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Abstract

Optical burst switching (OBS) is an optical networking technology for transporting data

from any edge router (ingress node) to another edge router (egress node) through optical

cross connects (OXC). It combines the benefits of optical packet switching and optical

circuit switching (OCS), while avoiding their limitations. In an OBS network, data packets

from the access network destined to the same egress node are aggregated at the ingress node

to form a burst which is sent to the core network with a separate burst control packet. This

burst control packet is transmitted in the optical domain through a separate control channel

but processed electronically at each core node to reserve bandwidth for the burst. The burst

is transmitted all-optically after some time without waiting for any acknowledgment from

the egress node. When the burst reaches the egress node, it is segregated into packets which

are forwarded to their destinations in the access network.

Since OBS uses one-way reservation, there is no guarantee that a transmitted burst will

reach its destination, and bursts may be dropped at intermediate nodes due to contention.

Thus, burst blocking probability is an important performance measurement in OBS net-

works. Deflection routing is one of the key contention resolution strategies. Erlang Fixed

Point Approximation (EFPA) and Overflow Priority Classification Approximation (OPCA)

are two algorithms that have been used to evaluate the blocking probability in OBS with

deflection routing. Both EFPA and OPCA require fixed-point iterations which may require

a long running time. In the first part of this thesis, we study the properties of OPCA, which

is based on a hierarchical structure with a finite number of layers, and prove that the OPCA

iterations alternately produce upper and lower bounds which consistently become closer

to each other as more fixed-point iterations in each layer are used. We also demonstrate

numerically that only a small number of iterations per layer are required for the bounds to

be sufficiently close to each other. This behavior is demonstrated for various system pa-

rameters such as offered load, number of links per trunk, and maximum allowable number

of deflections.
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Next, we study two new performance measurements in OBS networks. The bursts

dropped at intermediate nodes have already utilized the bandwidth before they are dropped,

but do not contribute to the network throughput. Thus the utilization is sometimes very

high but the throughput is quite low in the network. We classify trunk utilization into ef-

fective utilization and ineffective utilization to distinguish the utilization caused by bursts

that reach and do not reach their destinations, respectively. As a benchmark for OBS, we

consider an idealized version of OCS, designated I-OCS, which does not incur ineffective

utilization. We study the efficiency of OBS versus I-OCS networks for different network

models to facilitate the understanding of performance implications of effective and inef-

fective utilizations.

Based on the idea to reduce ineffective utilization by increasing the likelihood that

bursts which have already used a lot of network resources reach their destinations, thereby

increasing network throughput, we combine contention resolution strategies - burst seg-

mentation and least remaining hop-count first (LRHF), with an Emulated-OBS wavelength

reservation scheme, designated as EBSL, to solve the burst contention problem. We shall

use I-OCS and I-OCS with alternative routing as benchmarks. Through discrete event sim-

ulations, the performance of EBSL is compared with that of original OBS/JET, Emulated-

OBS, Emulated-OBS with segmentation (tail dropping) and Emulated-OBS with deflection

routing and trunk reservation. The results show that our proposed strategy can eliminate

the congestion collapse of the goodput and effective utilization, reduce the blocking prob-

ability under heavy load conditions. Using the fairer version of LRHF instead of LRHF

in EBSL also provides insight into fairness efficiency tradeoffs. Furthermore, adding de-

flection routing to EBSL can provide better performance under light and medium traffic

loads.
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Chapter 1

Introduction

The demand for higher bandwidth is driven by the growth of bandwidth intensive appli-

cations, such as voice over IP [1, 2], video-on-demand, video conference and other multi-

media applications. The increasing number of Internet users that transmit extremely large

flows of data, such as cloud service providers (CSP) which often replicate their content

across multiple data centers transmitting massive amount data [3], also increases the de-

mand for higher bandwidth. Future all-optical networks will be able to meet this growing

demand [4]. The advantages of using optical fibers instead of copper cables for communi-

cations are:

• Optical fibers can support much more bandwidth than copper cables. Theoretically,

one single fiber can support bandwidth demands up to 50 Tb/s [5].

• Optical fibers transmit data much faster over longer distance.

• Glass is cheaper and lighter than copper.

• Optical fibers are immune to electromagnetic and radio frequency interferences.

• Optical fibers experience less signal degradation than copper cables.

• Optical fibers use less power than copper cables.
1
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• Optical fibers provide extremely low bit error rates (10−12 in fibers vs. 10−6 in

copper cables).

• Signals transmitted through optical fibers are more difficult to tap.

In first-generation optical networks, connections were set up point-to-point using single

mode optical fibers. At each node, data in the optical domain is converted to the electron-

ic domain for processing, and then is converted back to the optical domain. Electronic

equipment operates in the Gb/s range [5] while the fiber can support bandwidth demand

up to 50TB/s. This speed mismatch between optics and electronics, which is called the

electronic bottleneck, leads to the fiber bandwidth being wasted.

In second-generation optical networks, optical cross-connects (OXC) [6, 7] and wave-

length division multiplexing (WDM) [8, 9] solved the electronic bottleneck problem. An

OXC comprises optical switches which are capable of switching traffic from input port

to output port. Wavelength conversion [10] can be provided if required. In WDM, a

number of optical carrier signals are multiplexed onto a single optical fiber by using d-

ifferent wavelengths (i.e. colors) of laser light and each wavelength can support different

data formats being transmitted at different rate. WDM systems are divided into different

wavelength patterns: Conventional/coarse wavelength division multiplexing (CWDM) and

dense wavelength division multiplexing (DWDM). CWDM usually supports 8 with a max-

imum 18 wavelength channels per fiber. DWDM can support up to 80 wavelength channels

per fiber.

Third-generation optical networks are based on a meshed network of multi-wavelength

fibers interconnected by all-optical interconnection devices [11]. This new generation of

the optical networks has 2 basic components: A core network which supports all-optical

data transmission and several access networks, e.g. passive optical network (PON) and

Ethernet, which feed data to the core network through the edge routers.
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Three popular switching technologies have been proposed in the all-optical WDM net-

works, namely optical circuit switching (OCS), optical packet switching (OPS) and optical

burst switching (OBS). We review them below.

1.1 Optical Circuit Switching

Circuit switching has been widely used in telephone networks, and is expected to have a

renewed and important role in future all-optical networks [3, 12–15]. In OCS networks,

dedicated communication channels or lightpaths are established between a pair of nodes

before the two nodes start to communicate. The lightpath guarantees the full bandwidth of

the channel, and remains connected for the duration of the whole communication time.

If there is no wavelength convertor in the network, then according to the wavelength

continuity constraint [9], a lightpath must use the same wavelength on all the links along

its path. However, if there are wavelength converters in the network, the lightpath is able

to be converted from one wavelength to another free wavelength at the output port of an

intermediate node when the original wavelength at the output port is already occupied by

other calls. An example is shown in Fig. 1.1 [16] where a 3-node 2-link network with 2

channels per link is depicted. Two lightpaths have already been established in the network,

one is between Node A and Node B using wavelength λ1 and the other is between Node B

and Node C using wavelength λ2. Suppose a new call arrives at Node A with destination

Node C, a light path between Node A and Node C must be set up before Node A starts to

transmit the call. If there is no wavelength converter at node B, it is impossible to establish

the required lightpath though there is a free wavelength channel on each of the links along

the path from Node A to Node C since the available wavelengths on the two links are

different. However, if a wavelength converter at Node B is able to convert the signal on

wavelength λ2 at the input port to wavelength λ1 at the output port, then a lightpath can be
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λ1 λ1

λ2 λ2

(a)

λ1 λ1

λ2 λ2

(b)

Node A

Node A

Node B Node C

Node B Node C

λ

Figure 1.1: Wavelength-continuity constraint in a wavelength-routed network: (a) without
converter and (b) with converter

established between Node A and Node C by using wavelength λ2 on the first link and λ1

on the second link as shown in Fig. 1.1 (b).

One of the main disadvantages of OCS is that the bandwidth of the wavelength chan-

nels is utilized inefficiently, particularly for bursty Internet traffic. A lightpath established

once may remain a long time, such as days or weeks, during which there may not be suffi-

cient traffic to utilize the bandwidth. To avoid such wastage of bandwidth, Optical packet

switching evolved.

1.2 Optical Packet Switching

In optical packet switched networks, IP packets and their headers are processed at every

router on a packet-per-packet basis without any prior setup and resources reservation in the

network. At each core node, the header is converted from optical to electronic, and then

processed electronically while the packet is optically buffered on fiber delay lines (FDLs)

until the desired output port becomes free. Then, based on the information contained in the

header, the router transmits the IP packet from the input port to the output port.
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Buffering technology is mature in the electronic domain. However, buffering in the

optical domain is very difficult because of the high speed of the light, e.g., an 1.5 km

optical fiber is required in order to delay an IP packet for 5µs [17].

High energy consumption is another concern in OPS. As Internet traffic doubles every

two years [18], energy consumption by the Internet is increasing at a much higher rate than

in other industry sectors [19, 20]. Reducing the growth of energy consumption by Internet

is very important because it can limit the growth of the Internet itself [21] due to a lack

of power supply and growing difficulties in cooling off routers [20]. Processing (including

routing table lookup and buffering) each IP packet at each router is very energy consuming.

Optical burst switching technique was proposed to avoid optical buffering at routers

and to reduce the overall energy consumption in the Internet.

1.3 Optical Burst Switching

Optical burst switching (OBS) [22–31] is an optical networking technology suited to all-

optical networks that facilitates the one-way dynamic resource reservation of data flows.

Fig. 1.2 shows the basic components of an OBS network: access networks, edge routers

and the core network. Edge routers can be an ingress router (ingress node) or a egress

router (egress node). The functions of ingress nodes, core nodes and egress nodes are

shown in Fig. 1.3 [11, 30]. At the ingress node, data from the access network destined to

the same egress node is aggregated into large data bursts (usually simply called bursts). A

burst control packet (BCP) is generated at that time. The ingress node is responsible for

path selection (routing) and wavelength assignment. The wavelength reservation scheme

is also determined at the ingress node. The burst is then sent to the core network with

its BCP. The BCP is sent on a separate control channel with some offset time prior to the

burst to reserve wavelength channels along the burst transmission path so that the burst

is transmitted all-optically on its path. Note that when a burst leaves the ingress node,
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Ingress Router 

Egress Router 

Figure 1.2: Architecture of an OBS network

there is no guarantee that it will arrive at its egress node because in OBS, unlike in circuit

switching, capacity for a burst is not reserved end-to-end by a multiple-way handshake;

as a result, burst contention may occur with bursts possibly dumped before reaching their

destinations, and the core node has the responsibility for contention resolution. Once a

burst reaches the egress node, it is disassembled into packets which are then routed to their

final destinations.

In the original OBS [22], the offset of a burst is set up at the edge router according to its

path length. At each core node, the offset time decremented by the time the BCP spends in

the switch controller. Fig. 1.4 shows a timing diagram for a burst transmitted from source

node n1 to destination node n4 through intermediate nodes n2 and n3. The offset time at

a node is T = h× δ+α, where δ is the processing delay at the node, h is the number of

remaining hops on the path and α is the switching reconfiguration time. Thus, at node n1,

as there are 3 remaining hops on its path, the offset time is Tn1 = 3δ+α and at node n2, the
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offset time is reduced to Tn2 = 2δ+α since there are only 2 remaining hops. In Fig. 1.4 P

is the propagation time between two connected nodes.

Table 1.1: Comparison of OCS, OPS and OBS

Switching Bandwidth Setup Processing Traffic Optical
Technologies Utilization Latency Complexity Adaptive Buffering

OCS Low High Low Low Not required
OPS High Low High High Required
OBS High Medium Medium High Not required

OBS combines the advantages of OCS and OPS. Table. 1.1 shows the comparison of

these three switching technologies [5, 11] and the detail explanation is given below:

• Bandwidth utilization: Link utilization is lowest in OCS network, especially when

the data transmission time is less than the lightpath setup time. OPS and OBS can

achieve a multiplexing gain as they allow traffic between multiple node pairs to share

the bandwidth on a fiber. Thus OPS and OBS have higher bandwidth utilization than

OCS.
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delay at one node and P is the propagation time between two connected nodes

• Setup latency: OCS uses end-to-end reservation and OBS uses only one-way dynam-

ic resource reservation, thus the setup latency of OBS is shorter than that of OCS. In

OPS networks, packets are sent directly to the network without any prior wavelength

reservation scheme, so that the setup latency of OPS is the lowest amongst the three

switching technologies.

• Processing complexity: In OPS networks, the control information is contained in the

header of the IP packet, and each header needs to be extracted from the packet and

then processed electronically at each router. Thus, the processing complexity of OPS

is high. In OCS networks, once a lightpath between a pair is established, all the data

between this node pair will be transmitted through this lightpath, and the processing

complexity of OCS is therefore the lowest among the three switching technologies.

In OBS networks, as each burst contains several packets, the processing complexity

lies in between that of OCS and OPS networks.
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• Traffic adaptive: Due to its high setup latency, OCS does not adapt to variable bursty

traffic. Both OPS and OBS are able to handle bursty traffic because they support

statistical multiplexing.

• Optical Buffering: Optical buffering is not needed in OCS networks because after

the lightpath is established, the data can be transmitted all-optically. OPS networks

require optical buffering to buffer the IP packets at each router until the desired

wavelength at the output port becomes free. In OBS networks, as the BCP reserves

the wavelength before the burst arrives, the burst can be transmitted all-optically, and

so optical buffering is not required in OBS networks. However, FDLs can be added

in OBS networks to solve the burst contention problem.

In what follows, a brief introduction to bursts assembly methods, wavelength reserva-

tion schemes (or signaling schemes), burst scheduling and contention resolution algorithms

in OBS networks are presented.

1.3.1 Burst Assembly

In OBS networks, IP packets are aggregated into large data bursts at the ingress node,

this procedure is called burst assembly [32]. The trigger criterion, which determines the

time when a burst is released, is the key factor in burst assembly because it determines the

arrival process of the input traffic of the networks and the characteristics of the traffic in

the network [33–37]. The trigger is based on either time or size of the burst or both.

In time-based burst assembly algorithms, a timer is started when a packet arrives and

the buffer is empty at that time. When the timer reaches the time threshold T , all the IP

packets waiting in the buffer are aggregated into a new burst, and the timer is reset to 0.

The number of packets in a burst depends on the packet arrival rate [32]. The arrival rate

of the bursts from one ingress node is uniformly distributed, but under heavy traffic load,

the burst size may become very large if T is relatively large.
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In size-based (also called length-based) burst assembly algorithms, when the number

of packets buffered at the ingress node reaches the burst length threshold B, the packets

are aggregated into a new burst and then sent out. However, size-based assembly does not

provide an upper bound on the waiting time, and under light traffic load, if the burst length

threshold B is relatively large, the waiting time of the IP packets may becomes very large.

Comparing the time-based and size-based burst assembly algorithms, time-based as-

sembly is preferable under light traffic load conditions while size-based assembly is prefer-

able under heavy traffic load conditions.

In the Fixed-Time-Min-Length (FTML) [32, 33] burst assembly algorithm, each burst

size is required to be larger than a minimum length Bmin, say Bmin < T ×λ, where T is a

time threshold on the assembly time and λ is the average traffic arrival rate. If the burst

length is shorter than Bmin when the time threshold T is reached, the burst is padded to

meet the minimum length requirement Bmin and then sent to the network.

The Max-Time-Min-Max-Length (MTMML) burst assembly algorithm uses the maxi-

mum assembly time T as the primary criteria. In order to decrease the delay of individual

packets, it also allows a burst to be sent out as soon as the burst length reaches or exceeds a

given maximum burst length Bmax, say Bmin < T ×λ < Bmax. If the burst length is shorter

than Bmin when the time threshold T is reached, the burst is padded to meet the requirement

Bmin and then sent to the network.

Another category of burst assembly algorithms is based on dynamic thresholds, where

either the time threshold T or the burst length threshold B or both are adjusted dynamically

according to the real-time traffic measurements [38–42] or prediction [43]. These dynamic

assembly algorithms are more adaptive to strongly correlated traffic such as TCP or long-

range-dependent traffic and they can provide better performance in OBS networks. Some

simulation results for such dynamic assembly algorithms are provided in [36]. Howev-

er, these algorithms involve more computational complexity than time-based, size-based,

FTML and MTMML burst assembly introduced above [36, 41].
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Chi et al. [37] propose the Data-length Time-lag Product assembly algorithm, in which

the product of assembled data length and the time interval between the arrival times of the

first packet and the last packet in the queue is used as burst assembly threshold.

Burst assembly plays an important role in shaping the traffic and in reducing the traffic

self-similarity [32].

1.3.2 Wavelength Reservation Schemes

Wavelength reservation schemes (also called signaling schemes [11]) can be divided into

two types by whether the acknowledgment message are received: Tell-and-Wait (TAW)

and Tell-and-Go (TAG) [44].

Tell-And-Wait

Fig. 1.5 [44] shows the timing diagram of the Tell-and-Wait scheme. When a new burst

needs to be transmitted from node n1 to node n4, a BCP is sent first to the destination

node n4 along the control channel to reserve resources on each link along the path. When

the BCP is received by an intermediate node, the control units reserve a free wavelength

channel on the output port, such a wavelength channel is dedicated to the burst until an

explicit release message is received. If all the wavelength channels are busy on any link

along the path, the reservation on that link is failed, and then a release message is sent back

to the source node to release the previously engaged wavelengths and notify the source

node that the reservation is unsuccessful. In that case, when the source node receives the

notification, the burst is dropped at the source node. If a free wavelength channel is found

on each link along the path, a confirmation message is sent by the destination node n4 in

the reverse direction to notify the source node n1 that the reservation has been successful.

After the source node receives the confirmation message, also called the acknowledgment

(ACK) message, the burst is sent out. As soon as the burst transmission is finished on one

link the reservation of the resource on that link is released.
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In TAG schemes, a burst is sent without receiving an ACK message from the desti-

nation. The BCP is sent first along the control channel to reserve resources on the links,

and the burst is sent after the offset time before the BCP reaches the destination. If the

BCP fails to reserve a free wavelength channel on any link along the path, the burst is sim-

ply dropped when the burst reaches that link; sometimes a contention resolution strategy

is used. Just-in-Time (JIT) [23, 45, 46] and Just-Enough-Time (JET) [47, 48] are the two

main wavelength reservation schemes using the TAG protocol.
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Just-In-Time

Fig. 1.6 shows the timing diagram of the JIT scheme. In the JIT scheme, the wavelength

channel is reserved immediately after the BCP is processed. The bursts start to transmit

from the source node after an offset time which is no less than the total processing time of

BCP at intermediate nodes. As shown in Fig. 1.6, the wavelength is idle from the time the

reservation is started until the first bit of the burst arrives at the node.

Just-Enough-Time

Fig. 1.7 shows the timing diagram of the JET scheme. In the JET scheme, the BCP carries

the information about the burst arrival time, burst length and the wavelength used. When

the BCP arrives at a node, it only reserves the wavelength channel for the duration of the

burst. If the wavelength channel is available, the reservation is made from the time when

the first bit of the burst reaches that node until the transmission finish. This improves the

bandwidth utilization as compared to JIT. In the JET scheme, there is a possibility of a
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burst being blocked by another burst that is scheduled to arrive later because the offset

time varies according to the path length. This phenomenon is known as retro-blocking

[11] according to which the bursts with larger offset time are successful in reserving the

wavelength before the BCP of a burst with smaller offset time arriving. Previous studies

show that JET performs better than JIT and TAG in terms of bandwidth utilization and

burst loss probability [49, 50], but its algorithm is much more complex to implement than

in TAG and JIT.

Offset-Time-Emulated OBS

The Offset-Time-Emulated OBS (E-OBS) control architecture [51,52] is proposed to over-

come the retro-blocking problem. Fig. 1.8 (a) [52] shows the node architecture in E-OBS

networks. An additional fiber delay unit (FDU) is inserted in the data path at the end of

the input port at each core node to emulate the offset time. The FDU is a piece of fiber

with fixed and limited length, with no switching capability. The ingress node sends the

BCP into the control channel prior to its burst with some small offset time provided for

configuration of the switches. When the burst and its BCP reach a core node, the BCP goes



15

Figure 1.8: (a) General E-OBS node architecture and (b) E-OBS control architecture.
ODM is the optical drop multiplexer, ∆ is the 1-hop offset time corresponding to the queu-
ing and processing delay of one node, and δs is the switching delay

directly to the switch controller while the burst is delayed on the FDU by an offset time.

This offset time is the BCP processing time and it is identical at each intermediate node.

Once the burst reaches the egress node, it is disassembled and the packets are delivered to

the their final destinations.

A particular gain of E-OBS is the reduction of the control complexity for both BCP

processing and routing management. The numerical results in [52] shows that the per-

formance of E-OBS is no worse than JET in terms of blocking probability and packet

end-to-end delay.
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1.3.3 Burst Scheduling Algorithm

When a BCP is processed at a core node, there may be more than one free wavelength

channels on the output link, so wavelength scheduling algorithms are used to select one

wavelength channel amongst the free channels. The main objective of the wavelength

scheduling algorithms in OBS network is to reduce the burst blocking probability by min-

imizing the voids, namely the idle times between the transmissions of consecutive bursts

on a wavelength channel.

Several scheduling algorithms have been proposed and can generally classified into two

categories, (a) without void filling [49] and (b) with void filling [53]. In class (b), a new

burst can be scheduled on the voids within channels; this is not permitted in class (a).

Fig. 1.9 shows an example of channel selection for different burst scheduling algo-

rithms. The BCP arrives at a node at time tBCP and the burst arrives at that node at time
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tB = tBCP + to f f set , where to f f set is the offset time for the data burst at this node. The burst

leaves the node at time t f = tB+ tburst where tburst is the total transmission time of the burst.

Horizon Scheduling Algorithms

A wavelength channel is said to be unscheduled at time t if this channel is free at and

after t, e.g., channel 1 and channel 2 in Fig. 1.9 are unscheduled channels for the new

arrival bursts. Horizon scheduling algorithm only consider scheduling the new arrival burst

on unscheduled channels. First Fit Unscheduled Channel (FFUC) [49, 53, 54] and Latest

Available Unscheduled Channel (LAUC) [53–55] are two representatives of without void

filling (also called horizon) algorithms.

In the FFUC algorithm, when a BCP arrives, the algorithm searches all wavelengths in

a fixed order and assigns the burst to the first unscheduled channels. In Fig. 1.9, when the

BCP arrives, the algorithm searches all the 6 channels from 1 to 6. Since channel 1 is the

first unscheduled channel at time tB, channel 1 is selected to schedule the new arrival burst.

In the LAUC algorithm, when a BCP arrives, the new burst is scheduled on an unsched-

uled wavelength channel at time tB such that the size of the void between the start time of

the new burst and the finish time of last scheduled burst is minimized. In Fig. 1.9, channel

1 and channel 2 are unscheduled channels at time tB. Scheduling the burst on channel 1

creates a void tB− t1, and on channel 2 it creates a void tB− t3. Since tB− t1 > tB− t3,

the burst is scheduled on channel 2. The algorithm of LAUC is more complex than FFUC

since the control unit in FFUC only needs to find the first unscheduled channel and then

stops, whereas the control unit in LAUC needs to find all the unscheduled channels and do

a comparison.

The horizon algorithms are relatively simple and have a reasonably good performance

in terms of their execution time. However, the horizon scheduling algorithms result in low

bandwidth utilization and a high loss rate. This is due to the fact that the horizon algorithms

simply discard all the void intervals. In addition, LAUC has higher utilization than FFUC.
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Void Filling Algorithms

The void filling version of FFUC is First Fit Unscheduled Channel with Void Filling

(FFUC-VF) [56]. In FFUC-VF, when a BCP arrives, the algorithm searches all the wave-

length channels in a fixed order and the burst is scheduled on the first available void. In

Fig. 1.9, when the BCP arrives, the algorithm searches from channel 1 to 6. Since channel

1 and channel 2 do not have voids, the algorithm jumps to channel 3 and find that the burst

can be scheduled in the void on this channel, and channel 3 is therefore selected.

The void filling version of LAUC is Latest Available Unscheduled Channel with Void

Filling (LAUC-VF) [55,57]. In LAUC-VF, when a BCP arrives, the algorithm searches all

the possible voids for the time interval [tB,t f ] and select a channel that minimize the void

between the start time of the new arrival burst and the finish time of the previous scheduled

burst. In Fig. 1.9, channels 3, 4, 5 and 6 have such voids that are able to schedule the new

arrival burst. The voids between the start time of the new arrival bursts and the finish time

of the previous scheduled burst on the channels 3, 4, 5 and 6 are tB− t2, tB− t5, tB− t2 and

tB− t4, respectively. Since tB− t5 < tB− t4 < tB− t2 , channel 4 is selected to schedule the

new arrival burst. The algorithm of LAUC-VF is more complex than that of FFUC and

LAUC since the control unit in LAUC-VF has to store usage information of all wavelength

channels, but LAUC-VF has higher network utilization.

Minimum End Void (Min-EV) [58] is a variation of LAUC-VF. In Min-EV, the algo-

rithm schedules the burst on a channel to minimize the void between the finish time of

the new arrival burst and the start time of the next scheduled burst. In Fig. 1.9, the voids

between the finish time of the new arrival burst and the start time of the next scheduled

burst on channels 3, 4, 5 and 6 are t f −b8, t f −b9, t f −b6 and t f −b7, respectively. Since

t f −b9 < t f −b8 < t f −b7 < t f −b6, channel 5 is selected to schedule the new arrival burst.

In the best-fit scheduling algorithm [58], a new arrival burst is scheduled in the smallest

void. In Fig. 1.9, the duration of the voids on channels 3,4,5 and 6 are b8− b2, b9− b5,
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b6− b2 and b7− b4, respectively. Since b7− b4 is the smallest, channel 6 is selected to

schedule the new arrival burst.

The complexity of void filling algorithms is higher than that for horizon scheduling

algorithms, however, the void Filling algorithms can utilize the bandwidth much better.

1.3.4 Contention Resolution

Since OBS uses one-way resource reservation, the bursts may contend with other bursts

at the core nodes and may be dumped. Burst loss due to contention is one of the major

concerns in OBS networks [59–63], and can degrade the performance of OBS. In electronic

networks, contention is handled by buffering the contending packets. In optical networks,

some of the main techniques proposed to solve the contention problem are introduced

below.

Optical buffering

Optical buffering is a contention resolution method that bufferings the contending burst

using FDLs [64–66]. Optical buffers have either one block of delay lines (single stage) or

several blocks of delay lines cascaded together (multiple stages).
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Optical buffers can be classified into 3 classes, namely feed-forward, feedback and

hybrid architectures [11]. In a feed-forward optical buffer, the delay line connects the

output port of a switch to the input port of another switch as shown in Fig. 1.10 [67]. In

a feedback optical buffer (as shown in Fig. 1.11 [67]), the delay lines connect the output

port of a switch to the input port of the same switch. A hybrid optical buffer combines

both feed-forward and feedback architectures. Fig. 1.12 [68] shows a hybrid optical buffer

presented in [68]. In hybrid FDLs, when contention happens, two choices are available for

the contending burst, one is the feed-forward FDLs and the other is the feedback FDLs.

State time slot overlapping as at least two contending bursts scheduled at the same time

destined for same output port. Firstly, the contending burst is scheduled to send to the

feed-forward FDLs in a way that time slot overlapping can be avoided between both feed-

forward and feedback FDL queues. If such feed-forward FDL is not found, the contending

burst is scheduled to send to the feedback FDLs.

However, there are several drawbacks of FDLs. The first is that FDLs are bulky and

required huge amount of fibers to delay a packet for a very short time since the light travels

at a speed of 3×108m/s which is much faster than electronic signals. For example, if we

want to delay a packet for 5 µs, we need a 1.5 km fiber. Another limitation of FDLs is that

FDLs provide only a fixed time delay [69] because when a burst is guided into a FDL, it is

not possible to take it out before it reaches the other end of the FDL [8]. Another problem
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Figure 1.12: Architecture of a hybrid FDLs

is the power loss suffered by the signal guided through a FDL, so that either amplifiers or

signal regenerators have to be used to compensate for the power loss [70]. Other drawbacks

include that the bursts leave the FDLs in the same order as they entered [71, 72] and that

their end-to-end delay is increased.

Wavelength Conversion

Wavelength conversion [16,73] is used to convert the bursts on one wavelength at an input

port to a different free wavelength at the output port to solve the burst contention problem.

Wavelength conversion can be divided into full wavelength conversion, partial wavelength

conversion (also called sparse wavelength conversion) [74–76], limited conversion [77,78]

and fixed conversion.

• Full wavelength conversion: The converter can shift any incoming wavelength to

any outgoing wavelength.
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• Limited conversion: Wavelength conversion is restricted to a limited range and an in-

coming wavelength can be converted only to a small subset of outgoing wavelengths,

referred to as the range of conversion [79].

• Fixed conversion: In this scheme, each incoming wavelength may be converted only

to exactly one or more predetermined wavelengths. The difference between limited

conversion and fixed conversion is that with fixed conversion, the predetermined

wavelengths are ordered in a list and the converter needs to search a free wavelength

from the top to the bottom in this list whereas with limited conversion, the converter

selects a free wavelength randomly inside the range of conversion.

• Partial wavelength conversion: In this scheme, different nodes in the network have

different types of wavelength conversion capability.

Wavelength converters are costly devices and incur some side effects. One such side

effect is that output power strongly deteriorates as a function of the distance between the

input and output wavelengths [80].

Deflection Routing

Deflection routing [62,81] is one of that promising ways for burst contention resolution. If

a burst arrives at a node and finds its output wavelength channel is already occupied, then

it will be deflected to other links connected to that switch. Fig. 1.13 gives an example of

deflection routing. There are three nodes: A, B and C and three links connecting them.

Each link has a single wavelength channel. When burst 2 arrives at node A and wants to

be transmitted to node B, it finds that the link AB (link between node A and node B) has

already been reserved by burst 1. Without deflection, burst 2 will be dropped at node A,

but if deflection is allowed, node A checks other output links and selects the deflection link

AC which is idle at that time, and burst 2 will then be transmitted to node B along links AC

and CB through node C.
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The deflection routing protocol for OBS networks was first proposed in [81]. In [81–

83], it is demonstrated via simulation tests that the blocking probability is improved when

deflection routing is used for contention resolution. The performance analysis of deflection

routing has attracted significant attention [72, 84–97].

Deflection routing performs well under light and medium traffic loads but suffers in-

stability under heavy loads [92, 94, 98]. There are several approaches to overcome this

instability problem. Limited fiber delay lines or access control of the local traffic was

suggested in [98] to keep the network stable. One example of access control is the Leaky

Bucket (LB) Deflection method [99] already used in Asynchronous Transfer Mode (ATM).

In this approach, the arrival bursts at the ingress nodes need to acquire a token in order to

get transmitted. The token is generated at a fixed rate so that the maximum transmission

rate is limited. The arrival bursts which cannot get a token are stored at buffers. The av-

erage end-to-end delay of the bursts may be increased since this approach may possibly

introduce an admission delay. Chen et al. [92] proposed to deflect a burst with some proba-

bility p instead of always deflecting. The value of p is set to 1 when the traffic is low; when

the traffic is heavy, the value of p is set to 0 to disable deflection routing. Another approach

is to reserve some of the capacity on each link for bursts that have not been deflected [100].

Unfortunately, reservation also prevents deflected bursts from utilizing the reserved chan-

nels during the periods of low loads, and thus increases the blocking probability under low

traffic conditions. Baliga et al. [101] proposed to use multiple reservation thresholds to give
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a network designer greater control over the performance of the network. In this approach,

bursts deflected fewer times have a larger threshold value. Another solution is shortest path

prioritized random deflection routing [102,103] where higher priority is given to bursts that

were deflected fewer times, and let higher priority bursts preempt lower priority bursts in

case of contention , i.e., when an arriving burst finds the output channel occupied. The

numerical results in [102] show that the shortest path prioritized random deflection routing

works well under light and medium traffic but under heavy load, its performance is al-

most identical as to when when deflection routing is excluded. However, under low traffic

conditions, unprotected deflection routing may yield better performance in terms of burst

blocking probability than all the above-mentioned protected deflection routing schemes.

Early arrival or the insufficient offset time problem is an important issue for deflection

routing when JET and JIT are used. Deflecting the contending burst to an alternative path

may lead to a longer path than the primary route; moreover, if the offset time is insufficient,

the burst may arrive at a node before the BCP completed the reservation. An illustrative

example is given in Fig. 1.14 where JIT is used to reserve the wavelength channel. A burst

from node n1 is transmitted to node n4. There are 3 hops on the primary route so the initial

offset time is set to T = 3×δ+α, where δ is the processing delay at one node and α is the

switch configuration time. However, in Fig. 1.14 (b), due to deflection, the burst undergoes

one more hop and this is not accounted in the initial offset time T , so the burst arrives at

node n4 before the reservation finish and it is therefore dropped. Buffering the BCP for

some time before deflecting it, is one way to solve this problem. Another method is setting

the initial offset time long enough for the longest alternative route. The insufficient offset

time problem does not arise in the E-OBS wavelength reservation scheme.

Since deflection routing is done by individual nodes without cooperating with the rest

of the network, a burst may be deflected back to previously traversed links and this may

result in loops. Adding a time-to-live field in the BCP can prevent infinite loops. Zalesky
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et al. [100] use a fixed deflection table to avoid loops. In [104], loop free deflection was

proposed, whereby only the switches closer to the destination are used as next hops.

Burst Segmentation

Burst segmentation [60, 69, 105–114] is another method that aims to solve the burst con-

tention problem. During contention, burst segmentation enables dumping only the parts

(segments) of a contending burst which overlap with other bursts, instead of dumping the

entire burst. In burst segmentation packet blocking probability is the appropriate perfor-

mance measure instead of burst blocking probability.

There are usually two approaches to performing segmentation: Dump segments be-

longing to the tail of the earlier burst (called tail dropping) [69] or dump segments of the

head of the contending burst (called head dropping) [59, 69] as illustrated in Fig. 1.15. A

significant advantage of tail dropping over head dropping is that there is a better chance

of in-sequence delivery of packets at the destination, if dropped packets are retransmitted

at a later time. One problem of tail dropping is that the BCP of the burst, which may
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be forwarded before the segmentation occurs, will still contain the original burst length so

that downstream nodes will not know that the burst has been segmented. If the downstream

nodes are unaware of the burst’s segmentation, it will reserve resources for the dropped seg-

ments, which are so-called phantom bursts, and this reservation may contend with other

bursts and result in unnecessary packet loss. Even if the node where segmentation happens

sends a trailer packet to the downstream nodes to cancel the reservation for the dropped

segments, contention may still occur before this trailer packet arrives at the downstream

nodes. E-OBS wavelength reservation scheme can void such phantom bursts.

In head dropping policy, packets will arrive at their destination out of order. The ad-

vantage of head dropping is that a burst is guaranteed to complete its transmission at a

node without preemption by other bursts once this burst transmission starts. Lui and M-

ouftah [115] propose a random dropping policy. When contention occurs, any part of a

contending burst or the original burst could be dropped, instead of only the head or tail

of bursts. To determine whether to truncate the contending burst or the original burst, the

number of packets to dropped is used as a metric. When contention occurs, the number of

packets to be dropped of truncating the original burst and that of truncating the contenting

burst are each computed, and then the burst with less number is truncated.

In [69], the authors combine segmentation and deflection routing, and call it a segmen-

tation, deflection and drop policy (SDDP). In SDDP, if the remaining length of the original

burst is shorter than the contending burst, then the original burst is segmented and the seg-

mented part is deflected, otherwise the contending burst is deflected. An analytical model

is proposed in [116] to quantify the amount of data that can be salvaged using SDDP.

Other technologies

White et al. [117] propose preemptive priority burst-service policies to be implemented at

each switching node, whereby the priority depends on the route a burst follows, namely

least remaining hop-count first (LRHF) and most remaining hop-count first (MRHF). With
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LRHF, in every wavelength channel, each transmitted burst can be preempted by any newly

arrived burst with strictly fewer remaining hops to its destination. By contrast, with MRHF,

in every wavelength channel, each transmitted burst can be preempted by any newly arrived

burst that has more remaining hops to its destination.

Yu et al. [36] propose to buffer the bursts at ingress nodes electronically to reduce

the overlapping degree, which is defined as the number of bursts that arrive at one link

simultaneously, at the downstream nodes. Clearly, if the overlapping degree is reduced

at the downstream nodes, contention happens less often. Since bursts are only buffers at

the ingress nodes in this method, its cost is lower than that of optical buffering at the core

nodes.

In Burst retransmission proposed in [118–120], each burst is assigned a unique burst

ID. When a burst is transmitted, the ingress node stores a copy of this burst for possible

retransmission. When the BCP of the burst traverses the core nodes, if the reservation fails

due to burst contention at a core node, this core node will send an Automatic Retransmis-

sion Request back to the ingress node to report the reservation failure. Once the ingress

node is notified of the reservation failure, it will retransmit a duplicate of the burst preced-

ed by its BCP. The retransmission scheme repeats retransmitting the burst until either the

burst reaches the egress node, or a delay constraint is reached.

In [121], Ngo et al. propose a hybrid deflection and retransmission routing scheme.

The hybrid scheme deflects the contending bursts first, and if the deflection routing fails,

burst retransmission is applied. The hybrid scheme outperforms pure deflection routing

and pure retransmission in terms of end-to-end delay and burst blocking probability up to

certain load. Under very heavy traffic load conditions, the probability of a burst getting

repeated deflection and retransmission increases rapidly, and hence performance becomes

worse than with only deflection or retransmission. To avoid this degradation and reduce

both the blocking and delay under high load conditions, a hop count based constraint is
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used to limit deflection times, this scheme is referred to as which is termed as limited

hybrid deflection and retransmission.

The authors of [122, 123] propose a selective burst discarding scheme for deflection

routing in OBS networks. In this scheme, when contention happens, if the number of hops

that the contending burst has already passed is larger than the number of remaining hops,

the burst will be deflected, otherwise the burst is discarded.

Burst Cloning is proposed in [124], in which duplicate copies of the burst, namely, the

original burst and the cloned bursts, are sent through the network simultaneously to reduce

the burst loss rate. If the original burst is lost due to contention, the cloned bursts may still

be able to reach the destination. The cloned bursts have lower priority so that they do not

contend with the original bursts. the Burst Cloning with Load Balancing (BCLB) scheme

is proposed in [125]. In BCLB, two disjointed paths [126–128] for each source-destination

(SD) node pair are determined off-line, such that the load in the network is balanced. Then

one of the two paths is used to transit the original bursts and the other path is used to transit

the cloned bursts. Sreenath et al. [129] propose Adaptive Burst Cloning (ABC). Unlike

other burst cloning techniques, ABC selects the routes and the number of cloned bursts

dynamically. One drawback of burst cloning techniques is that more traffic is added into

the network, which then actually increases the overall probability of burst loss when the

traffic load is relatively high. Askar et al. [130] proposed a scheme to only clone the traffic

from real-time applications under light and medium traffic conditions. Maach et al. [120]

propose to combine burst cloning with admission control [131–133] to further reduce the

burst loss rate. In admission control, the burst loss rate inside the network is measured

and reported to the edge nodes. If the burst loss rate exceeds a predefined threshold, the

edge nodes will block a certain percentage of bursts to bound the burst loss rate inside the

network.

The forward redundancy loss recovery mechanism is proposed in [134], in which a

copy of the original burst is placed after the original burst and then they are sent to the
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network. If contention happens at a core node, burst segmentation (head dropping)is used

to solve the contention. Then the receiver can recover the segmented and dropped packets

of the original burst from the copy of that burst.

The Reflection Routing (RR) algorithm is proposed in [96,97,135], in which a contend-

ing burst is sent to a neighbour node when contention arises at a core node. After receiving

the contending burst, the neighbor node reflects it back to the core node for again reserv-

ing wavelength after some period of time. The idea behind this algorithm is to use the

reflective links as virtual fiber delay lines. The Load Balanced Reflection Routing (LBRR)

algorithm [97, 136] is a slightly modified version of the classic RR algorithm adapted to

OBS networks. In LBRR, the traffic coming from neighbour nodes is monitored so that the

node with the lowest load is selected as the reflection node. A hybrid scheme of reflection

and deflection is proposed in [96, 137]. In this scheme, when burst contention occurs, the

contending burst is reflected first. If the channels in the output port are still fully occupied

when the burst is returned, then the returned burst is deflected to an alternative output port.

A network control node is used in [138] to dynamically reserve an end-to-end lightpath

for a new burst. Once the lightpath is established, the new burst is assigned to it and is

transmitted into the core network.

The Gradient Projection based RWA (GP-RWA) algorithm is proposed in [139]. In the

GP-RWA algorithm, if there are two or more link-disjoint routes [126–128], which can be

calculated by the Dijkstra algorithm [140], between the ingress node and the egress node,

the ingress node will dynamic select a route for a burst using a gradient projection method

to balance the load on different links in the network.

The authors of [141–143] propose a hybrid switch in which electronic shared buffers

are used to buffer the contending bursts at the core nodes instead of on the FDLs. This

switch still requires O-E conversions at the electronic input and output ports of the buffer,

but less than at a comparable all-electronic switch.
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Zhou and Bassiouni [144] propose a preemption-based scheme for the improvement of

the throughput and the fairness in OBS networks. This scheme uses a preemption weight

f (S)+H×L, where S is the burst size, H is the current hop count of the burst from the

source node to the current node) and L is the route length from the source node to the

destination node, f () is a function to transfer the burst size into the catalog value of H ∗L.

A simple way to construct f (S) is to divide burst sizes into different groups and then assign

an integer value to each group. The results in [144] show that the results are better when

the mean value of F(S) is roughly equal to the mean value of H×L.

The threshold-based preemption scheme is proposed in [145]. In this scheme, a larger

burst can preempt a smaller burst if the size difference between these two bursts is equal

to or larger than a threshold η. This threshold η aims to control the rate of preemptions in

order to avoid too many phantom bursts in the network and maintain healthy throughput

levels.



Chapter 2

Thesis Outline and Contributions

2.1 Thesis Outline and contributions

This thesis focuses on the performance measurements and contention resolution of optical

burst switched (OBS) networks.

Deflection routing is a key approach to resolve contention in OBS. The blocking prob-

ability is an important performance metric in OBS networks with deflection routing. It can

be evaluated by the Erlang Fixed Point Approximation (EFPA) and the Overflow Priori-

ty Classification Approximation (OPCA). OPCA is based on a hierarchical structure with

finite number of layers. In Chapter 3, we study the properties of OPCA. We divide the

trunks into direct trunks and loop-based trunks in each layer of OPCA. For direct trunks

we can directly calculate upper and lower bounds to their blocking probabilities evaluated

by OPCA without iterations. For loop-based trunks, we can find upper and lower bounds

for their blocking probabilities evaluated by OPCA, these bounds are shown to draw n-

ear each other with increasing number of iterations. Furthermore, we also prove that the

bounds of network blocking probability evaluated by OPCA also become closer to each

other with increasing number of iterations in any layer that has loop-based trunks. We

demonstrate numerically that the upper and lower bounds of network blocking probability
32
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become closer to each other quickly so that the OPCA algorithm does not require a long

running time to find its fixed-point solution. We also discussed the effects of the design pa-

rameters (such as maximum allowable number of deflections and number of channels per

trunk) on the behavior of the OPCA blocking probability bounds. We numerically obtain

bounds to the blocking probability evaluated by OPCA in the cases with trunk reservation,

a formal proof is still an open question.

The contributions of Chapter 3 are:

• Propose the concept of direct trunks and loop-based trunks.

• Prove that the upper and lower bounds of the network blocking probability obtained

by OPCA draw near each other with increasing number of iterations in any layer that

has loop-based trunks and numerically demonstrated that the speed of the bounds

moving closer is very fast.

In Chapter 4, we propose two new performance measurements - effective utilization

and ineffective utilization, to distinguish the trunk utilization caused by bursts that reach

their destinations and bursts dumped before they reach their destinations. An idealized

version of OCS (I-OCS) is considered as the benchmark for OBS since in I-OCS, there is no

ineffective utilization. We illustrate that effective and ineffective utilizations are key factors

affecting the performance and efficiency of OBS networks. This is done by numerically

showing that under light traffic load, the goodput (the traffic that successfully reach the

destinations in the network) in OBS is almost equal to its I-OCS benchmark because the

ineffective utilization in the network is very low, and that under heavy traffic load, the

network may have high utilization but its goodput is very low due to the high ineffective

utilization in both a 4-node ring network and the 13-node NSFNet .

The contributions of chapter 4 are:

• Propose the concepts of effective utilization and ineffective utilization.
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• Using effective and ineffective utilizations to explain the good performance of OBS

under light traffic load and goodput degradation in OBS networks under heavy traffic

load.

In Chapter 5, based on the idea of reducing the ineffective utilization in OBS networks,

we propose a new contention resolution strategy - EBSL, which is a combination of seg-

mentation (tail dropping), a contention resolution approach that gives priority based on

least remaining hop-count first (LRHF) and Emulated-OBS. We also propose the fairer

version of EBSL and the combination of EBSL and deflection routing. Discrete event sim-

ulations are used to study the performance of the three strategies. The results demonstrate

that such designs can avoid the congestion collapse of the goodput and effective utilization,

hence reduce the packet blocking probability. In addition, we also compare our strategies

with pure segmentation (tail dropping) and pure deflection routing strategies. The results

are also reported in Chapter 5.

The contributions of Chapter 5 are:

• Propose a combination strategy of Emulated-OBS, burst segmentation and LRHF,

designated as EBSL, to solve the contention problem in OBS networks.

• Propose the fairer version of EBSL (F-EBSL) and EBSL-D which is the combination

of EBSL with deflection routing.

In Chapter 6, we conclude the thesis and discuss future work.

2.2 Publications by Author Related to the Thesis

Chapter 3

• S. Li, M. Wang, Eric W. M. Wong, V. Abramov, M. Zukerman, ”Bounds of the

Overflow Priority Classification for Blocking Probability Approximation in OBS

Networks”, J. Opt. Commun. Netw., vol.5, no.4, pp.378-393, Apr. 2013.
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2012.
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Chapter 3

Bounds of the Overflow Priority

Classification for Blocking Probability

Approximation in OBS Networks with

Deflection Routing

In OBS networks, when a burst leaves the ingress nodes, there is no guarantee that it

will arrive at the egress node. Indeed, one-way dynamic reservation is used and the burst

is transmitted to the core network without receiving ACK from the egress node, so that

burst contention may occur and bursts may be dumped at intermediate core nodes. Burst

loss due to contention is one of the major concerns in OBS networks [59–63], and it is

therefore important to evaluate the burst blocking probability in such networks. As de-

flection routing is one of the key contention resolution strategies, methods to evaluate the

blocking probability in OBS networks with deflection routing have attracted significant

attention [72, 84–89, 91–96]. However, most existing studies on blocking probability eval-

uation were either based on simulations, or were limited to a single OBS node. In [94],

the blocking probability of an OBS network with deflection routing was evaluated using
37
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EFPA [60, 146–158]. Then, in [159], the recently developed OPCA [160] was used in

combination with EFPA to obtain blocking probability approximations which, as demon-

strated there, is significantly more accurate than the approximation using only EFPA. The

important role of OPCA in accurately evaluating blocking probability of telecommunica-

tions networks and systems is demonstrated in [159] for OBS networks, and in [160, 161]

for other networks. In this chapter, we develop new properties of the OPCA algorithm

applied to bufferless OBS networks based on JET signalling. This has potential for wider

applicability as it can be used for further development of OPCA in other applications.

A weakness of both EFPA and the original OPCA applied to OBS networks is that they

require a fixed-point solution, which may require a large number of iterations. Because

of the fixed-point iterations, analytical results for the computation complexities of both

EFPA and OPCA are unattainable. However, numerical studies presented in this chapter

indicate that OPCA consumes less time than EFPA, and that the running time advantage

of OPCA increases with the capacity of the network (see Section 3.5.2). For example,

EFPA requires 3006, versus 397 seconds for OPCA, to evaluate the blocking probability

for an 13-node 30-trunk NSFNet topology with 10000 channels per trunk. Such a large

number is reasonable [20, 162, 163], especially if sub-wavelength channels are considered

[164]. The running time advantage of OPCA is probably due to the fact that OPCA is

based on a hierarchical structure with a finite number of layers, where at each layer, a

separate set of fixed-point iterations is performed. Experience shows that this divide-and-

rule approach tends to reduce the total number of iterations. Although accuracy is not the

main topic in this chapter, we do provide new numerical results to complement the running

time comparison, and demonstrate that for the cases of OBS/JET considered, within a

practical traffic loading range, i.e., so that the acceptable grade of service (GoS) is met,

OPCA is faster than and at least as accurate as EFPA.

In this chapter, we present an important new property of the OPCA algorithm. In par-

ticular, we introduce the upper and lower bounds to the blocking probability evaluated by
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OPCA that draw near each other with increasing number of iterations. Specifically, in each

iteration, the distance between them is never larger than in the previous iteration. A proof

of the uniqueness of the fixed-point solution, for both EFPA and OPCA in OBS networks,

is still an open problem. In cases when the OPCA algorithm converges to a unique solu-

tion, the numerical results show that we can find a solution with an error less than a small

preset error precision for the network blocking probability within a few iterations. Even

if the OPCA algorithm cannot converge to a unique solution, the upper bound will bound

the highest solution from above and the lower bound will bound the lowest solution from

below. The effects of the design parameters, such as number of channels per trunk and

maximum allowable number of deflections, on the behavior of the OPCA blocking prob-

ability bounds are also discussed in this chapter. It is important to clarify that the bounds

discussed in this chapter are always the bounds of the OPCA result and not the bounds of

the real blocking probability result.

The network model is described in Section 3.1. We do not consider the use of trunk

reservation as in [159] except Section 3.6. The numerical results are shown in Section 3.5.

In OBS/JET networks with deflection routing and trunk reservation, the proof of the OPCA

blocking probability bounds is still an open problem. However, we do observe such bounds

in the cases we study, so we provide some numerical results in Section 3.6.

3.1 Modelling OBS Networks with Deflection Routing

We consider an OBS network described by a graph G(N ,E), where N is a set of n nodes

and E is the set of e arcs. The nodes are designated 1,2, . . . ,n, each of which is either an

optical cross connect or an edge-router. The e arcs represent trunks, where trunk i ∈ E is

composed of fi fibers, each of which supports wi wavelengths. We assume full wavelength

conversion in this chapter, so accordingly, trunk i ∈ E carries Ci = fiwi unidirectional

wavelength channels. This model is also applicable for networks where OBS uses sub-
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wavelength channels [164] in which case the term channel represents a sub-wavelength

channel. If all trunks have the same number of channels, then C j =C for all j ∈ E . How-

ever, the results presented in this chapter are equally applicable to networks with no wave-

length conversion with f j, instead of f jw j, channels on each intermediate trunk (excluding

the first trunk) in a route.

Each unique pair of origin and destination nodes forms a directional source-destination

(SD) pair, m. The set of all SD pairs in the network is denoted β = {1,2, . . . ,n(n−1)}.

Thus, m = {x,y} ∈ N represents traffic composed of bursts sent from node x to node

y. These bursts arrive at node x according to a Poisson process with parameter ρm. For

tractability, the burst lengths are assumed to be exponentially distributed with unit mean.

The effect of this exponential assumption has been numerically studied in [159], and it

has been demonstrated by comparison to scenarios involving heavy tailed bursts that the

performance results are only mildly sensitive to the shape of the burst length distribution. It

is very likely that for a directional SD pair m ∈ β, there is more than a single route between

the source and the destination. We designate a route with the least number of hops as the

primary path of the SD pair, and all the other routes are ranked alternative paths.

It is convenient to maintain the set

{Um(0),Um, j1(1),Um, j2(1), . . . ,Um, jn(Tm)}

of the alternative routes for the directional SD pair m ∈ β. In this set, Um(0) denotes the

primary path, and Um, j(d) denotes the alternative path with traffic deflected from trunk

j, that including this deflection has already been deflected d times. Tm is the maximum

number of available alternative paths for the directional SD pair m. Note that Tm is based on

the network topology which limits the number of available alternative paths. For example,

Tm = 0 in the trivial example of a network with two nodes and two opposite-directional

trunks that connect the two nodes.
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In our model, the ranking of alternative paths is based on the number of hops, and in

case of equality of the number of hops, the rank is chosen randomly. However, in practice,

various cost functions (e.g. geographic distance) can be also used for ranking. If capacity

is available on all trunks of the primary path, then it will be used for the transmission of

a burst from the source node x to the destination node y. However, if all the channels are

occupied on at least one of the trunks of the primary route, then a burst will be deflected

to the first trunk of the first alternative path of that blocked trunk. If there is a free channel

on this trunk, then the burst is transmitted on it; otherwise, the burst is deflected to the first

trunk of the second alternative path. A burst is never allowed to repeat transmission on the

same trunk more than once.

A given burst is permitted to be deflected at most D times. A burst is blocked, namely,

dumped and cleared from the network, if it arrives at a given node where all output trunks

are busy or while trying alternative trunks, the burst reaches the limit D of allowable num-

ber of deflections. In that case a burst in the directional SD pair m can be deflected no more

than

T (m) = min{Tm,D}

times.

3.2 Algorithm of OPCA for OBS Networks

For each SD pair m, let ρm be the offered traffic load. The term k-deflection burst is used

to represent a burst that has been deflected k times (k ∈ {1, . . . ,T (m)}). Original bursts are

the bursts that have not been deflected. In other words, they are 0-deflection bursts. Let

ak
j(m) be the k-deflection bursts’ offered traffic load of SD pair m on trunk j ∈ E , and let

bk
j denote the probability that a k-deflection burst is blocked on trunk j. If the first trunk of

the primary route between SD pair m is j1, then the offered load to this trunk is equated to

the offered load of the SD pair, i.e. a0
j1(m) = ρm. By the carried load of the first trunk j1,
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we mean the proportion of the offered load to trunk j1 that is not blocked in trunk j1. The

offered load in the second trunk j2 is equated to the carried load of trunk j1, i.e.,

a0
j2(m) = a0

j1(m)(1−b0
j1) = ρm(1−b0

j1). (3.1)

When the network is congested and the trunk of a given route is fully occupied, then

the bursts that initially tried to use the original trunk are deflected onto alternative trunks

and routes. Let trunk j3 be the busy trunk that transmits k-deflection bursts. Then there is

a deflection on the present route being caused by this trunk j3. The load offered to the first

trunk j4 of the first choice alternative route is related to the load offered to trunk j3 by

ak+1
j4 (m) = ak

j3(m)bk
j3 , (3.2)

where k is the number of deflections prior to the latest deflection. Similarly, due to the

deflection from j4, the load offered to the first trunk j5 of the second choice alternative

route is

ak+2
j5 (m) = ak+1

j4 (m)bk+1
j4 = ak

j3(m)bk
j3bk+1

j4 . (3.3)

Let ak
j be the total offered load, of k-deflection bursts, on trunk j. The variables ak

j and

ak
j(m) for k = 0,1, . . . ,D are related by

ak
j = ∑

m∈β

ak
j(m). (3.4)

With the notation

I(i, j,Um,p(k)) =



1, if i, j ∈ E and trunk i strictly precedes

(not necessarily immediately) trunk j

along k deflection route Um,p(k)

0, otherwise,
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Equation (3.4) can also be written as

ak
j = ∑

m∈β, j∈Um,p(k)
ρ

k
m,p ∏

i∈E
(1− I(i, j,Um,p(k))bk

i ), (3.5)

where ρk
m,p is the offered load from trunk p to the kth deflection route of SD pair m for

k > 1, and

a0
j = ∑

m∈β, j∈Um(0)
ρm ∏

i∈E
(1− I(i, j,Um(0))b0

i ), (3.6)

for the primary layer.

In addition, let ãk
j be the offered load of bursts that have been deflected up to k times,

i.e.

ãk
j =

k

∑
h=0

ah
j . (3.7)

The averaged blocking probability b̄k
j on trunk j ∈ E , for bursts with deflections up to

k times, is equal to

b̄k
j = E

(
ãk

j,C j

)
, (3.8)

where E(x,C) = xC/C!
∑

C
n=0 xn/n!

is the Erlang-B formula with offered load x and the number of

channels per trunk is C. The blocking probability, for k-deflection bursts, on trunk j is

estimated by

bk
j =


b̄0

j , k = 0
b̄k

j ã
k
j−b̄k−1

j ãk−1
j

ak
j

. 1≤ k ≤ D
(3.9)

Note that the blocking probability of undeflected bursts is calculated by the Erlang-B for-

mula.

To obtain the OPCA blocking probability estimates, we start with the primary traffic,

i.e., k = 0. We solve the fixed-point equations described by (3.6)-(3.9), with the aid of the

successive substitution method in order to obtain the values a0
j and b̄0

j = b0
j = E

(
a0

j ,C j

)
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for j ∈ E . These calculations for the primary traffic and blocking probabilities are defined

as layer 0 calculations.

Next, having completed the layer 0 calculations to obtain the parameters related to the

primary traffic (k = 0), we progress to compute the parameters associated with the first

deflection traffic (k = 1). Similarly, we solve the fixed-point equations (3.5) and (3.7)-

(3.9) (existence of a solution follows from Brouwer’s theorem [165]; e.g. see [150] where

Brouwer’s theorem was used to prove existence of a solution of the fixed-point equation)

to obtain the values a1
j for j ∈ E , as well as b̄1

j and b1
j using Equations (3.8) and (3.9),

respectively, for every j ∈ E , where ã1
j is given by Equation (3.7).

Then, having completed the layer 0 and layer 1 calculations to obtain the parameters

related to the primary and the first deflection traffic (k = 0 and k = 1), we compute the

parameters associated with the second deflection traffic (k = 2), which we call layer 2

calculations.

The process of deriving the parameters for k = 1 repeats itself until we have all the

parameter values for all layers.

3.3 Bounds of Trunk Blocking Probabilities of OPCA

In this section, we derive the OPCA upper and lower bounds and some of their properties.

Let bks
j denote the blocking probability obtained in the sth iteration for k-deflection burst

(kth layer) on trunk j ∈ E , and let aks
j be the offered traffic load obtained in the s iteration

for k-deflection bursts on trunk j ∈ E . Let {ak∗
j ,b

k∗
j } be a set of pairs of the fixed-point

solutions of Equation (3.5)-(3.9). Let ak∗min
j and ak∗max

j donate the minimum and maximum

values amongst the set of values {ak∗
j }, respectively, and let bk∗min

j and bk∗max
j donate the

minimum and maximum values amongst the set of values {bk∗
j }, respectively.l Denote the

upper and lower bounds of the set {bk∗
j } by bkU

j and bkL
j , respectively, and let the upper and

lower bounds of the set {ak∗
j } be akU

j and akL
j , respectively.
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Figure 3.1: Model for LBT: (a) a network model, (b) an example for direct trunks and LBT
in the network shown in (a)

3.3.1 Loop Based Trunks and Direct Trunks

Consider now the network model presented in Fig. 3.1 (a). There are three SD pairs: A to

D, D to H and C to B with traffic in the network, where only primary paths are allowed. In

Fig. 3.1 (b), triangles are used to represent a trunk, and arrows from trunk i to trunk j are

used when traffic that passes through trunk i follows directly to trunk j. Trunks from 2 to

6 in that figure form a closed loop.

For trunks inside a closed loop, such as trunks 2-6 in Fig. 3.1 (b), and for trunks that

receive any traffic that passed through the trunks that are inside a closed loop, such as trunk

7 in the same figure, their offered load and trunk blocking probability are calculated on the

basis of the successive substitution method leading finally to the fixed-point solution. For

any layer k, we will define a set of trunks that include all such trunks.

Definition A set of trunks Lk is a loop based trunk (LBT) set in layer k, if the following

hold:

(i) Lk has at least one closed loop of trunks in layer k.

(ii) If in layer k, trunk α receives traffic from any trunk in Lk, then α ∈ Lk.

If a trunk belongs to an LBT set, the trunk is designated as an LBT.
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For simplicity, in the example presented in Fig.3.1, we consider only one trunk (trunk

7) which is not included in the closed loop, but is part of the loop tree. In general, we can

have a large set of trunks (which may even include other loops) that receive traffic from the

LBT, and such a set of trunks is included in the LBT set.

All the trunks that are not LBTs in layer k are called direct trunks in layer k. Here are

the following three examples (non-exhaustive) for the direct trunks in layer k.

(i) A direct trunk where there is no traffic in a trunk in layer k, so there is no offered

load there. In this case, the trunk blocking probability in layer k is set to zero.

(ii) A set of trunks that form a tree structure (namely, traffic is directed towards the

leaves of the trees) in layer k. In this case, all the bounds of the offered load and trunk

blocking probabilities for all trunks can be calculated one by one directly without iterations

in that layer, from the top to the bottom of the tree.

(iii) A set of trunks that feed traffic to LBTs but do not receive traffic from any LBT

in layer k. For instance, it is trunk 1 in Fig. 3.1 (b). In this case, the bounds of offered

load and trunk blocking probability are calculated one by one directly without iterations as

well. These trunks can also form one or more tree structure.

3.3.2 Procedures of Calculating the Bounds for Trunk Blocking Prob-

abilities

In this subsection, we briefly discuss the procedures of calculating the bounds to the block-

ing probabilities of each trunk, for all the layers. The equations used for obtaining the

bounds as well as the proof of the behavior of the bounds are provided in the following

subsections.

Calculation of the bounds for the trunk blocking probabilities starts from layer 0. After

s ≥ 2 iterations, for trunk j ∈ E , we obtain the upper bound b0U
j and the lower bound b0L

j

for the trunk blocking probability, and the upper bound a0U
j and the lower bound a0L

j for
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the trunk offered load. We prove that b0U
j = b0L

j and a0U
j = a0L

j for the direct trunks. For the

LBTs, when s increases, b0U
j and b0L

j become closer to each other and the set of fixed-point

solutions for trunk blocking probability b0∗
j are always between b0U

j and b0L
j ; a0U

j and a0L
j

also become closer to each other and the set of fixed-point solutions for trunk offered load

a0∗
j are always between a0U

j and a0L
j . Then the upper and lower bounds for the traffic load

offered from SD pair m to trunk j is calculated based on the bounds of the trunk blocking

probabilities. After that, we calculate the upper bound a0U
q (m)b0U

q and the lower bound

a0L
q (m)b0L

q of the overflowed traffic to layer 1 from SD pair m on the congested trunk q in

layer 0, for m ∈ β,q ∈ Um(0).

After obtaining the bounds for the offered load and trunk blocking probabilities for all

trunks, including direct trunks and LBTs in layer 0, we then perform the calculations for

layer 1. After s ≥ 2 iterations, for trunk j ∈ E , we obtain the upper bound b1U
j and lower

bound b1L
j for the trunk blocking probability, and the upper bound a1U

j and the lower bound

a1L
j for the trunk offered load. For direct trunks, we obtain either a1U

j = a1∗max
j = a1∗min

j = a1L
j

and b1U
j = b1∗max

j = b1∗min
j = b1L

j , or a1U
j > a1∗max

j ≥ a1∗min
j > a1L

j and b1U
j > b1∗max

j ≥ b1∗min
j > b1L

j .

For LBTs, the bounds have the same properties as those for LBTs in layer 1. Then we

calculate the bounds of the overflowed traffic to layer 2.

The procedure repeats itself until the bounds of the offered load and blocking probabil-

ities in each trunk for all layers are found. In each layer, we first calculate the bounds for

the offered load and trunk blocking probabilities for the direct trunks, and then, we itera-

tively calculate the bounds for the LBTs. Then, based on the bounds of the trunk offered

load and blocking probabilities, we obtain the bounds of the network blocking probabili-

ties estimated by OPCA, and prove that the fixed-point solutions are always between these

upper and lower bounds (see Section 3.4).
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3.3.3 Bounds of Trunk Blocking Probabilities for Direct Trunks

If the primary layer (layer 0) is a layer with direct trunks, then its upper and lower bounds

for the offered load and trunk blocking probabilities are calculated from top to bottom of

the tree by the following equations:

a0U
j = ∑

m∈β, j∈Um(0)
ρm ∏

i∈E
(1− I(i, j,Um(0))b

0L
i ), (3.10)

a0L
j = ∑

m∈β, j∈Um(0)
ρm ∏

i∈E
(1− I(i, j,Um(0))b

0U
i ), (3.11)

b0L
j = E

(
a0L

j ,C j

)
, (3.12)

and

b0U
j = E

(
a0U

j ,C j

)
. (3.13)

The calculations start from trunk j on the top of the tree. The offered load of this

trunk does not depend on those in other trunks, so its bounds of offered load are calculated

directly using the Equations (3.10)-(3.11). We obtain a0U
j = a0∗max

j = a0∗min
j = a0L

j . This means

the uniqueness of the fixed-point solution for this trunk j. Then, substituting the bounds for

the offered load into Equations (3.12)-(3.13), we obtain the bounds of the trunk blocking

probability of this trunk, b0U
j = b0∗U

j = b0∗L
j = b0L

j . After that, we pass to the next trunk that

is bellow the top trunk in the tree. The bounds of the offered load of this trunk depend

only on those of the top trunk, so substituting the bounds of the trunk blocking probability

of the top trunk into Equations (3.10)-(3.11), we obtain the bounds of the offered load for

this second top trunk. Then substituting these bounds into Equations (3.12)-(3.13), we

obtain the bounds of the trunk blocking probability of this second top trunk. Repeating the

steps from top to bottom in the tree, we obtain all the bounds of the offered load and trunk

blocking probability one by one. They are a0U
j = a0∗max

j = a0∗min
j = a0L

j and b0U
j = b0∗max

j =

b0∗min
j = b0L

j .
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For the same primary layer, the lower and upper bounds of the offered load for SD pair

m are calculated by the formulae

a0L
j (m) = ρm ∏

i∈E
(1− I(i, j,Um(0))b

0U
i ). (3.14)

and

a0U
j (m) = ρm ∏

i∈E
(1− I(i, j,Um(0))b

0L
i ). (3.15)

Note that the notation a0L
j (m) and a0U

j (m) given by (3.14) and (3.15) is not the same as the

perviously defined notation a0L
j and a0U

j , respectively. The value a0L
j is the lower bound of

the total offered load to trunk j in layer 0, while a0L
j (m) is the lower bound of the offered

load to trunk j by SD pair m. The difference between the notation a0U
j and a0U

j (m) is

explained similarly.

For layer k, we assume that the total offered load of bursts deflected less than k times

on trunk j is ãk−1
j . If the layer having direct trunks is not the primary layer (that is, it is

layer k > 0), then the overflowed traffic from SD pair m in the congested trunk q in layer

k− 1 forms the traffic to the paths in layer k. Then, the bounds of the offered load to the

trunk j of the direct trunks in layer k are calculated by the equations

akU
j = ∑

m∈β,q∈E , j∈Um,q(k)

(
ak−1U

q (m)bk−1U
q ×∏

i∈E
(1− I(i, j,Um,q(k))b

kL
i )

)
, (3.16)

and

akL
j = ∑

m∈β,q∈E , j∈Um,q(k)

(
ak−1L

q (m)bk−1L
q ×∏

i∈E
(1− I(i, j,Um,q(k))b

kU
i )

)
. (3.17)

The equation for the blocking probability of the trunk j is

bk
j =

E(ãk−1
j +ak

j,C j)(ãk−1
j +ak

j)−E(ãk−1
j ,C j)(ãk−1

j )

ak
j

. (3.18)
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The left hand side of Equation (3.18) increases when ãk−1
j or ak

j increases (see Appendix

at the end of this chapter for the proof), hence,

E(ãk−1L
j +akL

j ,C j)(ã
k−1L
j +akL

j )−E(ãk−1L
j ,C j)(ã

k−1L
j )

akL
j

≤
E(ãk−1U

j +akL
j ,C j)(ã

k−1U
j +akL

j )−E(ãk−1U
j ,C j)(ã

k−1U
j )

akL
j

≤
E(ãk−1U

j +akU
j ,C j)(ã

k−1U
j +akU

j )−E(ãk−1U
j ,C j)(ã

k−1U
j )

akU
j

,

and

E(ãk−1L
j +akL

j ,C j)(ã
k−1L
j +akL

j )−E(ãk−1L
j ,C j)(ã

k−1L
j )

akL
j

≤
E(ãk−1L

j +akU
j ,C j)(ã

k−1L
j +akU

j )−E(ãk−1L
j ,C j)(ã

k−1L
j )

akU
j

≤
E(ãk−1U

j +akU
j ,C j)(ã

k−1U
j +akU

j )−E(ãk−1U
j ,C j)(ã

k−1U
j )

akU
j

.

Thus, the upper and lower bounds of the trunk blocking probabilities of direct trunks

that not in the primary layer are calculated by the formulae:

bkU
j =

E(ãk−1U
j +akU

j ,C j)(ã
k−1U
j +akU

j )−E(ãk−1U
j ,C j)(ã

k−1U
j )

akU
j

, (3.19)

and

bkL
j =

E(ãk−1L
j +akL

j ,C j)(ã
k−1L
j +akL

j )−E(ãk−1L
j ,C j)(ã

k−1L
j )

akL
j

. (3.20)
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The upper and lower bounds of the offered load to each direct trunk in SD pair m in

layer k are determined by the formulae:

akL
j (m) = ∑

q∈E , j∈Um,q(k)

(
ak−1L

q (m)bk−1L
q ×∏

i∈E
(1− I(i, j,Um,q(k))b

kU
i )

)
, (3.21)

and

akU
j (m) = ∑

q∈E , j∈Um,q(k)

(
ak−1U

q (m)bk−1U
q ×∏

i∈E
(1− I(i, j,Um,q(k))b

kL
i )

)
. (3.22)

For the kth layer, we first determine the bounds of the offered load in trunk j1, which is

on the top of the tree. The bounds of the offered load depend only on the overflowed traffic

in the k−1 layer. From Equations (3.16)-(3.17), we obtain akU
j1 = ak∗max

j1 = ak∗min
j1 = akL

j1 pro-

vided that ak−1U
q (m) = ak−1L

q (m) is satisfied for all overflowed traffic into top trunk j; in the

opposite case, if ak−1U
q (m) = ak−1L

q (m) is not satisfied at least for one of the available over-

flowed traffic flows, then we obtain akU
j1 > ak∗max

j1 ≥ ak∗min
j1 > akL

j1 . The equation ak−1U
q (m) =

ak−1L
q (m) is satisfied if for the upper layer we obtain the exact value of the offered load.

Substituting these bounds on the offered load into Equations (3.19)-(3.20), we obtain the

bounds for the trunk blocking probability in the top trunk. If ak−1U
q (m) = ak−1L

q (m) for all

overflowed traffic into the top trunk, then bkU
j1 = bk∗max

j1 = bk∗min
j1 = bkL

j1 . Otherwise, we obtain

bkU
j1 > bk∗max

j1 ≥ bk∗min
j1 > bkL

j1 . In the next step, we calculate the bounds for the offered load and

blocking probability for each of the trunks that are the second from the top. The calculation

for each one these trunks is identical to the others and depends only on the trunk blocking

probability in the top trunk j1 and overflowed traffic from the k−1 layer. Therefore, with-

out loss of generality, let j2 denote any of these trunks. We obtain akU
j2 = ak∗max

j2 = ak∗min
j2 = akL

j2

and bkU
j2 = bk∗max

j2 = bk∗min
j2 = bkL

j2 provided ak−1U
q (m) = ak−1L

q (m) is satisfied for all over-

flowed traffic into trunk j1 and trunk j2. Otherwise, we have akU
j2 > ak∗max

j2 ≥ ak∗min
j2 > akL

j2

and bkU
j2 > bk∗max

j2 ≥ bk∗min
j2 > bkL

j2 , respectively. Repeating these steps recurrently to the other
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direct trunks in the kth layer from top to bottom of the tree, we obtain all bounds for the

offered load and trunk blocking probabilities.

3.3.4 Bounds of Trunk Blocking Probabilities for LBTs

In Proposition 3.3.1 below and in all the other statements that follow, bk1
j denotes the initial

(setup) value of the blocking probability for the kth layer on trunk j.

Proposition 3.3.1 Assume that trunk j is a LBT with a nonzero offered load and bk1
j = 0

(k = 0,1, . . . ,D), j ∈E . Then, for any positive integer z, we have the following inequalities

for lower and upper bounds of ak∗
j and bk∗

j :

ak2z−1
j > ak2z+1

j > ak∗max
j ,

ak2z−2
j < ak2z

j < ak∗min
j ,

bk2z−2
j > bk2z

j > bk∗max
j ,

and

bk2z−1
j < bk2z+1

j < bk∗min
j .

Proof The computation starts from layer 0 of the primary path bursts. After we finish

calculating lower and upper bounds of the offered load and trunk blocking probabilities for

the direct trunks, we provide the calculations for LBTS. 01 denotes the first iteration in the

primary path (layer 0).

For the offered load on trunk j, we have:

a01
j = ∑

m∈β, j∈Um(0)
ρm ∏

i∈E
(1− I(i, j,Um(0))(1−H(0, i))b01

i )

× (1− I(i, j,Um(0))H(0, i)b0L
i ), (3.23)
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where

I(i, j,Um(0)) =



1, if i, j ∈ E and trunk i strictly precedes

(not necessarily immediately) trunk j

along primary route of SD pair m

0, otherwise,

and

H(k, i) =

 0, if trunk i is a LBT in layer k

1, if trunk i is a direct trunk in layer k.

Hence, the blocking probability b02
j is obtained by the Erlang-B formula,

b02
j = E

(
a01

j ,C j

)
. (3.24)

According to the assumption, b01
j = 0 and a01

j > 0 for all trunks j belonging to the LBT

set in layer 0. Hence, comparing b01
j with b02

j yields b02
j > b01

j for all j belonging to the

LBT set in layer 0.

By the successive substitution method, we are to replace b01
j in Equation (3.23) by b02

j ,

and then the load is updated by the formula:

a02
j = ∑

m∈β, j∈Um(0)
ρm ∏

i∈E
(1− I(i, j,Um(0))(1−H(0, i))b02

i )

× (1− I(i, j,Um(0))H(0, i)b0U
i ), (3.25)

Taking into account b02
j > b01

j for all j belonging to the LBT set in layer 0 and b0U
i = b0L

i

when H(0, i) = 1, by comparing relationships (3.23) and (3.25), we arrive at the inequality

a02
j (m)< a01

j (m) for all j belonging to the LBT set in layer 0.

Repeating the steps above, for the value b03
j , we obtain

b03
j = E

(
a02

j ,C j

)
. (3.26)
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Since E(x,C) is an increasing function in x, we have 0 = b01
j < b03

j < b02
j .

In the third iteration, we have the formula

a03
j = ∑

m∈β, j∈Um(0)
ρm ∏

i∈E
(1− I(i, j,Um(0))(1−H(0, i))b03

i )

× (1− I(i, j,Um(0))H(0, i)b0L
i ), (3.27)

and arrive then at

b04
j = E

(
a03

j ,C j

)
. (3.28)

Since 0 = b01
j < b03

j < b02
j , we have the property a02

j < a03
j < a01

j and 0 = b01
j < b03

j <

b04
j < b02

j for all j ∈ L .

Since a04
j = ∑m∈β, j∈Um(0)ρm ∏i∈E (1− I(i, j,Um(0))b

04
i ), we obtain a02

j < a04
j < a03

j <

a01
j for all j belonging to the LBT set in layer 0.

In a similar way, we define the recurrent relations for s > 1:

b0s
j = E

(
a0s−1

j ,C j

)
, (3.29)

a0s
j = ∑

m∈β, j∈Um(0)
ρm ∏

i∈E
(1− I(i, j,Um(0))(1−H(0, i))b0s

i )

× (1− I(i, j,Um(0))H(0, i)b0L
i ). (3.30)

Notice that b0L
i = b0U

i when H(0, i) = 0.

Repeating the same procedure, we obtain all the necessary relations for a0s
j and b0s

j for

given integer values s. We also have the inequalities

a01
j > a03

j > a05
j > · · ·> lim

z→∞
a02z−1

j = a0∗max
j , (3.31)

a02
j < a04

j < a06
j < · · ·< lim

z→∞
a02z

j = a0∗min
j , (3.32)
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Let S be the number of iterations. We will write S = 2z in the case of even number of

iterations and S = 2z+1 in the case of odd number of iterations.

In the case S = 2z, the upper bound of the set of values {a0s
j ,s = 1,2, . . . ,2z} is a0U

j =

a02z−1
j and the lower bound is a0L

j = a02z
j . In the case S = 2z+1, the upper bound of the set

of these values is a0U
j = a02z+1

j and the lower bound is a0L
j = a02z

j .

For the set of values {b0s
j ,s = 1,2, . . . ,S}, the bounds are defined similarly.

b02
j > b04

j > b06
j > · · ·> lim

z→∞
b02z

j = b0∗max
j , (3.33)

b01
j < b03

j < b05
j < · · ·< lim

z→∞
b02z−1

j = b0∗min
j . (3.34)

In the case S = 2z, the upper and the lower bounds of the values {b0s
j ,s = 1,2, . . . ,2z}

are b0U
j = b02z

j and b0L
j = b02z−1

j , respectively. In the case S = 2z+1, the upper and the lower

bounds of the values are b0U
j = b02z

j and b0L
j = b02z+1

j , respectively.

Inequalities (3.31)-(3.34) follow by induction.

Indeed, we earlier proved (3.31)-(3.34) for z = 1. Hence, assuming that in the case z = i

the inequalities

a02i−1
j > a02i+1

j > a02i+2
j > a02i

j , (3.35)

are satisfied, we need to prove that the inequalities

a02i+1
j > a02i+3

j > a02i+4
j > a02i+2

j (3.36)

are true as well (the case z = i+1). At the next step, on the basis of the inequalities (3.35),

we prove

b02i
j > b02i+2

j > b02i+3
j > b02i+1

j . (3.37)

Indeed, since the function E(x,C j) is increasing in x, hence, (3.37), follows from (3.35) by

direct substitution of the values into (3.29).
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Now on the basis of (3.37) we prove (3.36). The function F(x) = ∏
i−1
n=1 (1− xn) is

a decreasing function in vector x = (x1,x2, . . . ,xn). That is, for any two vectors x(1) =

(x(1)1 ,x(1)2 , . . . ,x(1)n ) and x(2) = (x(2)1 ,x(2)2 , . . . ,x(2)n ) satisfying the componentwise inequali-

ties x(1)i ≤ x(2)i , i = 1,2, . . . ,n, we have F(x(1))≥ F(x(2)). The strong inequality F(x(1))>

F(x(2)) holds if in addition x(1)i < x(2)i is satisfied at least for one of the indices i.

Hence, substituting the values of (3.37) into (3.30) we arrive at the inequality

a02i+1
j > a02i+3

j > a02i+2
j > a02i

j . (3.38)

From (3.38), it is easy to obtain the desired inequality (3.36). To this end, we first substitute

(3.38) into (3.29). This yields

b02i+2
j > b02i+4

j > b02i+3
j > b02i+1

j . (3.39)

Finally, substituting (3.39) into (3.30) once again, we arrive at (3.36).

For layer 0, the lower and upper bounds of the offered load to each trunk of SD pair m

are also calculated by the Equations (3.14)-(3.15).

For layer 1, the bounds of overflowed traffic from SD pair m causing by the congestion

in trunk q in layer 0, is calculated by the equation

a1
j = ∑

m∈β,q∈E , j∈Um,q(1)
a0

q(m)b0
q ∏

i∈E
(1− I(i, j,Um,q(1))×b1

i ). (3.40)

On the basis of the lower and upper values for each a0
i (m) and bi for trunk i in layer

0 and the lower and upper values for each bi for direct trunk i in layer 1, we have the
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following transformed formulae of (3.40)

a1U
j = ∑

m∈β,q∈E , j∈Um,q(1)
a0U

q (m)b0U
q ∏

i∈E
(1− I(i, j,Um,q(1))(1−H(1, i))b1

i )

× (1− I(i, j,Um,q(1))H(1, i)bL
i ), (3.41)

and

a1L
j = ∑

m∈β,q∈E , j∈Um,q(1)
a0L

q (m)b0L
q ∏

i∈E
(1− I(i, j,Um,q(1))× (1−H(1, i))b1

i )

(1− I(i, j,Um,q(1))H(1, i)bU
i ). (3.42)

Since a1
j increases when the term a0

q(m)b0
q increases, then substituting the same value of b1

j

into formulae (3.41) and (3.42), we obtain the inequality a1U
j > a1L

j .

Setting b11
j = 0, for upper and lower bounds of a1

j and b1
j , we have the following rela-

tions

a12z−1
j = ∑

m∈β,q∈E , j∈Um,q(1)
a0U

q (m)b0U
q ∏

i∈E
{1− I(i, j,Um,q(1))

× (1−H(1, i))b12z−1
i }{1− I(i, j,Um,q(1))H(1, i)b1L

i }, (3.43)

a12z
j = ∑

m∈β,q∈E , j∈Um,q(1)
a0L

q (m)b0L
q ∏

i∈E
{1− I(i, j,Um,q(1))

× (1−H(1, i))b12z
i }{1− I(i, j,Um,q(1))H(1, i)b1U

i }, (3.44)

and

b12z
j =

E(a0U
j +a12z−1

j ,C j)(a
0U
j +a12z−1

j )−E(a0U
j ,C j)(a

0U
j )

a12z−1
j

,
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b12z+1
j =

E(a0L
j +a12z

j ,C j)(a
0L
j +a12z

j )−E(a0L
j ,C j)(a

0L
j )

a12z
j

.

Then we have the inequalities

a11
j > a13

j > a15
j > · · ·> lim

z→∞
a12z−1

j ≥ a1∗max
j , (3.45)

a12
j < a14

j < a16
j < · · ·< lim

z→∞
a12z

j ≤ a1∗min
j , (3.46)

b12
j > b14

j > b16
j > · · ·> lim

z→∞
b12z

j ≥ b1∗max
j , (3.47)

b11
j < b13

j < b15
j < · · ·< lim

z→∞
b12z−1

j ≤ b1∗min
j . (3.48)

In the case S = 2z, the upper and lower bounds of a1
j are a1U

j = a12z−1
j and a1L

j = a12z
j ,

respectively, and the upper and lower bounds of a1
j are a1U

j = a12z−1
j and a1L

j = a12z
j , respec-

tively. In the case S = 2z+ 1, the upper bound of a1
j is changed to a1U

j = a12z+1
j , and the

lower bound of b1
j is changed to b1L

j = b12z+1
j .

The proof of Equations (3.45)-(3.48) is similar to that of Equations (3.31)-(3.34).

The lower and upper bounds of the offered load to each trunk of SD pair m in layer 1

are determined by the equations

a1L
j (m) = ∑

q∈E , j∈Um,q(1)
a0L

q (m)b0L
q ∏

i∈E
(1− I(i, j,Um,q(1))b

1U
i ),

and

a1U
j (m) = ∑

q∈E , j∈Um,q(1)
a0U

q (m)b0U
q ∏

i∈E
(1− I(i, j,Um,q(1))b

1L
i ).

The upper and lower bounds of ãk−1
j are ã(k−1)U

j = ∑
k−1
i=0 aiU

j and ã(k−1)L
j = ∑

k−1
i=0 aiL

j .
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The values of aks
j and bks

j are calculated by the formulae:

ak2z−1
j = ∑

m∈β,q∈E , j∈Um,q(k)
a(k−1)U

q (m)b(k−1)U
q ×∏

i∈E
{1− I(i, j,Um,q(k))H(k, i)bkL

i }

×{1− I(i, j,Um,q(k))(1−H(k, i))bk2z−1
i }, (3.49)

ak2z
j = ∑

m∈β,q∈E , j∈Um,q(k)
a(k−1)L

q (m)b(k−1)L
q ×∏

i∈E
{1− I(i, j,Um,q(k))H(k, i)bkU

i }

×{1− I(i, j,Um,q(k))(1−H(k, i))bk2z
i }, (3.50)

bk2z
j =

E(ã(k−1)U
j +ak2z−1

j ,C j)(ã
(k−1)U
j +ak2z−1

j )

ak2z−1
j

−
E(ã(k−1)U

j ,C j)(ã
(k−1)U
j )

ak2z−1
j

, (3.51)

bk2z+1
j =

E(ã(k−1)L
j +ak2z

j ,C j)(ã
(k−1)L
j +ak2z

j )

ak2z
j

−
E(ã(k−1)L

j ,C j)(ã
(k−1)L
j )

ak2z
j

. (3.52)

Then, we obtain the inequalities

ak1
j > ak3

j > ak5
j > · · ·> lim

z→∞
ak2z−1

j ≥ ak∗max
j , (3.53)

ak2
j < ak4

j < ak6
j < · · ·< lim

z→∞
ak2z

j ≤ ak∗min
j , (3.54)

bk2
j > bk4

j > bk6
j > · · ·> lim

z→∞
bk2z

j ≥ bk∗max
j , (3.55)

bk1
j < bk3

j < bk5
j < · · ·< lim

z→∞
bk2z−1

j ≤ bk∗min
j . (3.56)

In the case S = 2z, the upper and lower bounds of ak
j are akU

j = ak2z−1
j and akL

j = ak2z
j ,

and the upper and lower bounds of bk
j are bkU

j = bk2z
j and bkL

j = bk2z−1
j , respectively. In the
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case S = 2z+1, the upper bound of ak
j is changed to akU

j = ak2z+1
j , and the lower bound of

bk
j is changed to bkL

j = bk2z+1
j .

The upper and lower bounds of the offered load to each trunk of SD pair m in layer k

are determined by the formulae:

akL
j (m) = ∑

q∈E , j∈Um,q(k)
{ak−1L

q (m)bk−1L
q ∏

i∈E
(1− I(i, j,Um,q(k))b

kU
i )}, (3.57)

and

akU
j (m) = ∑

q∈E , j∈Um,q(k)
{ak−1U

q (m)bk−1U
q ∏

i∈E
(1− I(i, j,Um,q(k))b

kL
i )}. (3.58)

�

Corollary 3.3.2 Consider two OPCA runs. Let the number of iterations in layer i in the

first run be Ii, and let the number of iterations in layer i in the second run be I′i . Let Si
j and

S
′i
j be the distance between the bounds for the blocking probability for trunk j in layer i,

in the first and second OPCA runs, respectively. If I′i > Ii for one layer and the number of

iterations in other layers are the same and there are LBTs in the layer, then, Sk
j > S′kj for

the trunks with the following situations:

(1) If trunk j is a loop trunk, then for all k ≥ i, Sk
j > S′kj ;

(2) If in a layer k′ > i, a trunk j that receives traffic, passes through or overflows from

a trunk j1 in the upper layer satisfies the inequality Sk′−1
j1 > S′k

′−1
j1 , then for all k′ ≤ k ≤ D,

Sk
j > S′kj .

Proof According to the construction, for layers k < i, the bounds of the trunk blocking

probability for j ∈ E are the same in the two OPCA runs.

Since there are LBTs, then for layer i by inequalities (3.55)-(3.56), for LBTs we obtain

inequalities Siz
j < Siz−1

j < · · ·< Si1
j , in which Siz

j =| b
iz+1
j −biz

j |. Thus, if I′i > Ii, then Si
j > S′ij .
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If I′i > Ii, then by relations (3.21)-(3.22) and inequalities (3.53)-(3.56), we obtain

a′iUj (m)< aiU
j (m) and a′iLj (m)> aiL

j (m), b′iUj < biU
j and b′iLj > biL

j for j ∈ E and m ∈ β.

Consider now LBTs receiving traffic that overflowed from LBTs in layer i or passing

through a direct trunk for which the inequality Si+1
j > S′i+1

j is satisfied in layer i+ 1. We

start from the setup value bi+11
j = 0. According to relation (3.49) for layer i+1, we obtain

the inequality ai+11
j > a′i+11

j . Substituting this inequality into (3.51), we obtain bi+12
j >

b′i+12
j . Repeating the procedure, we again substitute the inequality obtained for (3.50) and

now obtain ai+11
j > a′i+11

j > a′i+12
j > ai+12

j . Further substitution of the inequality obtained

for (3.52) yields bi+12
j > b′i+12

j > b′i+11
j > bi+11

j . After a number of repetitions of these

steps for any integer z, we finally arrive at the following inequalities,

ai+12z−1
j > a′i+12z−1

j > a′i+12z
j > ai+12z

j , (3.59)

and

bi+12z
j > b′i+12z

j > b′i+12z−1
j > bi+12z−1

j . (3.60)

By the same method in layer i, we obtain Si+1
j > S′i+1

j . Again, we obtain ai+1U
j (m) >

a′i+1U
j (m)> a′i+1L

j (m)> ai+1L
j (m) and bi+1U

j > b′i+1U
j > b′i+1L

j > bi+1L
j .

Repeating the same steps as in layer i+ 1, we obtain the same solution for layer k >

i+1.

�

3.4 Bounds for Network Blocking Probability of OPCA

Proposition 3.4.1 Let BU(m) and BL(m) denote the upper and the lower bounds of the

network blocking probability for SD pair m. We have:
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BU(m) = 1−
ρm ∏i∈Um(0) (1−b0U

i )

ρm
−

∑q∈E ∑
T (m)
k=1 ρL

Um,q(k)∏p∈Um,q(k) (1−bkU
p )

ρm
, (3.61)

where

ρ
L
Um,q(k) =

 a(k−1)L
q (m)b(k−1)L

q , if path Um,q(k) exists,

0, otherwise,

and

BL(m) = 1−
ρm ∏i∈Um(0) (1−b0L

i )

ρm
−

∑q∈E ∑
T (m)
k=1 ρU

Um,q(k)∏p∈Um,q(k) (1−bkL
p )

ρm
, (3.62)

where

ρ
U
Um,q(k) =

 a(k−1)U
q (m)b(k−1)U

q , if path Um,q(k) exists,

0, otherwise,

Proof In order to calculate the blocking probability B(m) for SD pair m, it is required

first to calculate the received load from every path by the destination node. Then, we

calculate the probability that a message will be served and the blocking probability

B(m) = 1−
ρm ∏i∈Um(0) (1−b0

i )

ρm
−

∑q∈E ∑
T (m)
k=1 ρUm,q(k)∏p∈Um,q(k) (1−bk

p)

ρm
, (3.63)

where the offered load ρUm,q(k)
to the path Um,q(k) is calculated by the formula

ρUm,q(k) =

 ak−1
q (m)bk−1

q , if path Um,q(k) exists

0, otherwise.

After calculating the lower and upper bounds for ak
j and bk

j (k = 0,1, . . . ,T (m)), we de-

rive Equations (3.61)-(3.63). With more iterations, the sequence BU(m) is not increasing.

If there is at least one layer having LBTs, then with more iterations the sequence bhU
i is
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decreasing and ρL
Um,q(k)

is a decreasing sequence in m ∈ β and k = 0,1, . . . ,T (m) as well.

Hence, BU(m) is a decreasing sequence. Unlike BU(m), BL(m) is not an increasing se-

quence. When there is at least one layer having LBTs, the sequence BL(m) is decreasing

with more iterations of the OPCA algorithm.

Substituting akU
j (m)≥ ak∗max

j (m)≥ ak∗min
j (m)≥ akL

j (m) and bkU
j ≥ bk∗max

j ≥ bk∗min
j ≥ bkL

j into

Equations (3.63)-(3.63), we arrive at the inequality BU
m ≥ B∗max(m)≥ B∗min(m)≥ BL

m, where

B∗max(m) and B∗min(m) denote the maximum and minimum value in the set {B∗(m)} of the

fixed-point solutions for B(m).

�

Proposition 3.4.2 Let {B∗} be the set of the network blocking probabilities obtained by

the fixed-point solutions for trunk blocking probabilities in trunks j ∈ E . Let B∗min and

B∗max denote the minimum and maximum values amongst the set of values {B∗}. Let BU

and BL denote the upper and lower bounds of the network blocking probabilities. We have

BU ≥ B∗max ≥ B∗min ≥ BL.

Moreover, the bounds BU and BL are calculated by the equations

BU =
∑m∈β BU(m)

#SD
, (3.64)

and

BL =
∑m∈β BL(m)

#SD
, (3.65)

where #SD is the number of SD pairs in the network.

Proof Substituting BU
m ≥ B∗max(m) ≥ B∗min(m) ≥ BL

m into Equations (3.64-3.65), we

obtain the bounds for the network blocking probability

BU ≥ B∗max ≥ B∗min ≥ BL.
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�

Corollary 3.4.3 Consider two OPCA runs. The number of iterations in layer i of the first

run is denoted Ii. The number of iterations in layer i of the second run is denoted I′i . Let R

and R′ be the distance between the bounds of network blocking probability in the first and

second OPCA runs, respectively. If I′i ≥ Ii for one layer and the iterations in other layers

are the same for the two runs and in the layer i there are LBTs, then R > R′.

Proof It is proved in Corollary 3.3.2 that if I′i ≥ Ii, for i ≥ k ≥ D, then akU
j (m) ≥

a′kU
j (m)≥ a′kL

j (m)≥ akL
j (m) and bkU

j ≥ b′kU
j ≥ b′kL

j ≥ bkL
j for j ∈ E and m ∈ β. Substituting

these inequalities into Equations (3.61) and (3.62), we directly obtain the inequality

BU
m ≥ B′Um ≥ B′Lm ≥ BL

m, m ∈ β.

Then, observe that BU ≥ B′U ≥ B′L ≥ BL. Since R = BU−BL and R′ = B′U−B′L, we obtain

R≥ R′.

�

Corollary 3.4.4 Consider an OPCA run. Let M be the distance between the bounds of

the network blocking probability. If one increases the number of iterations in one or more

layers among which at least one of those layers has LBTs and obtaining the new distance

between the bounds of the network blocking probability M′, then M′ < M.

Proof Corollary 3.3.2 shows that when the number of iterations increases in one

layer having trunk loops, then the distance between the upper and lower bounds of the

trunk blocking probability for some trunks decreases. If there at least one trunk j, in

which the distance between the upper and lower bounds of the trunk blocking probability

decreases in layer i, then for SD pair m having a traffic passing through trunk j in layer i

we have the inequalities BU(m) > B′U(m) and BL(m) < B′L(m). Then, we arrive at BU >
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B′U and BL < B′L. Hence, for M = BU − BL and M′ = B′U − B′L, we arrive at M′ < M.

�

If the trunks in all layers are direct trunks, then the solution obtained by the OPCA is

not a fixed-point solution, and it is obtained in only a finite number of steps. This number

of steps is bounded by J× (D+ 1) where J is the total number of trunks, and D is the

maximum number of allowable deflections in the network. If there are LBTs at least in one

layer, then the bounds of the OPCA fixed-point solutions always become closer when the

number of iterations in those layers are increased.

Thus, the OPCA either finds its solution in a finite number of steps, or the bounds of its

fixed-point solutions always become closer with increasing number of iterations.

3.5 Numerical Results for OBS Networks with Deflection

Routing but without Trunk Reservation

In this section we provide numerical results for OBS/JET without trunk reservation over

a 13-node National Science Foundation network (NSFNET) in order to illustrate the be-

havior of the bounds of the OPCA algorithm. In particular, we focus on how the bounds

become closer to each other with increasing number of iterations. The numerical results

in this section demonstrate that the bounds become closer to each other even after a small

number of iterations (per layer). We will illustrate here the behavior of the OPCA block-

ing probability bounds for the aforementioned network under a wide range of parameters

and design factors, such as the number of channels per trunk and the maximum allowable

number of deflections. We will also compare the running time and accuracy of the EFPA

and OPCA algorithms.

In all scenarios considered, the arrival process of calls for each directional SD pair

follows a Poisson process. The shortest path is set to be the primary route for each SD pair,
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Figure 3.2: 13-node 30-trunk NSFNet topology with trunk numbers

and the alternative routes are pre-assigned ordered by their length. For those routes with

the same lengths, the order is chosen randomly and remains unchanged afterwards. All

the results in this section are obtained using MATLAB software executed on a labtop with

Intel R© CoreTM i7-3520M CPU @ 2.96 GHz 2.96 GHz, 8 GHz RAM and 64-bit operating

system.

3.5.1 Network Topology and SD Pairs

Table 3.1: Ingress and egress SD pairs

Ingress WA CA1 CA1 CA2 TX GA
Egress MD IL MA CD NY MA
Ingress MD IL MA CD NY MA
Egress WA CA1 CA1 CA2 TX GA

We now consider the NSFNet with 13 nodes and 30 directional trunks. The topology

of the NSFNet is shown in Fig. 3.2. We randomly select a set of 12 SD pairs shown in

Table. 3.1.
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3.5.2 Comparison of the Computational Time of EFPA and OPCA

Table 3.2: Comparison of the times used by EFPA and OPCA to calculate the blocking
probabilities in NSFNet.

Calculation task Running time of Running time of
EFPA in seconds OPCA in seconds

Blocking probability of the 0.271 0.197
whole network and C = 50
Blocking probability of the 64.45 12.91

whole network and C = 2000
Blocking probability of the 3006 397

whole network and C = 10000
Blocking probability of the 13665 1232

whole network and C = 20000

Table 3.2 provides the running times used to calculate the blocking probability in

NSFNet for different C values by EFPA and OPCA. The offered load to each SD pair is

0.5C. In each iteration, we only consider 4 significant digits of the fixed-point solutions for

the trunks with blocking probability larger than 10−50, whereas trunk blocking probabili-

ties lower than 10−50 are set equal to 0. From Table 3.2, we observe that EFPA consumes

much more time than OPCA for all three different C values and when the C value increases,

the computational time of EFPA grows faster than that of OPCA. To gain some insight into

the reason why EFPA consumes much more time than OPCA, we count the total number

of iterations required by EFPA, and by each layer of OPCA, with C = 10000. The results

are shown in Table 3.3. We observe that EFPA requires 78 iterations to converge, but the

first layer of OPCA only requires 6 iterations and the other layers requires even fewer it-

erations. Layer 3 for the OPCA algorithm consumes only 0.0024 seconds because there is

no overflowed traffic from layer 2; therefore the offered load to each trunk in layer 3 is 0,

in which case, all the layer 3 trunk blocking probabilities equals to 0 without the need to

run the Erlang-B formula.
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Table 3.3: Comparison of the times used by EFPA and OPCA in each layer to calculate the
blocking probabilities in NSFNet with 10000 channels per trunk.

Algorithm Layer number Number of Total running time
iterations in seconds

EFPA only 1 layer 78 3006

OPCA

layer 0 6 177.9
layer 1 5 119.7
layer 2 4 99.7
layer 3 1 0.0024

3.5.3 Accuracy of OPCA and EFPA for the NSFNet

Having showed that OPCA converges faster than EFPA, it is important to evaluate the

accuracy of the two algorithms to see whether the longer running time enables EFPA to

provide more accurate results than OPCA. Note also that the results presented here are

for an OBS network without trunk reservation, and so complement the study in [159] for

networks with trunk reservation.

Results for the comparison of the accuracy of OPCA and EFPA for the case C = 50

are presented in Fig. 3.3. The results are limited to the case C = 50 because simulations

for large C values are computationally prohibitive. The results are based on comparing

of the two approximations with simulation results for the case of the NSFNet example

of Fig. 3.2 with the 12 SD pairs shown in Table 3.1, the maximum allowable number

of deflections is set to 3. Error bars for 95% confidence intervals based on Student’s t-

distribution are provided for all the simulation results although in many cases the intervals

are too small to be clearly visible. We observe that OPCA generally slightly overestimates

the blocking probability for this example, while EFPA underestimates it when the traffic is

low. However, OPCA trends to underestimate the blocking probability when the traffic is

high. Notice that when the offered load is within 40–50, the results of EFPA are missing.

This is because we can not achieve convergence when the offered load to each OD pair

draws near the number of channels per trunk which is equal to 50. It is known [94] that
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Figure 3.3: Blocking probabilities in the NSFNet

evaluating blocking probability by EFPA for OBS may fail to converge in certain instances

of unprotected deflection routing.

It is observed from Fig. 3.3 that in the practical loading range, EFPA does not per-

forms better than OPCA. EFPA is only more accurate than OPCA when the offered load is

within 35–40 where the blocking probability is above 3×10−1 which is way above what is

considered an acceptable grade of service. Notice that these results are consistent with the

results in [159] (for cases with trunk reservations) where we observed that EFPA is more

accurate than OPCA for high load. Thus, for the present example, in the practical traffic

loading range normally used for dimensioning purposes, the longer running time does not

enable EFPA to provide more accurate results than OPCA.
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Table 3.4: The primary path of each SD pair.

SD pair Primary path
WA→MD 1→ 2→ 3→ 4→ 7
CA1→ IL 27
CA1→MA 27→ 26→ 25→ 21
CA2→ CD 3→ 30→ 29
TX→ NY 4→ 5→ 6
GA→MA 5
MD→WA 24→ 19→ 30→ 29→ 28
IL→ CA1 12
MA→ CA1 6→ 10→ 11→ 12
CD→ CA2 28→ 1→ 2
NY→ TX 21→ 20→ 19
MA→ GA 20

3.5.4 OPCA Bounds Behaviour

To calculate the bounds on network blocking probability for the OPCA algorithm, we first

calculate the bounds on trunk blocking probability in each layer. Here we give an example

on how to calculate the bounds on trunk blocking probability on the first layer. Table.

3.4 shows the primary path for each SD pair. Based on Table. 3.4, we plot Fig. 3.4 to

distinguish the direct trunks and LBTs. In the Fig. 3.4, circles with numbers are used to

represent different trunks, and arrows from trunk i to trunk j are used in the cases where

traffic that passes through trunk i follows directly to trunk j. From the figure, we observe

that trunks 1, 2, 3, 28, 29 and 30 form a closed loop, then these trunks are LBTs. Trunks

4, 5, 6, 10, 11 and 12 receive traffic from LBTs, so they are also LBTs. Trunks 19, 20,

21, 24, 25, 26 and 27 form a tree structure and they only feed traffic to the LBTs but do

not receive any traffic from LBTs, so they are direct trunks. Trunks 7, 8, 9, 13, 14, 15,

16, 17, 18, 22 and 23, which are not shown in Fig. 3.4, have 0 traffic load, so they are

also direct trunks. We first calculate the blocking probability of trunks 27, 26, 25, 21, 20,

24 and 19, one by one, directly, then we calculate the bounds on blocking probability of
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the LBTs using Equations (3.23)-(3.30). The procedure repeats itself until the bounds on

blocking probabilities for each trunk in all layers are found. Then we can use Equations

(3.61)-(3.65) to calculate the bounds on network blocking probability.

Figure 3.4: Direct trunks and loop based trunks in primary layer

In Fig. 3.5 we present results for the bounds on the OPCA iterations as a function of the

number of iterations in each layer for different offered loads to each directional SD pair in

the NSFNet. The maximum number of deflections is set to 3 and each trunk has 50 chan-

nels. We observe in (a) of the figure that the lower and upper bounds of the OPCA result

for the overall network blocking probability become closer to each other, and when 6 iter-

ations are made in each layer, the distance between the lower and upper bounds is less than

10−5% of the lower bound value. Similar results are observed in all four cases of different

offered load alternatives presented in Fig. 3.5. However, as the offered load increases, the

rate at which the bounds become closer to each other is somewhat reduced. Still, in the

cases presented in (a) and (b), the distance between the bounds is less than 10−5% of the

lower bound value when six iterations per layer have been completed. However, when the

offered load is 30 for each SD pair, as the case presented in (c) of Fig. 3.5, seven iterations

per layer are required to achieve distance between the bounds to be 10−5% of the lower

bound value and when the offered load increases to 55 (presented in (d) of Fig. 3.5), eight



72

2 4 6 8

10
−3.886

10
−3.885

(a) offered load = 15

Number of iterations (each layer)

N
et

w
or

k 
bl

oc
ki

ng
 p

ro
ba

bi
lit

y

2 4 6 8

10
−1.84

10
−1.82

10
−1.8

10
−1.78

(b) offered load = 20

Number of iterations (each layer)

N
et

w
or

k 
bl

oc
ki

ng
 p

ro
ba

bi
lit

y

2 4 6 8
10

−0.68

10
−0.64

10
−0.6

10
−0.56

(c) offered load = 30

Number of iterations (each layer)

N
et

w
or

k 
bl

oc
ki

ng
 p

ro
ba

bi
lit

y

2 4 6 8

10
−0.28

10
−0.25

10
−0.22

10
−0.19

(d) offered load = 55

Number of iterations (each layer)

N
et

w
or

k 
bl

oc
ki

ng
 p

ro
ba

bi
lit

y

upper bound

lower bound

upper bound

lower bound

upper bound

lower bound

upper bound

lower bound

Figure 3.5: Bounds of OPCA blocking probabilities in the NSFNet with different offered
load to each directional SD pair

iterations per layer are required to achieve the same accuracy. This is due to the fact that in

the NSFNet, there are LBTs in each layer. For the LBTs, when the offered load increases

in all layers, the first upper bound on trunk blocking probability obtained by the first itera-

tion also increases. This fact can be observed by Equations (3.24) and (3.51) which show

that the trunk blocking probability increases in offered load. Since the first lower bound

is 0 for all LBTs, and the first upper bound increases as the traffic increases, the distance

between the first upper and lower bounds of trunk blocking probability obtained by the first

iteration is larger when the offered load is larger. These general assertions are consistent

with observations made in [159]. In the figure, we also observe that as the offered load

to the network increases, which implies more primary and deflected bursts in the network,
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this apparently makes it somewhat more difficult for the bounds to become closer to each

other.

3.5.5 The Effect of the Number of Channels per Trunk
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Figure 3.6: Bounds of OPCA blocking probabilities in the NSFNet with different number
of channels per trunk (C) in which the offered load to each directional SD pair is 0.4C

Fig. 3.6 shows the bounds of the OPCA blocking probability results for the NSFNet

considering four scenarios where in each scenario there are different channels per trunk.

In all the scenarios, the offered load to each directional SD pair is 0.4C, where C is the

number of channels per trunk and the maximum number of deflection is set to 3. We

observe that when the number of channels per trunk increases, the lower and upper bounds

become closer to each other faster. In particular, when there are 20 channels per trunk, six

iterations per layer are required to achieve a distance between the lower and upper bounds
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to be around 10−5% of the lower bound value, but when there are 100 channels per trunk,

in five iterations per layer we achieve a much lower distance between the bounds, namely,

10−8% approx. of the lower bound value. These results are related to the fact that with a

larger number of channels per trunk, the variance of the number of busy channels is lower

which implies fewer deflected bursts in the networks, and as already observed earlier, this

makes it easier for the bounds to become closer to each other.

3.5.6 Effect of the Maximum Allowable Number of Deflections
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Figure 3.7: Bounds of OPCA blocking probabilities in the NSFNet with different maxi-
mum allowable number of deflections (D) in which the offered load to each directional SD
pair is 20 Erlangs
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Fig. 3.7 shows the bounds for the OPCA blocking probability results for the NSFNet

considering four scenarios where in each scenario we set a different value for the maximum

allowable number of deflections (D). In all scenarios, the offered load to each directional

SD pair is 20 Erlangs and each trunk has 50 channels. We observe from the figure that

when D increases, the lower and upper bounds become closer to each other slightly more

slowly since the overflowed traffic increases with D increasing. However, this effect does

not seem to be significant when D ≥ 2 because the traffic in layers k (for k ≥ 2) is very

small and its effect to the end-to-end blocking probability is negligible. In particular, when

D = 0 and six iterations per layer, the distance between the lower and upper bounds is

around 10−8% of the lower bound value, but when D = 2 and D = 3, in six iterations per

layer the distance between the lower and upper bounds is only around 10−6% of the lower

bound value.

3.5.7 Bounds for non-homogeneous cases

Table 3.5: The offered load to each SD pair in two non-homogeneous cases.

SD pair Offered load in case 1 (Erlangs) Offered load in case 2 (Erlangs)
WA→MD 25 20
CA1→ IL 25 30
CA1→MA 25 30
CA2→ CD 25 50
TX→ NY 25 10
GA→MA 25 50
MD→WA 35 40
IL→ CA1 35 28
MA→ CA1 35 40
CD→ CA2 35 35
NY→ TX 35 50
MA→ GA 35 30
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Fig. 3.8 shows the bounds for the blocking probability obtained by OPCA in two non-

homogeneous cases. The traffic load to each SD pair in these two cases is listed in Table

3.5. We observe that the bounds in these two cases approach each other quickly. In both

cases, when the number of iterations in each layer is 7, the distance between the lower and

upper bounds is less than 10−5% of the lower bound value.
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Figure 3.8: Bounds of OPCA blocking probabilities in the NSFNet for two non-
homogeneous cases

3.6 Numerical Results for OBS Networks with Deflection

Routing and Trunk Reservation

OBS networks with deflection routing suffer instability problems past a certain load. Re-

serving some resources for primary traffic is one of the solutions to keep the network stable

under heavy traffic load conditions. If the network threshold is T <C, which means C−T

channels are reserved for primary traffic only, then the Equation (3.8) is changed to

b̄k
j =

∑
C−T
n=0

ãT
k an

0
(T+n)!

∑
T
n=0

ãn
k

n! +∑
C−T
n=1

ãT
k an

0
(T+n)!

(3.66)
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for k > 0 and b̄0
j =

aC
0 /C!

∑
C
n=0 an

0/n!
for primary traffic.

The proof for the bounds on network blocking probability obtained by OPCA in the

OBS networks with deflection routing and trunk reservation is still an open problem, nu-

merical results yield such bounds in the cases we study by repeating the procedures we

used in the OBS networks with deflection routing and no trunk reservation. We still use

the same NSFNet and the same SD pairs in the last section to demonstrate our results. The

number of channels in each trunk is C = 50 and the threshold is T = 90%C = 45.
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(c) offered load = 30
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Figure 3.9: Bounds of OPCA blocking probabilities in the NSFNet with different offered
load to each directional SD pair, the threshold is T = 90%C

In Fig. 3.9, we present results for the bounds on the OPCA iterations as a function of the

number of iterations in each layer for different offered loads in the NSFNet with deflection
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and trunk reservation. The maximum number of deflections is set to 3. The trends and

behavior of the results presented in Fig. 3.9 are consistent with the results obtained for the

case without trunk reservation.

3.7 Summary

In this chapter, we have discussed the behavior of the bounds on the blocking probability

obtained by OPCA. We report that the bounds become closer to each other very fast and the

speed of the bounds moving closer decreases when the proportion of the overflowed traffic

increases in the network, due to the growth of the offered load or the maximum allowable

number of deflections, as well as the reduction of the number of channels per trunk. We

have also demonstrated in the case of NSFNet with 50 channels per trunk that OPCA is

faster than and at least as accurate as EFPA.

3.8 Appendix

F(x) = xPk(x) where Pk(x) =
xk/k!

∑
k
i=0 xi/i!

for positive integer k and x ≥ 0. The meaning of

Pk(x) is the loss probability in the M/G/k/k queueing system with the offered traffic load

x.

The challenge is to prove that

Q(x,a) =
F(x+a)−F(x)

a
(3.67)

is an increasing function in a > 0.

We can write function (3.67) as

Q(x,a) =
F(x+a)−F(x)

a
=

1
a

∫ x+a

x
F ′(y)dy. (3.68)



79

Using the first mean value theorem for integration, we have

Q(x,a) = F ′(x+θa),

where 0 < θ < 1.

The function F(x) = xPk(x) is a convex function (for a direct proof e.g. see [166,

167]), thus its first derivative F ′(x) is an increasing function. Then we have the following

properties,

1. Q(x,a) increases when x increases.

2. Let a1 < a2. Then Q(x,a1) = F ′(x+ θ1a1) is the weighted average value of F ′(x)

on the interval [x, a1], and Q(x,a2) = F ′(x+θ2a2) is the weighted average value of

F ′(x) on the interval [x, a2]. Since F ′(x) is an increasing function and a1 < a2, we

have Q(x,a1)< Q(x,a2) (as shown in Fig. 3.10).
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Chapter 4

Evaluating OBS Efficiency by Effective

Utilization

Besides the blocking probability, utilization is another important parameter to evaluate the

performance of OBS networks [168, 169]. The utilization of a trunk (or trunk utilization)

is defined as the proportion of busy channels out of the total number of channels in a

trunk. Network utilization is the average value of trunk utilizations in the network. In this

chapter, we view OBS utilization as composed of two parts, namely effective and ineffective

utilizations, distinguishing between channels used by bursts that eventually reach their

destinations and bursts that are dumped before reaching their destinations, respectively. We

hope to gain insights into how topology and traffic parameters affect network performance.

Fig. 4.1 gives an example where a 4-node 3-trunk network with two channels per trunk is

depicted in which bursts are designated by their end nodes. Burst AD (sent from Node A to

Node D), which utilizes a channel both in Trunk 1 and in Trunk 2, is blocked and dumped

at Node C because the two channels in Trunk 3 are already occupied by bursts CD and BD.

In this example, Trunk 1 is 50% ineffectively utilized, Trunk 2 is 50% effectively utilized

and 50% ineffectively utilized, while Trunk 3 is 100% effectively utilized.
80
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Figure 4.1: Effective and ineffective utilizations in an OBS network

We use an idealized version of OCS, designated I-OCS, as a benchmark for OBS perfor-

mance. In I-OCS, we ignore the waste of the resources associated with the time a channel

is being reserved until the first bit of the burst actually arrives at that channel. This wastage

in OCS can be significant, especially if the holding time of a call is short, e.g., less than

one round trip time. We also assume that I-OCS channels are fully effectively utilized.

While effective and ineffective utilizations compete for the same pool of resources and

contribute to blocking probability, effective utilization translates into network goodput (al-

so known as throughput), but ineffective utilization does not. Accordingly, considering

effective and ineffective utilizations can provide insight into OBS performance and effi-

ciency, and this is illustrated by discussing cases where OBS utilization comprises mainly

effective utilization, so OBS performs close to its I-OCS benchmark, vs. cases where inef-

fective utilization is significant and detrimental to the performance and efficiency of OBS.

4.1 Network Models with Fixed Routing

As discussed, we consider an OBS network model and its equivalent I-OCS benchmark.

The main difference between the two is that in OBS, a burst is transmitted hop-by-hop until

it reaches its destination successfully or until it is blocked and dumped. By comparison, in

I-OCS, data cannot access the network unless an end-to-end lightpath is established.

We consider the same network model described in Section 3.1, however here, we do

not consider deflection routing, that is we only consider the primary route Um(0) for any

SD pair m = {s,d} ∈ β. Here we define the route between SD pair m = {s,d} ∈ β as
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R(s,d), instead of Um(0). Full wavelength conversion is also assumed to be available at

every node.

The offered traffic ρm [erlang] of SD pair m ∈ β is composed of bursts that follow a

Poisson process. The burst lengths are exponentially distributed with unit mean. It is well

known that the blocking probability of an M/G/k/k system is dependent only on the mean

service time and it is insensitive to higher moments of the service time distribution. Kelly

[150] proves that this insensitivity property applies to end-to-end blocking probability in

I-OCS networks as the trunk capacity and traffic grows to infinity. Although this result

has not been proven for OBS networks, numerical studies in [159] have provided evidence

showing that the blocking probability results are not very sensitive to the shape of the burst

length distribution.

In our OBS network model, at source node s, all bursts with destination node d are

transmitted to the first trunk of the route R(s,d). At each intermediate node, the burst is

forwarded on the next trunk in route R(s,d) until it reaches the destination node d. If the

burst finds a trunk in R(s,d), where all the wavelength channels are already occupied by

other bursts, the burst is blocked and cleared from the network at that trunk. By compari-

son, in I-OCS, the transmission of a burst will not commence unless at least one wavelength

channel is available on all trunks along the route.

In this chapter, we assume no guard bands between bursts, no offset effects, and no

specific OBS reservation protocols or scheduling algorithms in OBS. In the I-OCS net-

work model, we ignore delays related to path setup and propagation, and assume that the

path holding time is used solely for the burst transmission. Finally, we note that the results

presented in this chapter are equally applicable to OBS networks with no wavelength con-

version which has f j, instead of f jw j, channels on each intermediate trunk (excluding the

first trunk) in a route.
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4.2 Performance Evaluation

Given the limitations of simulations, we must resort to approximations in cases where the

number of wavelength channels per trunk is large. To this end, we use the EFPA shown

in [150] to be exact as the traffic and the number of channels per trunk approaches infinity.

Calculation of blocking probability for EFPA begins by randomly choosing the initial

blocking probabilities (Uniform[0,1)) for each trunk. We then solve a set of fixed-point

equations by successive substitutions until convergence occurs. The results of the fixed-

point equations are the trunk blocking probabilities, which are used to calculate the end-to-

end blocking probability for each SD pair. The network blocking probability is computed

as the average of the end-to-end blocking probabilities over all SD pairs, weighted by their

offered load.

The fixed-point equations for EFPA comprise two sets of equations. One set of equa-

tions is used to calculate the offered load on each trunk, using the current estimates of the

trunk blocking probabilities. The second set of equations is used to calculate new estimates

of the trunk blocking probabilities, using the estimates of offered loads obtained from the

first set of equations.

In OBS networks, the offered load to the first trunk j1 of SD pair m is a j1(m) = ρm.

The offered load to the second trunk j2 is the carried load of the first trunk a j2(m) =

a j1(m)(1− b j1), where b j1 is the blocking probability of trunk j1.. Then the total offered

load to trunk j is

a j2(m) = a j1(m)(1−b j1). (4.1)

Assume

IOBS(i, j,R(m)) =


1, if i, j ∈ E and trunk i strictly precedes

(not necessarily immediately) trunk j along R(m)

0, otherwise,
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Equation (4.1) can also be written as

a j = ∑
m∈β, j∈R(m)

ρm ∏
i∈E

(1− IOBS(i, j,R(m))bi), (4.2)

In I-OCS, assume

IOCS(i,R(m)) =

 1, if i ∈ E and trunk i ∈ R(m),

0, otherwise,

then the offered load to trunk j is

a j = ∑
m∈β, j∈R(m)

ρm ∏i∈R(m) (1− IOCS(i,R(m))bi)

(1−b j)
, (4.3)

In both OBS and I-OCS, the blocking probability of trunk j is obtained by the Erlang-B

formula

b j =
aC j

j /C j!

∑
C j
n=0 xn/n!

. (4.4)

The network blocking probabilities of the OBS networks and I-OCS networks coincide

and are given by

B =
∑m∈β ρm ∏i∈R(m) (1− IOCS(i,R(m))bi)

∑m inβ ρm
(4.5)

In the following we present the equations we use to calculate goodput, utilization, ef-

fective utilization and ineffective utilization.

Goodput is defined as traffic that successfully reaches its destination. For every m ∈ β,

the goodput g(m) of SD pair m is obtained by

g(m) = ak(m)× (1−bk(m)), (4.6)

where k(m) is the last trunk in the route of m, ak(m) is the offered load [erlang] to trunk

k(m) from SD pair m and bk(m) is the blocking probability of trunk k(m).
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The network goodput gn, which is the total goodput of all SD pairs, is given by

gn = ∑
m∈β

g(m). (4.7)

The utilization U( j) of trunk j is obtained by

U( j) =
1

C j

C j

∑
i=0

i×q j(i), (4.8)

where q j(i) is the steady-state probability of i busy channels on trunk j and C j is the total

number of channels on trunk j.

Define the indicator function d( j,m) by

d( j,m) =


0 trunk j not in the route of SD pair m,

1 trunk j in the route of SD pair m.

(4.9)

Accordingly, let EU( j) be the effective utilization of trunk j which is the part of the uti-

lization of trunk j used by goodput. It is obtained by

EU( j) =
1

C j
∑

m∈β

d( j,m)×g(m). (4.10)

Also, define ineffective utilization IU( j) of trunk j as the portion of the utilization of trunk

j used by bursts that are dumped before they reach their destinations. It is obtained by

IU( j) =U( j)−EU( j). (4.11)

The, network utilization Un, effective utilization EUn and ineffective utilization IUn are

then simply the average values of trunk utilizations, trunk effective utilizations and trunk

ineffective utilizations, over all trunks, respectively. They are obtained by,
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Un =
1
G ∑

j∈E
U( j), (4.12)

EUn =
1
G ∑

j∈E
EU( j), (4.13)

and

IUn =
1
G ∑

j∈E
IU( j), (4.14)

where G is the number of uni-directional trunks in E .

4.3 Numerical Results

In this section, we illustrate how effective and ineffective utilizations affect the efficiency

of OBS and how it compares to I-OCS using numerical results over a wide range of pa-

rameters. To this end, we use the 4-node ring network and the 13-node 32-trunk NSFNet

depicted in Fig. 4.2. We use fixed routing based on shortest path for both networks. The

SD pairs selected in the 4-node ring network are 1→3, 2→4, 3→1 and 4→2, and the 2-

hop paths for all SD pairs are shown in Fig. 4.2 (a). For the 13-node 32-trunk NSFNet,

we choose all possible SD pairs. The results shown in this section are mainly based on

simulations unless the running times are prohibitive in which case EFPA is used. Error

bars for 95% confidence intervals based on Student’s t-distribution are provided for all the

simulation results although in many cases the intervals are too small to be clearly visible.

In any case, the length of the confidence intervals is always less than 10% of the mean

value measured.

4.3.1 Effective Utilization and Goodput in a 4-node Ring Network

Considering first the 4-node ring topology, we begin with a scenario where the network

is dimensioned on the basis that the blocking probability for any SD pair does not exceed
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Figure 4.2: The 4-node ring and the 13-node 32-trunk NSFNet topologies

0.001. The results are provided in Fig. 4.3. In particular, for a given number of channels

per trunk (x-axis), we increase the traffic uniformly in all SD pairs as long as the end-to-

end blocking probability does not exceed 0.001 for any SD pair. Then we compute the

network utilization achieved (y-axis). Since the blocking probability is small, the OBS

network ineffective utilization is low, and the performance of OBS is expected to be close

to that of I-OCS [169], as seen in Fig. 4.3. We also observe that the OBS and I-OCS

achievable network utilizations increase with the number of channels per trunk. Because

in the present case, the offered load is equal for all SD pairs and all trunks in the network,

and all SD pairs reach the 0.001 blocking probability together, the network utilization can

reach close to 100% as the number of channels per trunk increases. This is consistent with

known results under critical loading [170, 171]. Note that simulation results confirm the

EFPA results up to 1000 channels per trunk as shown in Fig. 4.3. Beyond that point, we

rely solely on EFPA results. Experience shows (including the comparison made here) that

the EFPA results are increasingly accurate as the number of channels per trunk increases.

A very different picture emerges if we keep increasing the offered load without capping

the blocking probability, as shown in Fig. 4.4. The number of channels per trunk is 50.

With increasing load, in OBS, we observe goodput collapse. For I-OCS, we do not see

this phenomenon, as the goodput asymptotically approaches the available capacity. For

OBS, as long as the blocking probability is negligible, its effective utilization and good-

put increase with the load as in I-OCS. Then, as the load keeps increasing, the blocking
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Figure 4.3: Achievable network utilization for 4-node ring network for OBS and I-OCS,
with blocking probability per SD pair limited to 0.001
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Figure 4.4: (a) Network Goodput (b) Network Effective Utilization and (c) Network Block-
ing Probability versus offered load for the 4-node ring network with 50 channels per trunk

probability, see Fig. 4.4 (c), and the ineffective utilization keep increasing. Since effective

and ineffective utilizations compete on the same resource pool, an increase of ineffective

utilization leads to a reduction of effective utilization, see Fig. 4.4 (b), and thus lead-

s to goodput degradation as shown in Fig. 4.4 (a). We also observe from Fig. 4.4 that

the difference between OBS and its I-OCS benchmark are far wider in terms of goodput
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and effective utilization than they are in terms of blocking probability. Clearly, effective

utilization and goodput are important performance measures for OBS networks.

For the 4-node ring network, when we set the same capacity for each trunk, the same

offered load and the same number of path hops for each SD pair, then the traffic is the same

on each trunk and for each SD pair. This avoids unbalanced load and regional contentions.

This special case possesses the following two properties.

1. The network effective utilization is equal to the effective utilization of each individ-

ual trunk.

2. The goodput as a proportion of the maximum achievable goodput is equal to the

network effective utilization.

Property 1 is clear as the network effective utilization is the average of the individual

trunk effective utilizations which are all equal. To show Property 2, let C be the number

of channels per trunk, let ρ be the offered load [erlang] for each SD pair, and let b be the

overall blocking probability which in this case is also equal to the end-to-end blocking

probability for each SD pair. In this case, the goodput is 4(1− b)ρ and the maximum

achievable goodput is 4(1/2)C = 2C. The ratio between the two is 2(1− b)ρ/C which is

equal to a trunk effective utilization (because each trunk is shared equally among the two

SD pairs that use it), and by Property 1, it is equal to the network effective utilization.

The latter is illustrated by Fig. 4.4 (a) and (b), where the maximum achievable goodput is

2×50 = 100.

To demonstrate the effect of traffic parameters on effective utilization and goodput,

note that if we consider the 4-node topology with SD pairs: 1→2, 2→3, 3→4 and 4→1,

we obtain a trivial case, where each SD pair is 1-hop behaving like I-OCS, so no ineffective

utilization is created and the curves of OBS and I-OCS will overlap.
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4.3.2 Effective Utilization and Goodput in the 13-node 32-trunk

NSFNet

In the case of NSFNet, for the scenario where the end-to-end blocking probability is limited

to 0.001 for each SD pair, the network utilization behavior of OBS relative to I-OCS, as

shown in Fig. 4.5, is similar to the case of the 4-node ring topology except that the network

utilization in NSFNet is significantly lower for cases with many channels per trunk.
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Figure 4.5: Achievable utilization for OBS and I-OCS in the NSFNet with blocking prob-
ability per SD pair limited to 0.001

Unlike the 4-node ring case, where the shortest path routing strategy gives load balanc-

ing, using shortest path in NSFNet does not. Then as we stop increasing the offered load

when the blocking probability of any SD pair reaches 0.001, different blocking probabili-

ties for different SD pairs and different trunks are obtained causing the NSFNet to have low

utilization on some trunks while others may be highly loaded [169]. Other OBS routing

methods, e.g. deflection routing [159], may somewhat balance the load and improve per-

formance and efficiency with probability also have adverse effect due to the use of longer

routes. Note that again simulation results confirm the EFPA results up to 1000 channels

per trunk.
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Figure 4.6: (a) Network Goodput (b) Network Effective Utilization and (c) Network Block-
ing Probability versus offered load for the NSFNet with 50 channels per trunk

Interestingly, as shown in Fig. 4.6, although the unbalanced NSFNet also exhibits OBS

goodput degradation with increased load, it is more resilient to high traffic load than the

4-node ring topology. This surprising resiliency can be explained as follows. In NSFNet,

some routes are long and others are short (as short as 1-hop), and the long ones are dis-

advantaged under heavy traffic load conditions. As mentioned, 1-hop SD pairs behave

like I-OCS, so their blocking does not cause ineffective utilization. Then, under extremely

heavy traffic (recall that there are 50 channels per trunk so the offered load of 1000 erlangs

per SD pair is 20 times the trunk capacity) most of the successfully transmitted bursts are

of 1-hop SD pairs that guarantee a certain level of effective utilization and some of the

1-hop SD pairs still experience high goodput independent of the increased load.

Notice also that in NSFNet, while the effective utilization of I-OCS quickly reaches a

near unity level, the growth of I-OCS goodput is far slower. This is because the proportion

of the 1-hop traffic increases with the offered load, which increases goodput while the

network utilization remains near unity.
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4.4 Summary

In this chapter, effective and ineffective utilizations were shown to be key factors affect-

ing the performance and efficiency of OBS networks. The results show a level of OBS

efficiency which is almost equal to its I-OCS benchmark when the blocking probability is

low because of the low ineffective utilization, and also show a weakness of OBS leading to

goodput degradation way below its I-OCS benchmark under heavy traffic load conditions

because of the increasing of ineffective utilization. By considering a 4-node ring topology

with all possible SD pairs which have 2 hops along their route, we also demonstrated that

very high network utilization is achievable in OBS if the number of channels per trunk is

large, the blocking probability is kept low and the traffic is balanced. Understanding these

important effects, with particular attention to the adverse effects of ineffective utilization,

is important for improving the performance and efficiency of OBS networks.



Chapter 5

An Efficient Strategy for Contention

Resolution in OBS Networks

In this chapter, we propose some contention resolution strategies to reduce the ineffective

utilization in OBS networks under heavy traffic load conditions. One idea is to let the bursts

which have already used a lot of network resources have a higher probability to reach their

destinations. In LRHF scheme [60,117], higher priority is given to the bursts have fewer re-

maining hops. Then we combine LRHF scheme with segmentation (tail dropping) to make

our strategy totally distributed and to further reduce the packet blocking probability. We

use discrete event simulation instead of Markov chain simulation [60] to include the effect

of the offset time, and we rely on an Emulated-OBS architecture instead of JET to eliminate

phantom bursts. We call this combination of LRHF, tail segmentation and Emulated-OBS

as EBSL. Next, we compare the original OBS/JET (O-OBS), E-OBS, EBSL, a fairer ver-

sion of EBSL and a combination of EBSL with deflection routing (EBSL-D), and illustrate

by extensive simulation results the potential of EBSL to overcome the congestion collapse

problem of OBS.

We shall use the idealized version of OCS, designated I-OCS, as the benchmark for

OBS performance. In I-OCS, we ignore the lightpath setup time and the effect of the waste
93
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in utilization associated with a resource is being reserved until the first payload actually

arrives. This wastage in OCS can be significant especially for circuits with short holding

times, e.g., less than one round trip time. We also assume that I-OCS channels are fully

utilized. We consider I-OCS with alternative routing as a benchmark of EBSL-D under

light and medium traffic load conditions.

EBSL can reduce the ineffective utilization, thereby improving the performance and

efficiency of OBS networks. Since the adverse effect of ineffective utilization is most

pronounced during periods of high traffic load, our method is especially beneficial under

heavy load conditions. Heavy load periods are common [172] and any Internet protocol

should maintain efficiency during such periods. In EBSL, we allow the contending bursts

with higher priority to preempt the overlapped segments of an original burst with lower

priority, and the preempted segments are simply dumped. Then we consider the packet

blocking probability instead of burst blocking probability as the appropriate performance

measurement. Accordingly, when a burst is transmitted along its path, its priority increases

each time the burst starts its transmission on the next trunk. This means that on average,

bursts which have already used up significant network resources have lower probability to

be preempted and higher probability to reach their destinations. Such an approach increases

the effective utilization (decreases the ineffective utilization). Under a given offered load,

if the effective utilization is increased, goodput is also increased and the packet blocking

probability of the network is reduced.

Furthermore, to improve the fairness of EBSL, by limiting preemption of lower priority

bursts (according to the fewer remaining hops) to only bursts between SD pairs that orig-

inally required a number of hops smaller than the preempting burst. This fairer approach

aims to protect bursts that require long routes and we call it Fair EBSL (F-EBSL). Com-

paring F-EBSL and EBSL for a wide range of parameters gives us an appreciation of the

possibilities to trade off fairness and efficiency in OBS networks. We also study the perfor-

mance of EBSL-D in OBS networks with deflections and demonstrate for the cases studied
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that EBSL-D outperforms EBSL under light and medium traffic load and its performance

is not worse than that of EBSL under heavy traffic load.

The remainder of the chapter is organized as follows. The network model is introduced

in Section 5.1. In Section 5.2, the network model is discussed and the algorithm for the

EBSL, F-EBSL and EBSL-D are introduced. The algorithm to calculate the packet block-

ing probabilities, utilization, goodput and effective utilization are discussed in Section 5.3.

Numerical results are shown in Section 5.4. Finally, this chapter is summarized in section

5.5.

5.1 Network Models

Here, we use the same network models described in Section 3.1 again for a description

of OBS networks and we also consider its equivalent I-OCS benchmark. The difference

from Section 3.1 is that the length of each trunk in the network is known and the bursts

transmitted between SD pair m are assumed to be generated at source s according to a

Poisson process with parameter λm.

Let β be a set of directional SD pairs. Every SD pair m = {s,d} ∈ β, is defined by its

end-nodes. Here the source s represents the ingress node and destination d represents the

egress node. We ignore the effect of the burst assembly process and assume that bursts of

SD pair m = {s,d} are generated at source s according to a Poisson process with param-

eter λm and the bursts are fully filled with packets. Note that some of the burst assembly

schemes [32, 33] may send bursts that are only partially filled with packets or even send

empty bursts to the network. These bursts will cause ineffective utilization in the network.

We do not consider these inefficiencies here.

For OBS networks, please refer to Section 3.1. Here, we use Tm(b) instead of Tm to

represent the maximal number of available alternative path for the directional SD pair m,

we use D(b) instead of D to represent the maximum allowable number of deflections and
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we use Rm(b) instead of Rm to represent the maximum number of deflections for SD pair

m in OBS networks where

Rm(b) = min{Tm(b),D(b)}.

In I-OCS networks, for a directional SD pair m ∈ β, it is likely that there are multiple

routes that do not share a common trunk. Such routes are often called edge-disjoint paths

or disjoint paths [126–128]. Edge-disjoint alternative routing is often used to achieve load

balancing in optical and other networks [173, 174].

For each m ∈ β, we choose a least-hop route as the primary path U(m,0) for the direc-

tional SD pair m. If there are multiple least-hop routes, we randomly select one of them as

the primary path. Then considering a new topology where the trunks of the primary path

are excluded, the least-hop route in the new topology is chosen as the first alternative path

for this SD pair. Again, ties are randomly broken. Therefore, all the paths for the SD pair

m, including the primary path and several alternative paths, are edge-disjoint. The variable

Tm(c) is the maximal number of available alternative paths a directional SD pair m can

have based on the network topology in I-OCS.

Furthermore, a maximum allowable number D(c) of overflows is set for calls for each

directional SD pairs in β. Setting the limit D(c) as an upper bound on the number of

overflows implies that a call of the directional SD pair m, can only overflow Rm(c) times

in I-OCS networks, where

Rm(c) = min{Tm(c),D(c)}.

When a call arrives and there are free channels on all trunks along its primary path, the

call will be transmitted on its primary path. Otherwise it will be overflowed to its first

alternative path. The procedure then repeats itself. The call is blocked, dumped and cleared

from the network if all Rm(c) paths are attempted.



97

We set the 1-hop offset time in the OBS networks to 10 µs, and the mean burst/call dura-

tion time to 0.25 ms (2.5 Mb data burst at 10 Gb/s). Each packet size is 1250 Bytes/packet,

so on average there are 250 packets in a burst. The switching time between the burst con-

trol packet (BCP) and data burst is below µs in fast switching [175, 176], which is quite

small compared to the burst duration, so we ignore the switching time. We also ignore the

lightpath set up time in I-OCS networks.

Results presented in this chapter are equally applicable to networks with no wavelength

conversion which has f j, instead of f jw j, channels per trunk where the arrival rate for the

SD pair m is λm/w j.

A selected set of notations defined in this section are presented in Table 5.1.

Table 5.1: Table of selected notations

Notation Definition
N A set of nodes
E A set of trunks
β A set of SD pairs
λm Burst arrival rate of the SD pair m
C j Number of wavelength channels on trunk j
Tm(b) The maximal number of available alternative paths

of the directional SD pair m in OBS networks
Tm(c) The maximal number of available alternative paths

of the directional SD pair m in I-OCS networks
D(b) The maximum allowable number of deflections in

OBS networks
D(c) The maximum allowable number of overflows in

I-OCS networks
Rm(b) The maximum number of deflection on a burst

of the directional SD pair m in OBS networks
Rm(c) The maximum number of deflection on a burst

of the directional SD pair m in I-OCS networks
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5.2 EBSL, F-EBSL and EBSL-D

According to EBSL, each burst is given a different priority based on the number of re-

maining hops, and the bursts with fewer remaining hops will have higher priority. When

a burst travels along its path, its priority level increases by one level every hop. Thus, a

burst transmitted on its last hop has the highest priority–priority 0 (a lower priority number

designates a higher priority). Then a newly arriving burst with n-hop path has priority n

and when it accesses the first trunk, its priority increases to n−1.

When a burst arrives at a trunk, it will first try to find a free channel for its transmission.

If there is no free channel on that trunk, burst contention occurs. Fig. 5.1 illustrates the

two contention scenarios. If the new arrival burst Bc finds all the transmitted bursts on the

trunk has higher or equal priority, as shown in Fig. 5.1 (b), the entire burst is dumped

from the network. If the new burst finds one or more transmitting bursts on the trunk

with a lower priority, as shown in Fig. 5.1 (a), it will select the transmitting burst with

lowest priority (or randomly select one among the bursts with lowest priority) and preempt

the overlapped segment of that lowest priority burst. The preempt segment will be dumped

from the network. When such burst segmentation occurs, a reservation cancel packet (RCP)

is formed immediately and is transmitted to the downstream hops of the path on the control

channel to release the resource reserved for the dumped segment. Since burst segmentation

occurs without consideration of the IP packets positions within a burst, it almost always

creates an incomplete packet at the end of the segmented burst. When a segmented burst

reaches its destination, if its last packet is received incomplete, then this incomplete packet

will be dumped.

To protect bursts that require long routes, we introduce the fairer version of EBSL,

namely, F-EBSL. According to F-EBSL, when a burst arrives at a trunk where it cannot

find a free channel for its transmission, it can preempt a lower priority burst which is being

transmitted on that trunk, only if this lower priority burst originally required a path with an
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Figure 5.1: Selective dropping for two contending bursts in EBSL

equal or lower number of hops than itself. If all the transmitted bursts have higher or equal

priority, or they require larger total number of hops on their paths, the arriving burst will

be dumped. Otherwise, the arriving burst will select the lowest priority burst (or randomly

select one if there are more than one bursts have the same lowest priority) amongst the

bursts with lower priority that originally required an equal or lower number of hops and

preempt the overlapped segment of that burst (as shown in Fig. 5.2).
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Figure 5.2: Selective dropping for two contending bursts in F-EBSL

Under EBSL-D, segmentation always happens before deflection and once a burst or

a segmented part of a burst is deflected, its priority will be set to L+ 1, where L is the

total number of trunks in the network, and its priority will not increase when it completes

each one hop transmission. This guarantees that the deflected bursts always have the same
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lowest priority in the network, so they can be segmented and preempted by bursts traveling

on their primary paths but themselves can never preempt other bursts.

In EBSL-D OBS networks, when a burst arrives at a trunk j on its primary path, it will

first try to find a free channel for its transmission. If there is no free channel on trunk j,

burst contention occurs. If the burst find that all the transmitted bursts on the trunk have

higher or equal priority, the entire burst is deflected to the first overflow trunk j1 of trunk

j and the priority of the burst is set to priority L+ 1. If the first overflow trunk j1 is also

fully occupied, then the burst is deflected again to the second overflow trunk j2 of trunk j.

The deflection procedure repeats itself until the burst finds a free channel on the overflow

trunks. If no overflow trunk is available, or the maximum allowable number of deflections

is reached, the burst is dumped. If the burst finds one or more transmitting bursts on the

trunk that has a lower priority, it will select the transmitting burst with lowest priority (or

randomly select one among the bursts with lowest priority) and preempt the overlapped

segment of that lowest priority burst. The preempted segment is deflected to its overflow

trunk.

The overflowed bursts have the lowest priority in the network and primary bursts always

have higher priority than overflowed bursts. Therefore the overflowed bursts will not affect

the access of the primary bursts. This guarantees that there is no instability problem under

heavy traffic load.

5.3 Performance Evaluation

Given the complexity of EBSL, EBSL-F and D-EBSL, it is difficult to obtain analytical

results and we rely on discrete event simulations. Let packetBm and packetSm be the

number of blocked packets and the number of packets that reach their destinations for SD
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pair m, respectively. The packet blocking probability for each SD pair is then defined as

Bm =
packetBm

packetBm + packetSm
, (5.1)

and the packet blocking probability of the network is calculated as

B =
∑m∈β packetBm

∑m∈β packetBm +∑m∈β packetSm
. (5.2)

For every SD pair m ∈ β, let g(m) be the goodput for SD pair m. It is given by

g(m) =
λm

µm
× (1−Bm), (5.3)

where µm is the mean burst service rate for SD pair m.

The network goodput gn is the total goodput of all SD pairs and is given by

gn = ∑
m∈β

g(m). (5.4)

The arrival and departure times of each packet at each trunk are recorded. After the

network simulation is complete, the packets that successfully reach their destination and

the packets that are dumped before reaching their destination are identified. A separate

Poisson inspector, independent of the simulation events, is also used during the simulation.

At each inspection point, the number of busy channels and the number of busy channels

occupied by packets that successfully reach their destinations are counted for each trunk.

For trunk j ∈ E , we compute the probability q j(i) of i busy channels and the probability

p j(k) of k busy channels occupied by packets that successfully reach their destinations.

The utilization U j of trunk j is

U( j) =
1

C j

C j

∑
i=0

i×q j(i), (5.5)



102

and the effective utilization EU j of trunk j is

EU( j) =
1

C j

C j

∑
k=0

k× p j(k). (5.6)

The ineffective utilization IU( j) is obtained by

IU( j) =U( j)−EU( j). (5.7)

Then, network utilization Un, effective utilization EUn and ineffective utilization IUn are

obtained by Equations (4.12)-(4.14)

5.4 Numerical Results

In this section, simulation results were generated for a 6-node ring network and the 14-

node 21-link NSFNet. We use then to illustrate that our EBSL, F-EBSL and EBSL-D

strategies can significantly improve the goodput and effective utilization in OBS networks.

The topology of the 6-node ring network is shown in Fig. 5.3, where the arrows represent

unidirectional trunks with length 1000 km. The topology of the 14-node NSFNet is shown

in Fig. 5.4, where each line between two nodes represents two opposite unidirectional

trunks. The length of each trunk in Fig. 5.4 is given in units of km. The simulation results

are mainly under heavy traffic conditions where the original OBS is most vulnerable to

congestion collapse. Even if networks are over dimensioned, there are periods of times with

heavy traffic and congestion, and investigations on heavy traffic conditions are therefore

always important. Error bars for 95% confidence intervals based on Student’s t-distribution

are provided for all the simulation results although in many cases the intervals are too small

to be clearly visible. JET scheduling is used for all strategies.
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Figure 5.3: 6-node ring network topology

 

Figure 5.4: 14-node 21-link network topology

5.4.1 Performance of EBSL and F-EBSL in a 6-node Ring Network

We first consider the 6-node ring network with all possible 6 3-hop SD pairs. Here the

n-hop means that a burst from that SD pair has n trunks along its path between the source

node and destination node. Each trunk in the ring network has 50 channels and the burst

arrival rates to all SD pairs are identical. As there is only one path between any SD pair,

deflection routing is not enabled in this case. The results are shown in Fig. 5.5. JET

resource reservation scheme is used in O-OBS.

Firstly, comparing the performance of O-OBS and E-OBS, we observe that E-OBS

outperforms O-OBS as shown in Fig. 5.5, which is consistent with [51]. This is because

in O-OBS, the blocking probability of a transmitting burst increases when it is closer to its

destination, on the contrary, in E-OBS, the blocking probability of a burst keeps the same

on the trunks along its path. For detailed expectations, please see [52].

Comparing O-OBS and EBSL, we observe in (b) and (d), a reduction of the effec-

tive utilization and goodput collapse in the O-OBS networks; this is consistent with [177].

However, when we apply EBSL in the OBS network, the effective utilization is signifi-
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cantly improved as shown in Fig. 5.5 (d). This is because giving priority to bursts with

fewer remaining hops enables them to preempt the overlapping segments of other bursts

with lowest priority and to complete their transport successfully. In this way, the resources

they have used contributes to effective utilization. When we set the same capacity for each

trunk, the same arrival rate for each SD pair, the same length for each trunk, and consider

only 3-hop SD pairs, then the traffic is the same on each trunk and for each SD pair and all

the new arrival bursts have the same priority (priority level 3, lowest priority). Thus a new

arrival burst can either find a free channel to transmit or be dumped, and cannot preempt

any other bursts transmitted in the network, so that bursts have the highest blocking prob-

ability at their first hop. When the burst completes its journey on its first hop, its priority

increases, then on its second hop, the burst has a higher probability to find a channel (either

a free channel or a busy channel occupied by a lower priority burst) and lower probability

to be segmented and preempted by other higher priority bursts. Thus for a new burst it is

more difficult to access the network, but as long as it accesses the network, it has a high-

er probability to reach its destination. This increases the effective utilization and reduces

the ineffective utilization. Then as more resources are used effectively, the goodput of the

network also increases significantly as shown in Fig. 5.5 (c). With the same offered load,

if the goodput is increased, more packets are successfully transmitted, so that with EBSL,

the packet blocking probability is reduced as shown in (a). Reducing the number of lost

packets has also the additional benefit of less TCP retransmissions. In (b), we also observe

that the utilization in the OBS network with EBSL is slightly lower than that in the original

OBS network. Comparing to the I-OCS benchmark shown in Fig. 5.5, we observe that the

network blocking probability, goodput and effective utilization of E-OBS with EBSL are

almost the same to those of its I-OBS benchmark under the same traffic load.

Fig. 5.5 display the results for E-OBS with only segmentation (tail dropping) but no

LRHF. We observe that segmentation can improve the goodput and effective utilization of

the network, but it cannot totally eliminate the goodput collapse.
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Since the network and traffic matrix are all symmetric, and since there are only 3-hop

SD pairs in the network, all SD pairs are treated fairly and there are no unfairness issues to

discuss here. To illustrate unfairness and to examine the performance of F-EBSL, we next

consider 2 types of bursts: one type is called the 2-hop bursts requiring a 2-hop path and

the other with 3-hop bursts requiring 3-hop paths. All possible 6 2-hop SD pairs and all

possible 6 3-hop SD pairs have an offered load larger than 0.
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Figure 5.5: The packet blocking probability, utilization, goodput and effective utilization
in a 6-node ring network with only 3-hop path SD pairs for the I-OCS, O-OBS, E-OBS,
E-OBS with segmentation (E-OBS-S) and EBSL

In Fig. 5.6, we provide goodput results obtained by applying EBSL in such a network.

Each trunk in this ring network has 50 channels and the burst arrival rates to all SD pairs

are identical. We observe that the goodput of all the 2-hop bursts increases but the goodput
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Figure 5.6: (a) Goodput of all the 2-hop SD pairs and (b) Goodput of all the 3-hop SD pairs
in a 6-node ring network for O-OBS, E-OBS, EBSL and F-EBSL

of all the 3-hop bursts decreases when we apply the EBSL strategy. This is because in

EBSL, a newly arriving 2-hop burst has preemptive priority over a newly arriving 3-hop

burst, and the 2-hop burst maintains its priority over the 3-hop burst if both successfully

complete the same number of hops. Accordingly, EBSL discriminates against traffic that

requires more hops in favour of traffic that requires fewer hops.

Next we consider the fairer version of the EBSL strategy, namely F-EBSL, where we

never allow a burst to preempt the overlapped segments of a burst that originally required

more hops than the preempting burst. In the case of our 6-node ring network model, 2-

hop bursts can never preempt the overlapped segments of a 3-hop burst, but 2-hop bursts

with higher priority (on their second hop) can still preempt the overlapped segments of

2-hop bursts with lower priority (on their first hop). The goodput results of F-EBSL are

shown in Fig. 5.6; we observe that the goodput of both 3-hop SD pairs and 2-hop SD

pairs increases relative to O-OBS, but the goodput of F-EBSL is lower than that of EBSL

as shown in Fig. 5.7 (c). However, under F-EBSL, more 3-hop bursts successfully reach

their destinations and they use more network resources than the 2-hop bursts. Therefore

the effective utilization of F-EBSL is higher than that of EBSL as shown in Fig. 5.7 (d).

The results of I-OCS (as a benchmark) are also shown in Fig. 5.7. In Fig. 5.7 (c) and (d),
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Figure 5.7: The packet blocking probability, utilization, goodput, and effective utilization
in a 6-node ring network with all 2-hop and 3-hop paths SD pairs for O-OBS, E-OBS,
EBSL, F-EBSL and I-OCS

we observe that I-OCS has larger effective utilization then EBSL and F-EBSL under the

same traffic load, but its goodput is lower than that of EBSL. At first this may seem counter

intuitive, but a simple example shown in Fig. 5.8 explains the reason. Fig. 5.8 describes

a case where there are 4 nodes, 3 trunks and each trunk has 2 channels. Cases (a), (b) and

(c) show the bursts transmitted on each channel at three different times. In the three cases,

bursts AC (send from A to C), bursts AD, bursts CD and burst BD all successfully reach

their destinations, so in (a) and (b), the effective utilization is 100% and in (c), the effective

utilization is 66.7%. If burst AC, burst AD, burst CD and burst BD have the same traffic

load, then comparing (a) and (b), we observe that although the effective utilization is the

same in the two cases, the goodput of (a) is higher than (b), because in (a), burst AC needs

to travel 2 hops, burst BD needs 1 hop but burst AD needs 3 hops, then 2 burst AC and 2
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burst CD together use the same network resources as 2 burst AD; and comparing (b) and

(c), we observe that the goodput is the same in the two cases but the effective utilization in

(b) is higher than that in (c).
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Figure 5.8: An example of goodput and effective utilization in OBS network

5.4.2 Performance of EBSL, F-EBSL and EBSL-D in the NSFNet

The results for the NSFNet are shown in Fig. 5.9. We choose all the possible SD pairs,

and for each SD pair the path with least number of hops is selected. Each trunk in the

network has 50 channels and the burst arrival rate to each SD pair is the same. In E-OBS

with deflection routing strategy, the maximum number of deflections allowed is 3.

Firstly, in Fig. 5.9, we observe that for EBSL, the trends and behavior of the results

presented for NSFNet are consistent with the results obtained for the 6-node ring network -

both the goodput and the effective utilization are improved using EBSL relative to O-OBS

as shown in Fig. 5.9 (c) and (d) and the blocking probability is reduced as shown in (a).



109

0 50 100 150 200
0

0.2

0.4

0.6

0.8

1

offered load to each SD pair

pa
ck

et
 b

lo
ck

in
g 

pr
ob

ab
ili

ty

(a) Packet blocking probability

0 50 100 150 200
0

0.2

0.4

0.6

0.8

1

offered load to each SD pair

ut
ili

za
tio

n

(b) Utilization

 

 

E−OBS
EBSL−D
EBSL
I−OCS
O−OCS

0 50 100 150 200
0

500

1000

1500

2000

2500

offered load to each SD pair

go
od

pu
t

(c) Goodput

0 50 100 150 200
0

0.2

0.4

0.6

0.8

1

offered load to each SD pair

ef
fe

ct
iv

e 
ut

ili
za

tio
n

(d) Effective utilization

O−OBS
EBSL

EBSL−D

I−OCS

E−OBS

EBSL−D

EBSL
I−OCS

E−OBS

O−OBS

O−OBS

E−OBS

I−OCS

EBSL

EBSL−D

Figure 5.9: The packet blocking probability, utilization, goodput and effective utilization
in the NSFNet for O-OBS, E-OBS, EBSL and EBSL-D

One reason that in EBSL, effective utilization and goodput are improved is the same

as that in the 6-node ring network - bursts that have already used network resources have

higher priority and are more likely to reach their destinations. Another reason is that the

discrimination against bursts that require paths with more hops reduces the possibilities

of such bursts consuming much resources and then being dumped, and vise versa. Bursts

that require a small number of hops have higher priority which enable them to access and

complete their journey successfully. This is especially applicable in the NSFNet example

where path lengths have larger variability than in the 6-node network.

The results of the combination of EBSL and deflection routing (EBSL-D) is also shown

in Fig. 5.9 and Fig. 5.10. In Fig. 5.9, I-OCS without alternative routing is used as a

benchmark, and in Fig. 5.10, I-OCS with alternative routing is used as the benchmark
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Figure 5.10: The packet blocking probability, utilization, goodput and effective utilization
in the NSFNet for O-OBS, E-OBS, EBSL, EBSL-D and I-OCS with alternative routing
under light and medium traffic load

and the value of D(c) is 3. From these figures, we observe that EBSL-D significantly

reduces the network blocking probability, and its performance is better than EBSL under

light and medium traffic load as shown in Fig. 5.10. This is explained by a known affect

of deflection routing [159]. Under light and medium traffic load, the network is not fully

utilized (as shown in Fig. 5.10 (b)), EBSL-D allows to deflect the contending bursts or

the overlapped segments increases the network utilization, so that more packets can reach

their destination which leads to the increase of the goodput and the reduction of the network

packet blocking probability comparing to EBSL. The performance of EBSL-D is close to

that of EBSL under heavy traffic load as shown in Fig. 5.9 because when the network

utilization is close to 100%, it is difficult for the deflected bursts to find free channels on
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their overflow trunks, so that deflection helps little in this situation, and even if the deflected

bursts can find free channels, they are likely to be preempted by higher priority primary

path bursts.

In the case presented in Fig. 5.10, the utilization and effective utilization for the EBSL-

D strategy are lower than those for I-OCS with the alternative routing strategy under light

and medium traffic load. This is because in EBSL-D, the bursts with fewer initial hops,

which use fewer network resources, have a higher probability to successfully reach their

destinations than that they do in I-OCS with the alternative routing strategy.
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Figure 5.11: The packet blocking probability, utilization, goodput and effective utilization
in the NSFNet for O-OBS, E-OBS, EBSL and F-EBSL

The comparison of the performance of EBSL and F-EBSL in NSFNet is illustrated in

Fig. 5.11. The trends and behavior of the results presented for NSFNet are consistent with
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the results obtained for the 6-node ring network. Under F-EBSL, the goodput and blocking

probability are partly sacrificed to provide higher probability for the bursts requiring more

hops to successfully reach their destinations comparing to EBSL.

The comparison of the performance of EBSL, EBSL-D and E-OBS with deflection

routing and trunk reservation is shown in Fig. 5.12. We have used C = 50 in the networks

and the trunk reservation is T = 90%C = 45. The results show that the in E-OBS with

deflection routing and trunk reservation scheme, the effective utilization degrades when the

offered load to each SD pair increases under heavy traffic load conditions and the goodput

is much lower than that in EBSL and EBSL-D.

0 20 40 60 80 100 120
0

0.2

0.4

0.6

0.8

1

offered load to each SD pair

pa
ck

et
 b

lo
ck

in
g 

pr
ob

ab
ili

ty

(a) Packet blocking probability

0 20 40 60 80 100 120
0

0.2

0.4

0.6

0.8

1

offered load to each SD pair

ut
ili

za
tio

n

(b) Utilization

 

 

E−OBS−D
EBSL−D
EBSL

0 20 40 60 80 100 120
0

500

1000

1500

2000

2500

offered load to each SD pair

go
od

pu
t

(c) Goodput

0 20 40 60 80 100 120
0

0.2

0.4

0.6

0.8

1

offered load to each SD pair

ef
fe

ct
iv

e 
ut

ili
za

tio
n

(d) Effective utilization

EBSL

EBSL
EBSL−D

EBSL

EBSL−D

E−OBS−D

E−OBS−D

E−OBS−D

EBSL−D
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in the NSFNet for E-OBS with deflection routing and trunk reservation (E-OBS-D), EBSL
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5.4.3 Performance of EBSL under non-Poisson arrival processes
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Figure 5.13: The packet blocking probability, utilization, goodput and effective utilization
a 6-node ring network with only 3-hop path SD pairs and deterministic arrival process for
O-OBS and EBSL

We also test the performance of EBSL under non-Poisson arrival processes in a 6-node

ring network with only 3-hop path SD pairs.

The first case we test involves a deterministic arrival process (fixed inter-arrival times)

which has lower variance than the Poisson process. The results are shown in Fig. 5.13.

From the figure, we observe that for EBSL, the trends and behavior of the results under

the deterministic arrival process are consistent with the results under the Poisson arrival

process - both the goodput and the effective utilization are improved using EBSL relative

to O-OBS as shown in Fig. 5.13 (c) and (d) and the blocking probability is reduced as

shown in (a).
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Figure 5.14: The packet blocking probability, utilization, goodput and effective utilization
in a 6-node ring network with only 3-hop path SD pairs and MMPP arrival process for
O-OBS and EBSL

The second case we test involves a Markov Modulated Poisson Process (MMPP) [178]

which can capture bursty traffic statistics better than the Poisson process. For each SD

pair, we use the simplest MMPP of order 2, MMPP(2) [179], which alternate between two

Poisson processes with rates λ1 and λ2. The arrival rate is determined by the state of a

continuous-time Markov chain with the infinitesimal generator

Q =

 −δ1 δ1

δ2 −δ2

 . (5.8)

We set δ1 = δ2 = 0.001 second, so the probability of the arrival mode being in state 1 is

P(m = 1) = δ2/(δ1 +δ2) = 0.5 and in state 2 is P(m = 2) = δ1/(δ1 +δ2) = 0.5. Thus the
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averaged burst arrival rate for each SD pair in the network is

λave = P(m = 1)λ1 +P(m = 2)λ2 = (λ1 +λ2)/2.

We set λ1 = 0.8λave and λ2 = 1.2λave. The results for the second case are shown in

Fig.5.14. From the figure we observe that EBSL again works well under MMPP(2) arrival

process, the trends and behavior of the results shown in Fig.5.14 are consistent with the

results under the Poisson arrival process. From these tests, we observe that the behaviour

of the performance of OBSL as demonstrated for a Poisson arrival process, is applicable

also in some situations where the arrival process is different from Poisson.

5.5 Summary

In this chapter, we have introduced the EBSL strategy, which is a combination of segmen-

tation, LRHF and E-OBS, for OBS networks. Numerical results in both a 6-node ring

network and the 14-node NSFNet illustrate that EBSL can significantly reduce the inef-

fective utilization, eliminate the collapse of goodput and effective utilization and hence

improve QoS under heavy traffic load conditions. Although most of the performance test-

s were based on Posson arrival process, we have demonstrated that the benefit of EBSL

is applicable also in some situations where the arrival process is different from Poisson.

Furthermore, the performance of EBSL is compared with segmentation (tail dropping) and

deflection routing with trunk reservation based on E-OBS wavelength reservation scheme

under heavy traffic load and the results show that the performance of EBSL is way better

than that of segmentation with tail dropping and deflection routing with trunk reserva-

tion. We have also introduced the F-EBSL strategy which partly sacrifices performance to

provide higher probability for the bursts that require more hops to successfully reach their

destinations and the performance of F-EBSL is not worse than that of its I-OCS benchmark
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both in the ring network. In addition, we have also demonstrated that EBSL-D has achieved

a better performance than EBSL under light and medium traffic load, and a performance

similar to EBSL under heavy traffic load.

It is possible to achieve some further improvement by using some of the contention res-

olution strategies introduced in Section 1.3.4. However, as we have demonstrated in Sec-

tion 5.4, EBSL, and EBSL-D have already achieved performance which is close to or even

better than the I-OCS under heavy traffic load, so we expect further significant improve-

ments to be difficult to achieve. One possibility would be to combine EBSL, EBSL-D with,

for example, reflection routing or retransmission to further reduce the blocking probability

and improve goodput under light and medium traffic load conditions, but such approaches

will increase end-to-end packet delay, a factor which needs to be carefully considered.



Chapter 6

Conclusion

6.1 Concluding Remarks

We have studied the properties of OPCA in OBS networks with deflection routing and pre-

sented the upper and lower bounds of the blocking probability obtained by OPCA. We have

divided the trunks into direct trunks and loop-based trunks and proved that the bounds of

blocking probability for direct trunks can be calculated directly and the bounds of blocking

probability for loop-based trunks draw near each with increased number of iterations in

each layer of OPCA. Then we prove that the upper and lower bounds of network blocking

probability consistently become closer to each other by increasing the number of iterations

on any layer that has loop-based trunks, and the numerical results demonstrated that after a

small number of steps, a satisfactory network blocking probability result can be obtained.

The speed of the bounds moving closer decreases when we increase the offered load or the

maximum allowable number of deflections, or decrease the number of channels per trunk.

In the case with trunk reservation, we have reported that the bounds obtained by iterations

of OPCA also become closer to each other, though the proof is still an open problem.

Next, we have discussed the network utilization and throughput, and illustrated that ef-

fective and ineffective utilizations are key factors affecting the performance and efficiency
117
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of OBS networks. When the blocking probability is low, OBS efficiency is almost equal to

its I-OCS benchmark since the ineffective utilization is very low in the network and almost

all utilization is effective utilization. However, when the blocking probability is high, we

observe goodput degradation way below its I-OCS benchmark because of the high inef-

fective utilization. By considering a 4-node ring topology, we have also demonstrated that

very high network utilization is achievable in OBS when the traffic is balanced, blocking

probability is kept low and the number of channels per trunk is large.

Finally, we have introduced the EBSL strategy for OBS networks as a contention res-

olution strategy that can significantly reduce the ineffective utilization, eliminate the col-

lapse of goodput and effective utilization, and improve QoS. We have also considered the

fairness issue in networks with both long and short routes, and introduced the F-EBSL

strategy which partly sacrifices performance to provide higher probability for the bursts

that require more hops to successfully reach their destinations. We demonstrated that the

EBSL-D strategy has achieved a better performance than EBSL under light and medium

traffic load and a similar performance to EBSL under heavy traffic load. We then com-

pared EBSL with deflection routing and segmentation and show that our strategy works

much better than pure deflection routing with trunk reservation or pure segmentation (tail

dropping) methods under heavy traffic load conditions. At last, we discussed further pos-

sible improvements to EBSL.

6.2 Future Research

OPCA assumes that server groups are mutually independent, whereas they are in fact sta-

tistically dependent because a large number of busy servers in a server group may indicate

a heavy traffic period to other server groups. How to capture the trunk dependence is still

an open problem. In addition, OPCA works badly if we limit the maximum allowable de-

flection time to a relatively small number, for example, in a 6-node fully meshed network,
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each burst is able to deflect 4 times, but if we allow a burst to deflect no more than 1 time,

then the performance of OPCA is not very good comparing to EFPA as shown in Fig. 6.1.

We will continue working on the algorithm of OPCA to overcome these problems.
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Figure 6.1: Comparing of OPCA, EFPA and simulation results in a 6-node fully meshed
networks with maximum allowable deflection time is set to 1

As we state in Chapter 3, a proof for the bounds to the blocking probability obtained

by OPCA in OBS networks with deflection routing and trunk reservation is still an open

problem. We will keep working on it.
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