops plus the switch fabric
configuration time of the egress OBS node. Usually the processing and OXC
configuration time at each node to be identical, but in practice these time durations
may vary from node to node depending on the technology used (processor’s speed,

switching technology, etc.) and the switching entity hardware implementation.
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3.4 Just-In-Time Offset Time Calculation

Define the offset time, J, as the time necessary to reserve resources along the
path between the source and the destination before the arrival of the first bit of the
data burst. In JIT-based OBS networks, the main sources of delay are the processing
time (Zproc), the optical cross-connect configuration time (7o), and the queuing delay

the control messages encounter at the intermediate nodes (Tueu), as shown in Figure

3.2.
control entit
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Figure 3.2: Delays encountered at intermediate nodes
As discussed in the previous subsection,
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v = is the total number of hops along the path.

g = safety guard to compensate the uncertainty in the Tyoc and  Tox values

Let T e be the average queuing delay each controlling entity encounter in

the network. Assuming that the processing and the switch fabric configuration time

are identical on all the nodes in the network, we can rewrite Equation 3.1 as follows:

B 2 (P @) € oottt e (3.2)

where &(z‘) =T e + Ty + T queue ;

roc oxce

Note that averaging the queuing delay T quewe , Will not have any influence on

. .= 1
the value of the offset time, since T guewe = —ZT quewe *
v

Define two new parameters J,, the necessary time to reserve resources, which
is the exact number of hops along the path between the source and the destination
multiplied by the average delay at the intermediate nodes, and d., the extra time

added to the offset time, representing the greater-or-equal sign in Equation 3.2.
5,=(v*p)
6, =0%d,,,
where o is the extension factor, (o =0)

S,

e

,is the delay level
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The delay leveld,, , measured in units of time, is a generic form that can be

defined to represent the extra unit of delay to be added to the offset time. For

example, J,, can represent a QoS delay level defined in the network, or an average

node delaya The extension factor, o, is an integer multiplied to the delay level to
represent the total extra duration added to the offset time. Having different values
foro can define different QoS levels in the network for example. Introducing J+
helps to refine and adapt the offset time factor to the network needs from the control

point of view and to any technological changes.

Equation 3.3 shows the flow of the offset time factor definitions that will be

referred to in the rest of this chapter.

26+ > 0() > S2(*P)te > 5=8,+408, 4 e (3.3)

i=]
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3.5 Restoration of Link Failures

The routing mechanism implemented in JIT architectures is similar to IP
networks, where each node has a forwarding table that contains the next hop to the
desired destination. The routing protocol computes two paths between every source-
destination (s-d) pair; a primary route which is calculated based on the shortest
number of hops, and an alternative route that is link disjoint from the primary route.
Then the routing tables node “/” is updated with the identification of the next hop on
both the primary and alternative route to every destination in the network, plus the
total number of hops along the calculated routes (both primary and alternative routes)

as shown below:

e primary route = (d, n;, vi);

e alternative route = (d, n;’, vi’ )
where d = destination,
n; = next hop,

v; = number of hops on the route (primary or alternative)

This study considers only link failures. It has been shown that multiple links
failures are very rare to happen [TON94] [VERO02]. The restoration mechanism relies
on implements deflection routing, i.e. the burst stream will be deflected away from

the primary route to the pre-calculated alternative route.
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Upon a link failure, the nodes adjacent to the failure detect the failure and
localize it, and notify the rest of the nodes in the network about the failure. The fault
notification process can be either centralized or distributed depending on the routing
mechanism used. In centralized approaches, a centralized routing is notified while in
distributed approach, nodes exchange information in a way similar to link-state
protocols. During this phase, the nodes adjacent to the failure will deflect the traffic
from the primary to the alternative route. Upon a global routing update, a new set of

routes is determined reflecting the current state of the network.

The objective of any restoration procedure used is to minimize the burst
blocking probability between the instant of failure till we restore the failed link.
Achieving such goal can be done by either a fast detection/notification procedure or
by the efficient use of spare network resources. Fast detection/notification procedure

is beyond the scope of this thesis and will not be discussed.

Before pursuing the discussion, we differentiate betWeen different levels of
burst blocking probabilities (BBP) as shown in Figure 3.3 [XINO4]. The time
duration between t, and t; represents the network under no failures. This period
maintain a burst blocking (BB) level of b,. At time t;, a link fails and the blocking
increases to a level equal b; until the adjacent nodes detect the failure and start
deflecting the data burst on the alternative routes. This mechanism reduces the BB to
level by. After the global routing table updates, the BB decreases to a lower level but

does not achieve the BB levels of the network under no failures. The reason behind
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that is the lower connectivity present in the network. Note that highly connected

networks may achieve bs levels close to b,

Burst
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Figure 3.3: Burst losses versus time [XIN 04]

In the next section we will consider a failure scenario and discuss the

influence of the offset time on the BB in the interval [tz, t3].

3.6 Failure Scenario

Upon of a link failure, bursts are deflected away from the failed link onto the

alternative route. In most cases, the alternative route is longer than the primary route

in terms of the number of hops. As the difference in the number of hops increases

between the alternative and original routes, the pre-calculated offser time will be

insufficient to ensure the proper path setup before the burst arrival. This will result in
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burst dropping toward the end of the route, and will have an effect on the overall

burst blocking probability during the fault-recovery period.

Consider Figure 3.4 below. The primary route between the source—destination
nodes (S-D) passes along nodes 1 and 2. Upon a link failure between nodes 1 and 2,
and as soon as node 1 detects the failure, the incoming data burst destined to D will
be re-routed on the alternative route between node 1 and destination D. It is obvious
that the primary route between (1-D) is not active due to the link failure present. The

new route along nodes 3-4 (in red) surpasses the primary route by one extra hop.

= primary route

= deflected route

=sr alternative route

Figure 3.4: OBS core network

The pre-calculated offset time at the source S will not be sufficient to reserve
the resources along the new route between nodes S-D. Therefore, the data bursts will

arrive at node 4 together with the control packet, with no enough time to configure
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the switching entity. In the absence of buffering capabilities at the intermediate
nodes, the burst will be dropped or incorrectly delivered. As a result, and in spite of

the re-routing done, all the bursts traversing this path will be dropped.

To overcome this phenomenon, the offset time must be adjusted to cease burst
dropping due to un-configured resources. The result of a link failure will cause two

different types of blocking probabilities:

e B;: burst blocking due to unavailable resources, mainly free wavelengths
e By burst blocking due to insufficient time available to reserve the resources

along the alternative route before the arrival of the data burst.

By plus Bt represents the burst blocking value of b, in Figure 3.5.1. The
objective is to minimize the values of By and Bt and thus utilize the available

resources more efficiently.

Two possible solutions helps to reduce the value of By are the increase the
number of wavelengths and deployment of wavelength converters in the network.

This will serve in increasing the chances for incoming requests to find free resources.

In order to reduce Br, the value of the offset time has to be extended. Assign
the delay level &, , to the value of the average node delay(_o. With appropriate

choice of the extension factor, o, this will insure that the offset time will hold o -
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extra hops added to the primary route. The extended offset time is shown in Equation

34

§5=6,+8,+e=(V*Q)+(0*P)+E=Q*(CHV)+E .covivrrei... (3.4)

At the node adjacent to the failure, and before re-routing the burst, the

algorithm presented in Figure 3.5 must be performed.

I~

if (next hope is y & destination is d)
if(62A%p ) /A=v'—v
forward burst to alternative route

else

drop the burst

Figure 3.5: Simple check algorithm

This algorithm will ensure that no bursts will be re-routed unless their
corresponding control packet has enough time to reserve the resources toward the
destination. This guarantees that no unnecessary reservations of resources will occur,
with a prior knowledge that any re-routing will not lead to the successful burst deliver
to the desired destination and thus will increasing the level of congestion in the
network resulting in higher burst blocking probability. It is important to note that the

deflected bursts might be dropped later on due to unavailable free wavelengths.
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Deploying this mechanism with the restoration scheme will reduce the value of Br

down to zero.

The challenge of this algorithm is the appropriate choice of the extension
factor o . This will be studied during the simulation phase, where we will define
apposite values of o. Key issues that heavily affect the value of o are the network
topology and network diameter, largest number of nodes along the shortest paths in

the network.

3.7 Remarks

Figure 3.6 presents four scenarios of the control packet and its corresponding
data burst positions. In the first two scenarios, where the control packet is on or has
passed the failed link, the corresponding data bursts will be dropped definitely since

the node adjacent to the failure is not able to regenerate another control packet.

It is very import to note in the second scheme that the resources will be
reserved on the other side of the failed link waiting for the data burst to come. In
explicit release schemes, this will lead to resource reservations for an undetermined
amount of time. A viable solution is to have a timer at the intermediate nodes with a
value greater than the offset time. If the timer expires before the burst arrival, the

reserved resources will be released.
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Figure 3.6: Different scenarios representing the position of the control packet

and the data burst upon a link failure

In the third scenario, the link fails before the arrival of the control packet. In

this case, we will be able to perform the proposed enhanced restoration mechanism.

A fourth scenario might occur when both the control packet and the data burst
are on the link when it fails. This scenario is most likely to happen at the rare end of
the path, where the offset time value has elapsed and very close to zero. This will

lead to the loss of both packets.
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3.8 The QoS-based Restoration Scheme

As discussed earlier, it is a major issue for OBS networks to support a wide
range of services for different kinds of applications. In this section we will introduce

a novel relative QoS restoration scheme for OBS networks.

Adding different extension values to the offset time enables the creation of
different classes of service correspondent to the data bursts. This service
differentiation guarantees a certain level of data loss and delays in OBS networks

under failure.

Through proper knowledge of the level of BBP each extension-factor value
increment introduces, one can define different classes of service relevant to the value
of . It is also known that each increment of ¢ introduces a delay equal to the total
hold-ups at a single node plus the propagation delay (tyop) On the extra link traversed.

In other words, each value of o; corresponds to a different value of burst dropping B;

and to an extra delay of o; *(tipmp + _(5 ). This relation is shown in Equation 3.8.1.

Gi € Bi € f{0i)=06i *(tprop T @)evreeerrreiireeirieeeiiieeeeneeeanns (3.8.1)

With the compensation between the level of burst loss and the delay
encountered during a restoration process or either parameter alone, one can define a

QoS dimension fitting the desired needs.
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Consider Table 3.1 below. It is desired to define, for example, five different
QoS levels depending on the burst dropping in the network. Each BBP value is

attained with a specific increment of o; and results in an extra delay of o; *(tipmp +
©). Note that the values of o; are gotten from either simulation studies or

measurements performed by network administrators.

BBP (%)
i | Delay (sec) 020 20-40  40-60 60-80  80-100
ol 0 le=0. e
H1*w+ o) | -
21 2 *(tpop+ @)
3 *(thP + ;)
il o N

Table 3.1: QoS Level Computation Table

Extracting the values from Table 3.1, one can define the five QoS classes desired.
Note that 6; = 2 and o; = 3 belong to the same BBP interval, but they result in
different delays. If the user want to define QoS classes based on burst dropping only,

it is preferred to used the o; with the smaller value.
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Chapter 4

OBS NETWORK

MODELING AND SIMULATION

4.1 Introduction

Optimum Network performance simulation tool, OPNET, provides a
comprehensive development environment that supports the modeling of
communication networks and distributed systems. The OPNET environment
incorporates tools for all study phases, including model design, simulation, data
collection, and data analysis. With the offered flexibility and scalability, OPNET
Modeler was chosen to perform the simulation studies on the work presented in this
thesis. This chapter provides an overview of the model built to simulate the core of
an optical burst-switched network, describing the modeling assumptions and the

detailed behavior of the modeled system.

46



4.2 OPNET Modeler Overview

OPNET Modeler is based on a series of hierarchal editors that directly parallel
the structure of a real network. As shown in Figure 4.1, this hierarchy starts at the
“Network Level” where the topology of a communication network is represented
graphically. Networks consist of node models interconnected via link objects. Each
node model consists of a group of functional elements, called modules,
interconnected among each other. Modules are capable of generating, sending, and

receiving packets from other modules to perform a certain function within a node.

(OxeL_Transtion_Defauk)

N
Y| [pet Trston Toaom)
.

\\

] (OxeC_Transiion_Passthrough}
[Qxel._Transiion_Setup)

Figure 4. 1: OPNET Modeler Hierarchy
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Modules are assigned process models at the “Process Level”. Process models
reflect the behavior of individual objects using the powerful Finite State Machine
(FSM) approach. Each state and transition defines the progression of a process in
response to events. At the lowest level, each state consists of a C/C++ source code

reflecting the characteristics of the modeled system’s behavior.

4.3 Optical Burst Switching Network Model

The core concept of modeling is to build a model that is equivalent to a real
system. However equivalency is a subjective term which must be defined more
precisely. Clearly, equivalency means that the model behaves in some sense like the
real system. Nevertheless, for practical reasons, models are usually limited to
representing only certain aspects of the system of interest with the following

objectives kept in mind:

e The model should answer all the questions of interest

e The model should have the desired level of accuracy

e The model should support validation, i.e. building confidence in the results
produced.

e The model should accommodate the necessary range of operating conditions

(changing traffic, new patterns, etc.)

To model an optical burst switched network core, we created different objects

that modeled all network elements starting from the assorted packet-formats
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generated to optical links and optical burst switching nodes. In the next subsections,
a list of the model assumptions and a description of each object model behavior is

presented.

4.3.1 Model Assumptions

Just-In-Time (JIT) architecture is deployed in a bufferless network.
Resources in the network are reserved and released explicitly by exchanging setup
(control) and teardown packets between the communicating entities, as described in

Chapter 3. Therefore, no schedulers are required at the intermediate nodes.

Due to the fact that the core of an optical burst switched network is simulated,
an assumption that no burst aggregation is necessary at the edge of the network is
made. Each node is capable of generating call requests according to user-defined
distribution during a predefined time interval. These requests are presented by
sending control, data burst, and a teardown messages consequently. The length of the
bursts follows a user-defined distribution measured in seconds. Note that the lower
and upper bounds of the burst size should reflect the values used in regular burst
assembly algorithms. Each node experiences delays while processing control packets
and configuring the optical cross connect (OXC). These delays are set by the user
depending on the technology specification. The destination choice follows a uniform

distribution between all the registered nodes in the network.

49



Signaling assumptions:

Signaling is done out of band

A wavelength is dedicated for exchanging control packets back and forward
between the nodes.

Infinite queues are used to queue control packets at intermediate nodes.
Control packets are neither acknowledged neither re-transmitted.

The control plane is 100% reliable.

Routing assumptions:

A routing entity (RE) is responsible for computing routing tables for all nodes
in the network.

A primary and its link-disjoint alternative route are calculated between every
source-destination (s-d) pair using Dijkstra’s algorithm.

Each routing table consists of the next hop address on the primary and
alternative routes and the total number of hops toward the destination
respectively.

Upon a failure, a notification message is sent to the RE, where the routing
tables are updated to reflect the network failure after a predefined restoration
time.

Random wavelength assignment algorithm is used under the wavelength
continuality constraint, i.e. no wavelength conversion is deployed in the

network.
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4.3.2 Packet Objects

Three types of packets that are transmitted between communicating entities is
defined: the control, teardown, and data packets. Each packet type is an object that

contains formatted information defined as a set of fields.

The control packet (CP) originates from the requestor of a connection to setup
a path along the network to the desired destination. The control packet, shown in
Figure 4.2, is a formatted packet that consists of five fields. The fields represent the
connection identification number, input wavelength identifier, next hop address,
offset time, and the destination address respectively and their corresponding size.
Other fields such as the protocol version, message type, cyclic redundancy check, and
layering information [WEIOQ] are not included in the CP fields because of their
irrelevancy on the performance of the signaling protocol under the simulation

assumptions took.

connection ID | wavelength color | next hop | OFFSET time | destination

4—— 4doctets — pge——— 200tots — —p ¢ 8octots —pg—— 40CtOtS ——p g~ 8 octets -

Figure 4.2: OBS Control Packet Structure

A unique connection identification number is given for each connection request
that finds an available wavelength on the source’s outgoing link. The corresponding
wavelength color is tagged by the source node in the CP and reflects the desired
wavelength to be reserved along the path to the destination. In case wavelength

conversion is deployed in the network, the wavelength identifier field is updated by
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the intermediate nodes on a hop-by-hop basis to reflect the changes in the wavelength

color.

The offset time field reflects the lag in time between the control packet and the
data burst. This field is decremented at each intermediate node by the amount of
delay encountered locally at the node. Usually, such delays are the same at all nodes
in the network. In the explicit setup schemes, the only role of the “offset time” field is
to reveal the difference in the number of hops between the primary and alternative
routes. In estimated setup schemes, the offset time is also used by the scheduler in the
controlling entity to estimate the arrival time of the data burst and perform the

necessary resource reservations before the expected arrival.

The teardown message (TM) structure is shown in Figure 4.3. The fields
represent the connection identification number, next hop address, and the destination
address. The connection identification number is the same as the number tagged on
the correspondent control packet. At the intermediate nodes, this number is matched
with control packet ID number and the appropriate action is taken (either forward the

teardown to the next hop or drop it).

connection ID | next hop | destination

4—— 4doctets — pg¢ Boctets ¢  8octets —_

Figure 4.3: Teardown Message Structure
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The third packet represents the data burst. The size of the burst can vary from
one connection to other. In the case of explicit setup schemes, the user can ignore
communicating these packets, and depend solely on connection duration defined in

the source node’s attributes.

4.3.3 Link Object

An optical link was modeled using the Link Editor. As shown in Figure 4.4, a
link consists of different channels, each representing a unique wavelength color.
Each channel incorporates a simple first-in-first-out queue on its transmitting side to

ensure that only one packet is being transmitted at a given time.

Figure 4.4: Correspondence between an optical link and its channels

Different link attributes are defined to model the physical and logical
characteristics of an optical link. Beside other graphical attributes, the following

attributes are described:
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Cost: This attribute represents the cost of the link, which is primarily intended
as a routing parameter. It is set to “1” to allow the routing paradigm to
calculate the routes based on the smallest hop count.

Bit error rate: This attribute is used to specify the probability of bit errors in
packets which are transmitted over a link. It is set to “0” to ensure zero
physical channel losses.

Data rate: This attribute specifies the speed of data transmission over the
link. Different data rates were defined (OC1, OC3, OC12, OC48, T1, T3...)
to provide flexibility in changing parameters during the simulation run phase.
Delay: This attribute specifies the propagation delay which will be incurred
by packets sent over the link.

Packet formats: This attribute specifies the type of packets that are supported
over the link. We added the three packet types discussed in the previous
section.

Wavelength: This attribute defines the number of wavelengths to be used in

the network. Each wavelength color is represented by a distinctive number.

4.3.4 Node Object

An optical burst switched core node, as shown in Figure 4.5, consists logically

of two planes: a control plane and a switching plane. The control plane is responsible

for generating connection requests, processing control and teardown messages, and

configuring the switching entity accordingly. On the other hand, the switching plane

performs space and wavelength switching. Keeping the same performance of the
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control and switching planes, we integrated the control entity and oxc modules into a
single module; obs_edge oxc, during implementation to reduce the complexity of the

model.

((—— (—) control
source D [:] sink plane
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KJ‘\ ( ) f%
rxc_01 4}. (] 9-» tx_01
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entity
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Figure 4.5: Optical Burst Switching Core Node Model

Each OBS node is associated with a set of attributes defined by the user to
provide control on the node’s operation. These attributes allows node modifications
to be done externally and offers the node generality and flexibility when modeling
different network situations. Below is the set of the defined attributes with their

functionalities:
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Destination: this attribute defines the destination for the calls generated at the
node. It can be either set randomly or explicitly.

Start time: this attribute defines the start time for call generations. This
attribute allows offline calculations to be done before the start of the network
operation.

Inter-arrival time: this attributes represents the time that separates two
consecutive generated calls. This attribute can follow a wide set of defined
distributions such as normal, exponential, binomial, etc.

Duration: this attribute defines the call duration. This duration is equivalent to
the length of the data transmitted measured in unit of time.

End time: this attribute defines the time in which calls will no longer be

generated.

The transceivers shown in Figure 4.5 serve as an interface between the packet

streams inside the node and the optical links outside the node. The transceivers

collect/distribute packets over the corresponding channels within the communication

link. The source, sink, and oxc modules are associated with processes describing

their behavior.

(9) Source Process

The source process model has a single forced state as shown in Figure 4.6. This

state is responsible for registering the node’s connection parameters (start time, inter-

arrival time, duration, etc.) defined in the node’s attributes. These parameters are
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used later by the source’s child processes to generate connection requests according
to the parameters defined. This process is associated with two children, the

obs_source_child and the obs_source gchild.

Figure 4.6: OBS Source Process Model

(ii) Source’s Child Process

The first child process, shown in Figure 4.7, is invoked by the source process
model. This child process creates a list that holds the generated child processes,
confirm the start and end time are correctly specified, and schedule their generation.
After this stage, it obtains the current simulation time and schedule an event for the

start of the first connection request.

Source_Child_Transition_End Source_Child_Transition_End

Source_Child_Transition_Generate

................. m

Source_Child_Transition_Wait1 Source_Child_Transition_Start

Figure 4.7: OBS Source Child Process
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Upon scheduling, the generate state allocates memory to hold source
generation information, obtains a unique connection id number, determines the
connection duration, and sets the destination address according to a uniform

distribution.

(iii) Source’s GChild Process

The second child process is invoked by the source child process model. This
process consists of four forced states and two unforced states, as shown in Figure 4.8.
The setup state is responsible for creating setup packets and setting the appropriate
packet fields. The offset state gets the number of hops along the route toward the
destination from the obs edge oxc process and calculates the offset time and
generates an interrupt to send the data burst. Th¢ burst state generates a data burst
and schedule an interrupt to invoke the teardown state after a period equals to the
length of the burst measured in seconds. The feardown state generates a teardown
packet and fills the packet fields with the necessary connection information and

transits to the end state where the gchild process is destroyed.
(iv) Sink Process

The idle unforced state is responsible for destroying the control, data, and

teardown packets if the node is the sought destination.

58



Source_GChild_Transition Offset §
: Source_GChild_Transition_Data

.............
....
. .

Source_GChild_Transition_Teardown &

Figure 4.8: OBS Source GChild Process

- e

Figure 4.9: Sink Process Model

(v) OBS Edge OXC Process
The obs_edge oxc is the most fundamental process. It performs the functions
of the control and the switching plane conjunctionally. It consists of seven states as

shown in Figure 4.10.
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Transition_Offset_Teardown

Transition_Offset_Transit

sne

............
. ‘e

. .

Transition_Default

Transition_Offset_Setup

Figure 4.10: OBS Edge OSC Process Model

The init 1, init 2, and init 3 states perform registration and initialization tasks.
These tasks are performed offline, i.e. before the node starts generating or receiving
packets. The init I unforced state registers the node’s information and initialize all
state variables and statistics. It also registers the adjacent link information such as the
link’s condition (enabled, disabled), link’s cost, etc. The inir 2 unforced state
determines all the accessible wavelengths through the node and the entire destination
node’s information. [Inif 3 state is responsible for process registry allocation to allow
exchange of information among different processes, such as the exchange of number

of hops between s-d pairs.
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4.3.5 Operation Scenarios

A node can operate as either a source node, intermediate node, or a destination
node depending on the packet it is processing. The three different scenarios are

described below.

(i) Scenario 1: Source Node

The setup state receives the control packet generated at the source’s gchild
process and processes the CP fields. It first checks for the destination’s address and
pick up the next hop address from the node’s routing table. Then it tries to reserve a
wavelength on the corresponding outgoing link. If the reservation succeeds, the
wavelength color is tagged in the control packet, and the corresponding CP is
forwarded to the next hop, otherwise the connection request is blocked and local

statistics are updated.

After the offset timer expires, a teardown packet is received at the reardown
state. The source node checks for the next hop based on the destination address of the
packet and forward it to the next node releasing the reserved wavelength on the

outgoing link.

(ii) Scenario 2: Intermediate Node
Upon arrival of a packet, the intermediate node checks the packet type. If the
packet is of type control; the controlling entity at the node checks for the next hop and

its corresponding outgoing link and tries to reserve the wavelength tagged in the
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control packet. If the process succeeds, the CP packet is forwarded to the next hop
and the wavelength table is updated. Otherwise, the CP is dropped and local statistics
is updated. In the case of a teardown packet, the same operation is performed but

wavelengths are released instead.

(iii) Scenario 3: Destination Node

The packet’s destination address is checked. If the destination address
matches the node’s address, the arriving packet (control or teardown) is moved to
upper layer where it will be destroyed. Local statistics are updated to reflect a

successful connection request establishment.
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Chapter 5

SIMULATION RESULTS AND
DISCUSSION

In this chapter we present the results conducted from the simulations
performed using OPNET Modeler. We discuss the results obtained from simulating

two different network topologies, and validate the ideas presented in Chapter 3.

5.1 Simulation Assumptions

A Just-In-Time (JIT) OBS network is simulated using the model described in
Chapter 4. The network core nodes are assumed to have no optical storage
capabilities but can queue the communicated control and teardown messages in -
electronic buffers after the appropriate Optical-to-Electric conversion. It is assumed
that all the requests are generated randomly with a Poisson distribution at the core

OXCs and are uniformly distributed among all the nodes in the network. The Poisson
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distribution is used since it reflects a realistic environment for any network

environment where it meets three important conditions [BCB00]:

e Requests come one at a time,
e The inter-arriving time between two consecutive events is exponentially
distributed,

¢ Incoming requests are completely independent from previous requests.

The load in the network is calculated based on the Erlang rho (p) formula
shown in Equation 5-1. The load is varied between 0.2 and 1.0 Erlang with

increments of 0.2 Erlang.

1 =
p= /1[—+ TOFFSET] .................................................................. 5-1
Y7

where

- M is he arrival rate

- u is the service time

- Torser is the average offset time, calculated based on the average number

of hops in the network

Each active optical cross connect handles both bypassing and locally
generated or terminated bursts and is characterized by a set of attributes that reflects

its behavior during the simulation runs. These attributes are:
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e Start time: is set to 100 sec in all the simulation runs performed. This time
interval allows all offline computations to be done before the start of the run.

e Inter-arrival time: is set to an exponential distribution with a variable mean. The
value of the mean was set differently in each run to reveal the load desired in the

network.

. . 1 = .
e Duration: is set to —+Torrser in order to reflect the length of the data
H

. \ . . 1.
transmitted measured in unit of time. The value of — is fixed to 40 msec.
7

e End time: is set to end of the simulation. Each simulation run time was set to
ensure that the output reaches a steady state. This was achieved by generating
500,000 simulation events whose run-time varied depending on the inter-arrival

rate of the call requests.

Signaling is assumed to be done out of band on a dedicated wavelength.
Infinite queues are used to queue control packets at intermediate nodes that are
neither acknowledged nor re-transmitted. As discussed in Chapter 4, a routing entity
(RE) is responsible for computing routing tables for all nodes in the network. Each
routing table consists of the next hop address on the primary and the link-disjoint
alternative route in addition to the total number of hops toward the destination
respectively.  Random wavelength assignment algorithm is used under the
wavelength continuality constraint, i.e. no wavelength conversion is deployed in the

network.

65



The optical links used exhibits a zero bit error rate to eliminate any chances of
physical channel losses. Each link is assigned a cost of “1” to allow the routing
paradigm to calculate the routes based on the smallest hop count. The transmission

rate on the link is 10 Gbps over 32 wavelengths.

5.2 Burst Blocking Definitions

A set of burst blocking probabilities (BBP) that will be used throughout this

chapter is defined below.

¢ By: burst blocking probability under no failures

e Bg: burst blocking probability between the instant a link fails and the time of its
detection. This value depends on the detection; notification speed of the
restoration mechanism used.

e Bg: burst blocking probability upon the detection of the failure until the global
routing update is performed. By represents the restoration phase losses.

e By;: burst blocking during the restoration phase due to unavailable resources,
mainly free wavelengths

e Br: burst blocking during the restoration phase due to insufficient time available
to reserve the resources along the alternative route before the arrival of the data
bursts.

e By: burst blocking probability after global routing update is done.
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Under no failures By = By, since the only cause of burst losses is the
unavailability of free wavelengths to transport the traffic between various s-d pairs.

Under link failures, the value of By is the sum of the By plus By (Br = Bt + By).

5.3 Simulation Results for ARPANET

This section will investigate the performance of the enhanced restoration
scheme discussed in Chapter 3 on the Advanced Research Project Agency Network

(ARPANET).

The network topology of ARPANET is shown in Figure 5.1. ARPANET
consists of 14 nodes with an average nodal degree equals to 3, connected by 21 bi-
directional links. The average hop distance in the network is 2.14286 using Dijkstra’s

shortest path algorithm.

Figure 5.1: Advanced Research Project Agency Network (ARPANET) Topology
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5.3.1 Offset Time Extension Effect Under No Failures

In JIT OBS network architecture with estimated setup schemes, the effect of
extending the offset time will not have any affect on the network’s burst blocking
probability.  Since the reservation is done just before the arrival of the data burst,
network resources will not be reserved for a longer duration and are not affected by
any increase in the offset time factor. On the other hand, the end-to-end latency is

increased by the value of the extension time.

On the other hand, in JIT OBS network architecture with explicit setup
schemes, the network resources are reserved directly after the arrival of the control
packet and are released after the transmission of the last bit of the data burst. As
discussed earlier, the offser time represents the time gap between the control packet
and the data bust. As a result, any change in the value of the offser time will have a
direct impact on the reservation time duration of the network resources and thus on

the network’s overall burst losses.

Figure 5.2 compares the effect of the offset time extension on the network
performance in terms of burst losses. The OXC configuration time tox, is set to 1
millisecond and the processing time tyroc, is set to 50 microseconds. The value of By
increases as the extension factor o increases. By increases by 6.8% at network load
of 0.2 Erlang and maintains almost the same behaviour at different network loads
(6.5% at 1.0 Erlang). This is shown more clearly in Figure 5.3, where the curve

slopes is close to zero.
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Figure 5.2: Overall BBP vs. network load at different offset time extensions
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Figure 5.3: Overall BBP vs. time extension factor at different network load

69




This slight change in the value of By is due to the fact that the delay
encountered at the intermediate nodes is relatively small compared with the burst
duration (1.05 ms to 40 ms). Figure 5.4 presents burst blocking probability under no
failures By versus different increments of the extension factor ¢ at different OXC
configuration values. The network load is set to 0.8 Erlang. As the value of ty
increases, the change in the burst loss increases more dramatically. For example, at
toxe = 10 ms and o = 4, the value of By increases form 0.1559 to 0.2097 with a relative
increase of 25.6%. The extra time added to the offset time is equivalent to the burst
duration time (~ 40 ms) and thus the effect By is more significant, while the loss

increase is less (only 10.2%) at 6 = 2.

Bnvs. Extension Factor
0.22

——toxc = 10 mse
0.21 | —f—toxc =5 msec

toxc =2 msec

0.2 {—¢—toxc =1 msec

0.19

Bn
o
>

Extension Factor

Figure 5.4: Overall BBP vs. time extension factor at different OXC configuration time
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5.3.2 Offset Time Extension Effect Under Failures

This section studies the effect of the offset time extension on the network
performance under link failures. All the results shown assume 40 ms-long bursts,
OXC configuration time toxc = 1 ms, and processing time tyoc = 50 ps. It is assumed

that estimated setup is used unless otherwise specified.

Recall the three phases defined in Chapter 3. Phase 1 represents the network
under no failures. Phase 2 represents the network under a link failure. This phase
lasts from the moment a link fails until the failure is recovered. The “recovery” term
used refers to the global routing table update and the awareness of all the nodes in the
network about the failed link. This is represented by phase 3. The fault detection
time is assumed to be 15 ms with a 200 ms delay to update the nodes’ routing tables

with the new computed routes.

Figure 5.5 shows the average burst blocking due to insufficient time to reserve
network resources, Br, versus the extension factor 6. All the links in the ARPANET
were failed one at a time. The correspondent Bt values and their ¢ increments were
recorded respectively. For example, at 6 =1, 76% of the rerouted bursts will be
dropped toward the end of the route due to un-configured resources. It was found
that at ¢ = 4, there will be no burst losses due to insufficient time ahead of the data
burst to reserve the resources along the deflected alternative routes. Note that some

links exhibited smaller ¢ values to reach Bt = 0.
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Figure 5.5: Burst Blocking due to Insufficient Time vs. Extension Factor

With the maximum value of “effective” ¢ in the ARPANET being known,
Figure 5.6 compares the global burst blocking levels represented by Br at the three
phases with different increments of the extension factor o. The results are computed
at a network load of 0.8 Erlang. The global burst loss probability is 0.213 when the
offset time factor is not considered. The Bgr value decreases to [0.2082, 0.2077,
0.1838, 0.1701] with o increments of [1, 2, 3, 4] respectively. The result is an
improvement in the value of Br by [2%, 5.5 %, 13.5%, 20%]. This shows the
importance of the offset time factor in the restoration mechanism deployed and its
role in reducing the overall network burst blocking probability. The value of Bg at
phase 3 is slightly bigger than that at phase 1 due to the fact that the network
connectivity has decreased by one link and thus the computed new routes are longer,

resulting in a higher probability of used wavelengths and thus higher BBP.
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Figure 5.7: Local BBP vs. Restoration phase at Different Extension Values
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Figure 5.7 shows the local Bg values during the 3 phases when the link
between nods 8-9 fails. As the extension factor o increases, the offset time will be
sufficient to re-route the bursts on the alternative routes and thus less bursts will be
dropped locally. In spite of this fact, the value of By is still higher at phase 2 than
that at phase 1, even when o = 4, because all the burst will be dropped until nodes 8

and 9 detects the failure.

Note that the different values of By at phase 2 reflect the By values in Figure
5.5. For example, the value of Br at 6 =2, 3 drops from 55% to 26% by almost 30%.
This shows clearly in Figure 5.7 with the decrease of Bg from 0.616 to 0.347 by
almost 30%. This is due to the fact that most of the burst dropping is due to the
algorithm implemented. In addition, the nodal degree of the nodes adjacent to the
failure is higher that 2 and thus there will always exit a secondary link(s) to re-route
the bursts. On the other hand, if the failure happens between nodes 4 and 6, all the

incoming bursts at node 6 will be dropped since the nodal degree is 2.

Figure 5.8 compares the effect of the offset time extension on the network
performance in terms of burst losses during link failures. The value of Br decreases
as the extension factor ¢ increases. Note that as the network load increases, the o
effect on the Bg value becomes more noteworthy. Figure 5.9 shows more clearly the
improvement in the burst loss level as we extend the offset time. The range of
enhancement varies from 17% to 20% with loads ranging from 0.2 Erlang to 1.0

Erlang ato = 4.
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Figure 5.8: Overall BBP under failure vs. network load at different offset time
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5.4 Simulation Results for an Inter-Connected Ring

Network

This section will extend the study of the performance of the enhanced
restoration scheme discussed in Chapter 3 on an inter-connected ring topology and

corroborate extensively results shown in Section 5.3.

The topology of inter-connected ring network is shown in Figure 5.10.
ARPANET consists of 15 nodes with an average nodal degree equals to 2.67,
connected by 20 bi-directional links. The average hop distance in the network is 2.41

using Dijkstra’s shortest path algorithm.

14

Figure 5.10: Inter-Connected Ring Network’s Topology
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5.4.1 Offset Time Extension Effect Under No Failures

As discussed earlier, JIT architectures with explicit setup schemes are affected
by the change in the value of the offser time duration. This effect is reflected on the
network’s burst loss probability, as shown in Figure 5.11. With OXC configuration
time of 5 ms and processing time of 50 ps, the increase in the offset time duration is
conjunctionally reflected in a rise in the By value. The average increase when

extending the offset time by a factor of 2 is around 12.5 %.

Bn vs. Load
0.21
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0.17 1
0.15 -
0.13 A
0.11 -
0.09
0.07 -

0.05 w

0.2 04 0.6 08 1 ‘
Load (Erlang)

BN

Figure 5.11: Overall BBP vs. network load at different offset time extension in the
interconnected ring topology
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5.4.2 Offset Time Extension Effect Under Failures

This section shows the effect of the offset time extension on the network
performance under link failures. All the results shown assume 40 ms-long bursts,

OXC configuration time toxc = 5 ms, and processing time ty,c = 50 ps.

Figure 5.12 shows the average burst blocking due to insufficient time to
reserve network resources, B, versus the extension factor ¢. It is found that at an
extension value of 2, the burst loss due to insufficient time to reserve the resources on
the alternative routes is zero. It is noted that with ¢ = 1, the Bt value does not
improve that much since the average alternative route lengths is greater that the
primary routes by more than one hop. This will result in and average burst loss close

to that with non-extended offsef time.

BT versus Extension Facor
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>
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l—
m
20
10 A
0 ‘
0 1 2
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Figure 5.12: Burst Blocking due to Insufficient Time vs. Extension Factor in an
interconnected ring topology
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Note that figure 5.12 is independent of the value of tox Or tproc, and is only
dependant on the network physical connectivity and the routing algorithm used. For
example, if the routing algorithm used computes the link-disjoint shortest cycle (i.e.
obeying the link disjoint constraint, the primary and its alternative route form a cycle
that is shortest in length, but not necessary that the primary path is the shortest route

possible), the maximum value of ¢ might be larger.

Figure 5.13 shows the overall burst losses Br with different increments in the
offset time at different network loads. It is noted that the value of Bgr does not
improve at 6 = 1 and maintains a close level as of when 6 =0. At o = 2, the value of

Br improves by 17% and thus reduces the overall burst loss level.
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Figure 5.13: Burst Losses under link failure versus the restoration phase at different
network loads
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When explicit setup scheme is used, the behavior changes as the extension
factor increases. At ¢ = 1, the value of Bg is greater than that at 6 = 0. The reason
behind that is the small effect ¢ have in reducing the value of Br, as previously shown
in Figure 5.12, and the extended time it introduce while reserving resources. These
factors lead to higher burst losses and degradation in the network performance.
Inversely, at ¢ = 2, the Bt value decreased to zero, and the overall burst losses during

restoration was improved by deploying the enhanced restoration algorithm.

BR versus Offered Load

007 I T T ST

0.2 04 0.6 0.8 1
Load (Erlang)

Figure 5.14: Overall BBP under failure vs. network load at different offset time
extensions when explicit setup scheme is used

The same effect can be seen in Figure 5.14. An important thing to note down
is the o effect on the burst loss performance at phases 1 and 3. It is very importance
to balance between the network loss improvement at phase 2 and the degradations at

phases 1 and 3.
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Figure 5.15: Global BBP vs. Restoration phase at Different Extension Values when
explicit setup scheme is used
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Figure 5.16: Burst Losses under link failure versus the restoration phase at different
network loads when explicit setup scheme is used
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Figure 5.16 shows the different phases at different network loads. The burst
losses decreases at ¢ = 2 and improves the loss performance by 14.3 %. It is noted
that the value of Br at phase 3 is less than that at phase 1. After viewing the
network’s link utilization, it was found that some links are under-humiliated by other
links. As a result, and upon a link failure and global routing updates, the load in the

network will be spread more equally along the links.

Figure 5.17 shows the utilization level on all the links connected to nodes “0”
and “5”. In the absence of link failures, Figure 5.17 (a),(b) shows that links between
nodes 0-2, 0-6, 0-10, 5-1, 5-7, and 5-14 are under utilized. When the link between
nodes “0” and “5” fails, the utilization on the links mentioned increases, as shown in
Figure 5.18 (a),(b), and thus more resources are available for use. As a result, the

overall burst loss probability decreases.
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Figure 5.17: Link Utilization in absence of failures
(a) Link Utilization at node “0” under no failures
(b) Link Utilization at node “5” under no failures
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Figure 5.18 Link Utilizations under link failure
(a) Link Utilization at node “0”
(b) Link Utilization at node “5”

5.5 Simulation Results for QoS Restoration Scheme

The novel QoS Restoration Mechanism presented in Chapter 3 will be
discussed in this section. Several QoS levels can be defined in correspondence with
the extension factor o and the level of loss they presume. The result will guarantee a

service differentiation with respect to the data losses and delays.

Figures 5.5 and 5.12 presented the values of Br with respect to different
extension values, 6. Each o value corresponds to a certain level of Bt. Getting these
values, one can build a table similar to Table 3.8.1 presented in Chapter 3. Assume
one wants to create 4 levels of QoS ranging from 0% loss to 100% loss. The

corresponding QoS table is shown Table 5.1.

&3



ARPANET

Br (%)

QoS Level

Delay (sec)

0-25

25-50  50-75

75-100

1

2
3
3
4

0
1 *(tprop + @)

2 *(tprop +
3 *(tprop
4 *(tprop t+

?)
g)
®)

Table 5.1: QoS Level Computation Table for ARPANET

Note that both ¢ = 1,2 define the same service level with respect to the burst

loss probability. On the other hand, at ¢ = 2, the delay is double thatat 6 = 1.

Similarly, Table 5.2 shows only 2 levels of QoS. Since at ¢ = 1, both the

burst loss and the extra delay encountered are larger that those at ¢ = 0, one can

ignore 6 = 1, an only counts on ¢ =0, 2.

2 *(trop + @)

Inter-Ring Br (%)
QoS Level | Delay (sec) 0-25  50-75
0 ‘o

Table 5.2: QoS Level Computation Table for an interconnected ring network

Note that each network can offer up to a maximum n QoS levels based on the
maximum effective extension factor 6 (n = o). This is dependant on the network

physical connectivity and routing algorithm used.

84



Chapter 6

CONCLUSION AND

FUTURE RESEARCH

6.1 Summary and Conclusive Remarks

The major goal of this thesis was to study the importance of the “offset time”
value on the network operation and its effect on the network performance under

normal and failure scenarios.

In the absence of any network failures, extending the offset time in JIT
explicit setup schemes showed an increase in the burst loss. This behavior was
expected, since as the offset time increases, the network resources will be reserved for
longer durations, and thus less free available wavelengths will be present leading to a
higher blocking probability. On the contrary, in JIT estimated setup schemes, the

offset time is independent of the reservation duration and thus will not have any

85



influence on the network’s burst loss. The simulation studies explored the effect of
the switching time on the network losses. As the switching technology advance, the
configuration time will be smaller and thus the degradation in the loss performance

will decrease.

The study was then extended to OBS networks under single link failure. In
JIT estimated setup schemes, extending the offser time duration helped in dipping the
burst loss Bt down to zero. This was reflected in reducing the overall network loss
probability by 17% in the interconnected ring network and by 20% in the ARPANET.
As a result, the enhanced restoration scheme proposed met the expected improvement

levels desired.

On the other hand, in JIT explicit setup reservation schemes, it was found that
as the extension factor increases the improvement in the overall burst loss was not as
significant as that with estimated setup schemes especially after coupling its
consequences on the network’s BBP during phases 1 and 3. The reason behind that is
the high extension time added. This effect was abridged as the OXC configuration
time decreased. It is also important to note that the relation between the length of the
data burst and the delay encountered at each node plays an important role on the BBP.
Therefore, with relatively longer burst duration to the offset time value, one can
expect good improvements in the burst loss levels. As a result, our enhanced
restoration scheme will improve network performances for JIT explicit setup schemes

as switching technology evolves.
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Link failures in OBS networks caused higher burst losses and thus reduced
significantly the Quality of Service (QoS) in the network. Therefore, a novel QoS
Restoration Mechanism was proposed to resolve this issue. Several QoS levels were
defined in correspondence with the extension factor ¢ and the level of loss they
presume. The result was a guaranteed service differentiation with respect to the data

losses and delays.

6.2 Future Research

Offset time and its effect on the performance on OBS networks was first
studied in this thesis. There are still many issues that need further investigation and

development. This section discusses some of these issues.

Fault detection and notification plays an important role in reducing the BBP

upon a network failure. This is still an open research issue.

e Latency performance studies upon extending the offset time factor should be
further investigated.

e It was found that the maximum effective value of ¢ is independent of the
network load or ant other network parameter. It is directly related to the
network physical connectivity and the routing algorithm used. A future
research portion is to find the mathematical relation between these parameters.

e The studied performed tried to reduce the value of Bt upon a link failure.

Reducing the value of Bp could be further investigated by appropriate
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wavelength converter placement or increasing network resources such as

deploying more wavelengths of optic fibers.
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