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Abstract

This thesis investigates a novel scheme of Flexible Bandwidth Provision (FBP) in a
three-stage packet switch. The proposed switch architecture is a hybrid
optics/electronics Clos-like switch. The electronics domain is used as a memory
technology, and the photonics domain is used as a communication technology. The
architecture and method are suitable for the relatively slow reconfiguration of current
transparent photonic switch technology. The advantage of including both optics and
electronics implementation is that packets do not contend over resources, such as shared
buses, that are not fundamental to a packet switch. The FBP algorithm is used to change
the configuration of the optical centre stage to provide the bandwidth required by the
incoming traffic. The switching performance generally constrains by either the data rate

or the total port number of the switch.

This thesis will then examine the mapping of FBP onto an Agile All-Photonic Network
(AAPN). AAPN proposes an overlaid-star topology with edge-nodes interconnected by
the beams of the stars via the core switches located at the hub of each star. The Adaptive
Wavelength-Timeslot Allocation (AWTA) algorithm is introduced for the network to
adapt the configuration of a core node to meet the demands of changing traffic patterns.
If the algorithm is used over more than one core node, it may also provide an option to
the edge nodes to choose distinct routes with different propagation delays, which can
relieve the routing of delay-critical traffic. The results show that the queuing delay
performance is directly proportional to the time between configurations of the core node

and the links propagation delays.
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1 Introduction

This thesis investigates a novel scheme of Flexible Bandwidth Provision (FBP) in a
three-stage packet switch, which was introduced by Trevor. J. Hall and Sofia A. Paredes
in Dr Paredes’s PhD thesis, Flexible Bandwidth Provision and Scheduling in a Packet
Switch with an Optical Core [1] as well as in [2].

Increasing network traffic keeps setting new, higher demands on networks. The traffic
amount doubles every few months [3]. Implementing an optical network in core
domains has the potential to solve the problem of the Internet’s quick growth. However,
there are still quite a few unsolved problems in optical networks. As traffic continues to
increase, four important key factors require continuous improvement in order for the
Internet to continue to provide good service. The four factors are link speeds, router data
throughput, packet forwarding rates, and quick adaptation to routing changes [3]. The
recent development of optical fiber technology improves the link speed dramatically.
However, except for the first factor, the link speed; the last three factors are all related to
the router performance, which indicates that router operation is the key for successful
and rapid transmission of dense traffic network in order to increase the data rate. A
router is responsible for forwarding the received data packets to the appropriate output
links. A typical forwarding process includes header recognition, longest prefix matching
(for IP networks), matching with the correct output links and header update. It is
essential to improve the router performance in order to keep up with the speed of optical

fiber technology.

In the current network environment, packet switches are implemented mostly
electronically. Researchers have proposed many schemes to deploy optics in them.
Building on research on Spatial Light Modulator (SLM) based optical switches [4][5]{6];
the viability of an optoelectronic Clos-like packet switch architecture [7] was
demonstrated by the POETS project [8]. Many architectures in the prior art map neatly
onto this structure; including the knock-out switch [9], the generalized knockout switch

[10], the combined input-output queued switch [11], the Birkhoff-von Neumann switch



[12], the load balanced Birkhoff-von Neumann Switch [13][14], and the Parallel Packet
Switch [15]. The various different architectures differ in the detail of their control
strategies and the stages of the Clos circuit switch architecture that is buffered. The
POETS demonstrator was constrained to packets in bit-parallel format because of the use
of Ferroelectric Liquid Crystal over Silicon VLSI technology (FELC/VLSI). Switching
packets in bit serial format that is enabled by VCSEL technology was studied in the
VIVALDI project [16] and by others [17].

The proposed switch architecture is a hybrid optics/electronics Clos-like switch that
includes both the electronics and photonics domains. The electronics domain is used as a
memory technology and the photonics domain is used as a communication technology.
The architecture and method are suitable for the relatively slow reconfiguration of
current transparent photonic switch technology. The advantage of including both optics
and electronics implementation is that packets do not contend over resources such as
shared buses that are not fundamental to a packet switch. However, the drawback is the

cost of repeated optic-to-electronic and electronic-to-optic conversions.

Contention is a fundamental problem in the packet switches that reside in the core
routers of a network. Contention occurs when two packets headed to the same egress port
arrive at a router at the same time. The common approach to solve contention is the use
of a suitable queuing scheme to buffer packets and a scheduling algorithm to avoid
collision. Due to the fact that there is no piratical photonic memory with current
technology, the proposed scheme uses electronics for the buffering of packets. The low
cost of electronic memory devices also offers an advantage in selecting electronic
buffering; however, the resulting number of optoelectronic interfaces is a significant

factor in the cost.

The first stage includes / centralized shared memory packet switch modules that switch
and buffer packets between n ingress ports and m egress ports. The buffers in the input
sectors are organized as Virtual Output Sector Queues (VOSQ); i.e., there is one queue

for packets destined to each output sector. The centre stage interconnects the first and



third stage and it consists of m crossbar switches of dimension /x/with no buffering.
The third stage includes / centralized shared memory packet switch modules that switch
and buffer packets between m ingress ports and » egress ports. The buffers in the output
sector are organized as Output Queues (OQ), i.e. one queue for packets destined to each
output port. The configuration of the photonic centre stage is found by solving an edge-
colouring problem on a bipartite graph which is defined by the incoming traffic. The
calculation and reconfiguration only need to be performed if the statistical pattern of the
arriving traffic changes. Since a per-timeslot scheduler is not warranted because
reconfiguration is only needed to adapt to the slower variations in arrival statistics, a

major bottleneck is removed.

The FBP algorithm is used to change the configuration of the optical centre stage to
provide the bandwidth required by the incoming traffic. The process ensures that all
queues are serviced at a sufficient rate to keep queue lengths finite under the bursty
nature of aggregated traffic [18]. The basic principle of FBP algorithm is to bind
together several lower rate links to form higher rate logical links and optimize the data

transfer. The FBP algorithm improves the switch performance dramatically.

Along the way in researching with the FBP switch, it became apparent that a distributed
version of the FBP switch architecture can map into an optical star network. The first
and third stages together become an edge node and the centre stage becomes the core
node. The new network is a star network which is the fundamental network architecture
of the Agile All-Photonic Network (AAPN) proposal [19]. Since the FBP internal
switch interconnections are optical links, it is feasible to attempt such mapping, with the
main considerations being the effect of propagation delays, which were negligible in the

FBP context.

AAPN proposes an overlaid-star topology with edge-nodes interconnected by the beams
of the stars via core switches located at the hub of each star. The beams usually consist
of two or more fibers that transport wavelength division multiplexed (WDM) traffic

between edge-nodes and the bandwidth of each wavelength is shared in time by



assigning varying numbers of timeslots to each flow of data. The core switches operate
on a slotted mode to forward incoming traffic. It must be possible to create and destroy

paths sufficiently rapidly that they endure for only microseconds.

The Adaptive Wavelength-Timeslot Allocation (AWTA) algorithm is introduced for the
AAPN network to adapt the configuration of a core node to meet the demands of
changing traffic patterns. If the method is used over more than one core node, it may
also provide an option to the edge nodes to choose distinct routes with different
propagation delays, which can relieve the routing of delay-critical traffic. In this work,

however, only the case of a single core node was studied.

This thesis is structured in the following manner. Chapter 2 presents some basic packet
switch architecture concepts, optical network transmission, and a few definitions used in
the thesis. Chapter 3 describes the architecture of the three-stage packet switch and
elucidates on the concept of Flexible Bandwidth Provision method. It also discusses the
implementation of the switch architecture model in OPNET Modeler and shows the
performance results in steady state obtained from the simulations. The last part of this
chapter describes the motivation to investigate the FBP switch under standard IP network
traffic. Chapter 4 describes the concept of the Agile All-Photonic Networks and the
Adaptive Wavelength-Timeslot Allocation algorithm. It illustrates the mapping from the
FBP switch onto AAPN and discusses the implementation of this network model in
OPNET Modeler. The performance analysis obtained from the simulations is presented
at the end of the chapter. Chapter 5 draws conclusions and describes remarks about the
FBP and AWTA architectures and methods. A short discussion regarding the future

improvement of the simulation models is included.

The following is a list of the main contributions presented in this thesis:

® The implementation of the FBP switch model in OPNET Modeler, which

provides a test bed suitable for further testing and research on the subject.



The validation of the performance analysis obtained with the previous
implementation of the FBP architecture in the C++ language.

The implementation of an AAPN single star network topology in OPNET
Modeler, also suitable for further testing and research on the subject.

The development of the Adaptive Wavelength-Timeslot Allocation (AWTA)
algorithm, which corresponds to a distributed version of the FBP algorithm with
the main consideration of the effect of propagation delays, which were negligible
in the FBP context.

The implementation of the AWTA algorithm and evaluation of its performance

by simulation.



2 Background

This chapter presents some basic network concepts, a brief background of packet switch
architectures, optical network transmission and a few definitions related to packet

switching used in the thesis.

2.1 Switch Architectures

Packet switches transfer the packets to their local destination ports, pre-determined by
the routing protocols. Contention is a fundamental problem in the packet switches. It
occurs when more than one packet headed to the same egress port arrive at a switch at
the same time. The common approach to solve contention is the use of a suitable
queuing scheme to buffer packets and a scheduling algorithm to avoid collision.
Scheduling is the method used to choose which packet to send during each timeslot if

there is more than one packet contending for the same output.
Crossbar Switch

Figure 1 shows the basic crossbar circuit. Input ports can directly set up physical
connections to different output ports. Input ports can only connect to one output at one

time.
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Figure 1 A 4x4 crossbar switch

Output Queued Switch

Figure 2 shows the architecture of an output queued (OQ) switch containing 4 inputs, 4
outputs and 4 output queues. An output queued switch is similar to the crossbar circuit

except the output queued switch has buffers for each output ports.
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Figure 2 Output queued switch



Virtual Output Queuing

Figure 3 shows the architecture of virtual output queuing (VOQ) switch with N inputs
and N outputs. Each input maintains N queues for each output in VOQ switch. Qpq I8

the queue for packets transmitting from input port p to output port , 0<p<N-1and

0<gs<N-1.

0 —-—PO —» 0
_ . Qo, N1 . :  outputs
mputs i : :
N-1 _"O —> N-1
QN-],N-[

Figure 3 Virtual output queuing. Q4 is the queue for packets going from input p to output q

Shared memory switch

A basic component of packet switch architecture is the common memory switch, also

referred as centralized shared memory switch.
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Figure 4 Output Queued Switch implemented with a Common Memory Switch

When a common memory is used as a packet switch, packets must remain in the switch
whilst waiting for departure. If there are more incoming packets than the common
memory switch can store, those new packets will be discarded. This issue can be solved
by increasing the storage to surround larger buffers since the memory in the switch is
common. Therefore, the dynamic queues can be effective to reduce packet loss

probability and the minimum total size of memory required.
Clos Network
A Clos network as shown in Figure 5 is strictly non-blocking if a connection can be

made between any pair of ports without having to disturb an existing connection. A Clos

network needs to have m > 2n—1 in order to meet this strictly non-blocking requirement.
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2.2 Optical Network

Although many people believe and expect Optical Networks to be the base of
infrastructure for the next generation of data network, there are still many issues that
need to be solved. Existing networks have widely adopted the Synchronous Optical
Network (SONET), which is the American National Standards Institute standard,
Synchronous Digital Hierarchy (SDH), which is the International equivalent of SONET,
Wavelength Division Multiplexing (WDM), and DWDM for physical layer transmitting
schemes. The Optical Network, however, is still not mature enough to implement
Internet traffic straight over the optical network. The main function for current Optical
Networks is transmitting signals in bits. It does not perform functions such as buffering,

routing, and protecting in the optical domain.

Several components of Optical Network such as Wavelength Converters (WC), Optical
Cross-connect (OXC), and Optical Add Drop Multiplexer (OADM) have made the most
significant progress so far in the maturation process. Although most of these products
are still far from its theoretical requirements, these components have been developed for

longer periods of time.
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On the other hand, other components of the Optical Network, such as an Optical Router
and an Optical Buffer are still far from completion. In fact, only lab demonstrations have
been revealed, and no commercial products are available yet. The problems in Network
Layer are even worse. Many proposed schemes such as control plane and routing are
trying to improve network utilization. However, most schemes have only software

simulations for demonstrations.

There are three main schemes for transmitting data through a network. The first method
uses Connectionless Packet Switching, for example, IP. The second method uses
connection oriented packet switching, such as MPLS and ATM, and the third method is
circuit switching, such as Wavelength Multiplexing [20]. In wavelength routed networks,
the direct wavelength path can be established by introducing optical cross connect
switches at each node. Currently, the main problem with optical networks 1s not
bandwidth or the speed of the optical fiber. The problem is with the routing techniques
because it is still impossible to achieve optical header recognition. At the router, it can
only read the header in the optical domain and process it in the electrical domain, and
then bring it back to the optical domain. This process is called Optical-Electrical-Optical
conversion (O/E/O).

A classic approach for IP over Optical Network involves four layers, with each layer
having a different scope. The IP layer is responsible for carrying applications and
services, the ATM layer is responsible for traffic engineering function, SONET/SDH is
responsible for transporting data, and DWDM is responsible for capacity. When a
typical package sends from one host to another host, it first needs to transfer data into the
IP package, then transfer into an ATM Cell, then transfer into the SONET frame, and
lastly transfer into the DWDM fiber, as shown in Figure 6.

11
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Multilayer architectures typically suffer from their many layers. When an additional
layer exists in the architecture, more headers need to be added into the package, which
causes more overhead and less bandwidth utilization. Each layer needs its own control
plane to supervise the layer, and additional layers mean that extra control planes need to
be implemented, controlled, and updated. Each layer must have its own topology and
communicate with its neighbor layers, requiring more equipment and increasing
operation costs. One layer less in the architecture implies less communication between
layers. As the evolution of Photonic network continues, architects will try to bypass all

unnecessary layers.

2.3 Internet Traffic

A non-stationarity stochastic process is one in which the probability characteristics of the

process vary as a function of time.

A traffic matrix is commonly defined as a N x N matrix [21] that characterizes the traffic
load between input and output ports. A port is oversubscribed when the expected rate of
packets transmitted for that port exceeds the port capacity. A traffic matrix is defined to

be admissible in both the input and output ports are not oversubscribed.
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If traffic followed a Poisson or Markovian arrival process, it would have a characteristic
burst length. However; it would be smoothed when averaged over a long period of time.
Bursty traffic, which has been identified as being self-similar, has no characteristic burst

length no matter what scale it is viewed. The traffic is always bursty in all time scales

[22].
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3 Flexible Bandwidth Provision Switch Architecture

This chapter introduces and describes the packet switch architecture with Flexible
Bandwidth Provision. The three-stage packet switch architecture is described, which
consists of a reconfigurable optical interconnection as a central stage, surrounded by two
electronic buffering stages. The proposed switch architecture is a hybrid
optics/electronics Clos-like switch which includes both the electronics and photonics
domains. The electronics domain is used as a memory technology and photonics domain
is used as a communication technology and the modular architecture accommodates the
relatively slow reconfiguration of current transparent photonic switch technology. The
Flexible Bandwidth Provision algorithm is used to change the configuration of the
optical centre stage to allocate the requested/desired bandwidth according to the
incoming traffic. The configuration of the photonic centre stage is found by solving an
edge-coloring problem on a bipartite graph which is defined by the traffic. This chapter
also discusses the implementation of the switch architecture model in OPNET and shows

the performance results in steady state obtained from the simulations.

3.1 Switch Architecture

Since IP packets have variable sizes, it is a normal practice for a switch to segment the
variable length packets into convenient fixed size cells. A cell usually refers to a fixed
length packet. These new converted cells, in the same way as IP packets, contain a local
header and a data payload. The local header reveals the destination port address and the
data payload originates from the segmentation of the original IP packet header. The

terms cell and packet will be used interchangeably in the remainder of this work.
It is assumed that the core switch of a router operates in a time slotted basis. The

duration of the timeslot is equal to the duration of a cell and those cells on different ports

are temporally aligned.
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The three-stage switch architecture is shown in Figure 7. It is a simplified diagram with
a small number of inputs/outputs ports. The first and third stages are implemented in
electronic technology and the second stage is implemented in photonic technology. The
first stage encloses / centralized shared memory packet switch modules, also referred to
as input sectors. An input sector contains buffers between n ingress ports and m egress
ports as shown in Figure 7. The center stage, consists of m crossbar switches of
dimension /x/ with no buffers that interconnect the input sectors and outputs sectors.
The third stage encloses / centralized shared memory packet switch modules, also
referred to as output sectors. An output sector switch contains »n buffers between m

ingress ports and 7 egress ports as shows in Figure 7.

Overall, the switch has N =nx/ external ingress and egress ports. An assumption 1s
made that all links only transfer one packet per timeslot for the FBP switch. Based on
this assumption, the ratio of the internal capacity to the external capacity, also referred to

as speed-up is equal to the spatial speed-up k = min.
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Figure 7 Three-stage packet switch with optical core for n=6, I=4, N=ni=24, m=8, k=1.333
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The input sectors could use first-in first-out (FIFO) virtual output queues (VOQ) for
packet buffering. The VOQ represents one queue for each output port at each input port.
In this work, Virtual Output Sector Queues (VOSQ) are used instead, which correspond
to one queue for each output sector within each input sector. Figure 8 shows the internal
logical structure of an input sector implemented as a centralized shared memory switch.
This diagram corresponds to input sector a of Figure 7. The dual port random access
memory is organized as a set of FIFO virtual output sector queues Qi,j. The write bus is
time divided between de-serialisers (one per input) that together act as the multiplexer
shown at the input. The read bus is time divided between serialisers (one per output) that

together act as the demultiplexer shown at the output.
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Figure 8 Input sector 0, a,, for the switch in Figure 7. N=24, n=6, 1=4, m=8. Q,; is the VOSQ for

traffic going from input sector i to output sector je

The output sector contains straight output queues (0OQ), which correspond to one queue
within an output sector for each of its output ports. Figure 9 shows the internal logical
structure of an output sector implemented as a centralized shared memory switch. This
diagram corresponds to output sector b, of Figure 7. All queues Qg are FIFO output

queues

16



____________________________________________

i —»H
gé_:lJ / Qis /"'9-
2 T =iy e
g—)—'r Qua ; g

; —> >
g X x| s |x w«[ %
a =TT L > =
'é > Qs E

I: Q17 E

> - iis

Figure 9 Output sector 2 for the switch in Figure 7. N=24, n=6, I=4, m=8. Qq is the dedicated queue
for traffic going to output q, 0<g <N -1

The use of VOSQs (as opposed to VOQs) reduces the number of queues that must be
managed from N2, as in many widely used architectures, to [* + N and makes the inter-
sector scheduling policy less complicated. There are overall kN physical paths available
in the central stage, which are shared among all the queues. The inter-sector scheduling
policy will resolve the issue of which packets will depart amongst those at the head of

queues in the input sectors.

FBP functionality can be achieved by varying the number of inter-sector links between
the input/output sector pairs by appropriate configuration of the central stage crossbars.
The total number of links incident to each sector is . The configuration of pathways is
determined by an edge-coloring problem solved on a bipartite graph that is defined by an
inter-sector service rate matrix that may be derived from rate requests or estimated traffic

arrivals.

3.2 Flexible Bandwidth Provision

Flexible Bandwidth Provision refers to the redistribution of the number of links internal

to the switch, which are bundled together to form higher or lower capacity logical
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connections between different end points. The redistribution in this work will occur at

various points in time according to a set of rules and goals.

It is essential to have the ability to set up and remove link connections to achieve FBP
functionality in a switch. The FBP switches therefore have the capability to manage the
existing links and reconfigure their distribution to meet the incoming traffic demand. It
involves three steps to reconfigure the FBP switch. First, an estimated fraffic matrix is
used to represent the incoming traffic. Then, a service rate matrix is used to represent
the new link connections and, finally, use a decompose technique to find the components

of the service matrix and obtain the appropriate crossbar switches configurations.

3.2.1 Estimated Traffic Matrix

The traffic matrix A= [4, ], of sizelx! represents the bandwidth requirement between

input and output sectors. The traffic matrix is defined for sectors and not for
incoming/outgoing links as in other works in packet switching. The row i has a value
between 0<i</—1 and corresponds to the input sectors. The column j has a value

between 0 < j</—1 and corresponds to the output sectors. The elements 4, correspond

to the number of packets to be transported from input sector i to output sector ;.

It is not possible to know the precise real time traffic matrix. Consequently, an estimated
traffic matrix can be calculated and used as an input to the scheduler/controller of the
switch. The estimation is made with a simple running average calculated after every
inter-configuration period, T timeslots, using an adaptation speed variable, o, that
determines how quickly the estimated matrix will reflect the new patterns of traffic

arriving:

A, <o, +(1-0)A, (1
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where A. is Estimated Traffic Matrix and A. is the current offered load which is an
integer matrix in number of packets that arrived at input sector i and destined for output

sector j since the last configuration of the switch.
Below is an example of Ae for /=4, n=4, m=8, 0=0.9 and = 20:

10836 09  8.8128 32.859
115309 28091 873 126
© 7112249 28719 54.856 10.44

30.51 0.2808 12.682 126

The estimated traffic matrix indicates that the input and output sector pair that requires
the most bandwidth is i= 2 and j=2 which has 54.856 packets. The input and output

sector pair that requires the less bandwidth is input sector 3 and output sector 1.

3.2.2 Service Rate Matrix

The inter-sector service rate matrix, S, represents the actual bandwidth measured in link
connections between the input and output sector pairs. All elements in the service matrix
are integer numbers which represent the number of interconnection links between each

input/output sector pair.

The links assigned by the service matrix must cotrespond to the estimated traffic matrix,
A, as proportionally as possible. Both rows and columns summations of the service
matrix, must be equal to the number of available incident links m, which is the number of

crossbar switches in the central stage:
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In order to obtain the service matrix S, the first step is to normalize A, by the largest sum
over rows and columns to form a sub-stochastic matrix A.. Therefore, all the sums over
rows and columns will be equal or less than one. In the sample estimate traffic matrix,

A, the maximum sum over rows and columns is 85.082 which is column 2, so:

12736 01057 .10358 .38621
— A, _|01799 33017 .10260 .14809
T85.082 |.01439 .03375 .64474 .12270
35859 .00330 .14906 .14809

A minimum service matrix can be constructed from the suitably re-scaled version of A
s =|(m-nA. J+1 @)

where 1 is a matrix of size Ix! with all elements equal to one. This matrix corresponds
to a set of permanent interconnection links that will provide minimum connectivity
between each input and output sector pairs and prevent queues from ever being starved.

If starvation of queues is not a concern, then Smin can be calculated simply as:
5. =|mh] 3)

For the sample A, shown, the minimal service matrix calculated with equation (2) will be:

min

N == = =
— e DN =
_— ) =
—_ - = N

An iterative rate-filling algorithm is implemented to distribute the remaining

interconnection links. It starts with S = S, , the Excess Matrix, X, is defined as:
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X:S—lAE “4)
T

where 1 is the inter-configuration period and the term 1 A, corresponds to the average
T

number of packets to be transported every timeslot between sector pairs.

The excess matrix X represents the difference between the current service matrix and the
traffic demand. The rate-filling algorithm finds the smallest element in X and provides
an additional interconnection at corresponding position in service matrix, S. The
algorithm updates the excess matrix X every time an additional link has been assigned to
the service matrix. It also ensures that the associated row sum or column sum does not
exceed the maximum number of crossbars m. The rate-filling algorithm stops updating S
when every row and column sum of S is equal to m. At this moment, all available
interconnection links have already been assigned. For the example being presented, the

initial excess matrix will be:

45815 95500 .55936 .35700
X 92345 59541 .56350 .37000
93875 85640 .25716 .47800
47450 98596 .36586 .37000

Since the minimum amount in X is 0.25716, the first additional interconnection will be
assigned between input sector 2 and output sector 2. By continuing with the same

procedure, the final service matrix will be obtained as:

W o= 0N
—_ N W N
N A = =
o= W

S in this particular example indicates that for input sector 0, 2 links are connected to

output sector 0, 2 links to output sector 1, 1 link to output sector 2 and 3 links to output
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sector 3. As required, there are a total of § links connected to each input and output

sector.

3.2.3 Matching Algorithm

After the computation of service matrix S has been completed, the regular method for the
FBP switch uses an edge-coloring algorithm to decompose the service matrix S into m
permutations. However, the decompose procedure is unnecessary for the OPNET
simulations constructed in this work. Since the reconfigurable crossbar switches do not
exist in this module in OPNET, there is no need to perform the bipartite graph
decomposition algorithm to break down the service matrix. The simplified pseudo code

for the FBP algorithm is below.

Main FBP Algorithm:

1. Obtain the estimated traffic matrix, A..

2. Normalized the estimated traffic matrix, A..
3. Calculate the Service Matrix S.
4

Send updated Service Matrix S to all input sectors for appropriate configuration.

3.3 OPNET Implementation

OPNET Modeler [23] is a software package developed for the modeling and simulation
of communications networks. In OPNET, a complete network structure includes various
levels of models such as process models, node models, link models, network models, and
external system models. A process model, which is located inside a node model, is the
lowest level model and is used to describe the operations of processors and queues. The
process models can be used for an extensive variety of functions, including
communication protocols, algorithms, resource sharing, operating systems, queuing
disciplines, specialized traffic generators, and custom statistic collectors. All network

operations are defined at the process model level first and then placed on the node model.
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A node model may include various processors, queues, packet streams, transmitters and
receivers as needed to construct the node structure. Processors and queues define the
operations made on packets in the node model and their logic is implemented as finite
state machines with binary expressions that determine the transition between states.
Packet streams determine the connectivity between processors, queues, transmitters and
receivers. Transmitters and receivers define the number and format of input and output
ports of the node. A link model is used to connect nodes in the network level. Different
node models require their associated link model; for example, an ATM node model
would not be compatible with the Ethernet link model. The correct association between

link and node is essential.

The network model defines the overall structure of a simulated network system. It is the
highest level, where objects like nodes and links in a network are specified, as well as
their physical locations, interconnections and configurations. There are also external
systems which are models determined by code that is external to OPNET. An external
system interacts with the node model synchronously and can exchange data with it;
however, neither the external system nor the node model has any implicit knowledge of

each other’s process data.

Figure 10 Network Model used to implement and test the FBP switch
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A FBP switch module that operates under different traffic types has been built with the
first objective of verifying the feasibility of implementing the FBP switch architecture in
OPNET. The subsequent objectives were to obtain a comparison with the results
obtained with the custom software written in the C++ language to simulate this
architecture [1], and to setup a benchmark performance for further implementation and

research on this topic.

The network topology consists of 8 workstations and one FBP switch. The switch
contains 8 input sectors, 8 output sectors and 1 input/output port per sector that operates
eight times faster than the internal streams of the switch and therefore represents 8
sources and 8 destinations, respectively. This implementation corresponds almost in its

entirety to the 64x64 architecture used to gather most of the results presented in [1].

Figure 11 shows the FBP switch model at the node level. Each workstation generates
traffic based on two distributions that define the packet arrivals and the packet
destinations independently. All workstations generate and receive packets
simultaneously. The propagation delay between workstations and switch was set to the

speed of light because the link connections represent optical fibers in the simulation.
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Figure 11 FBP switch model at the node level. The solid lines represent packet streams and the

dotted lines represent the association of a transmitter with a receiver

Each input sector contains 8 VOSQs and each output sector contains 8§ OQs. Both input
and output sectors use finite state machines to define the queuing processes. The “hub”
logically represents all 16 crossbar switches in the architecture. Given that is it not
necessary to implement each of these switches separately to simulate the architecture at
the network level, the hub is therefore a simple processor that receives and sends packets
according to the service matrix calculated. Since the reconfigurable crossbar switches do
not exist in this module in OPNET, there is no need to perform the bipartite graph

decomposition algorithm to break down the service matrix.

In order to implement the FBP scheduling algorithm, each input sector transmits an
Internal Control Information (ICI) packet to the hub to update the traffic matrix after
every inter-configuration period, 1, defined in timeslots in this model. The hub processor
calculates the appropriate service matrix and transmits ICI packets back to each input

sector every 1 seconds for them to update the service rates of the VOSQs. The input
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sectors then release packets according to the updated service matrix for the following

timeslots.

Figure 12 shows the state machine used for all input sectors. When a packet arrives, the
first action is to obtain the destination address and then, based on this address, it is
decided which output sector the packet belongs to. The packet is then queued at the
FIFO queue associated with this output sector. Every timeslot, the queues will release a
number of packets from their head (if there are any queued). The service matrix
determines the number of packets that will be released from each of them in one timeslot.
The released packets will be sent to the “hub” (as shown in Figure 11). Every T seconds
(one inter-configuration period), the traffic matrix information is updated by measuring
the length of the VOSQs in each sector and this information is sent to the “hub” module

for subsequent calculation of the service matrix.

Figure 12 Input sector process model
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Figure 13 shows the process model for the “hub” located inside the switch node model.

This process performs the service matrix calculation, switch reconfiguration and ICI
packet operations every t seconds. At all other times, the hub is a simple “receive and
send” based device that just examines the destination sector of the packet and forwards it
accordingly. In practice, the central stage of the FBP switch does not perform any header
processing, but this inaccuracy is irrelevant for the simulations presented in this work
since it is concerned only with the performance at the network level. The “compute”
state acts as the global controller for the network. It computes a new service matrix
every 1 timeslots. The “update” state collects the traffic matrix from the input sectors
and delivers the new service matrix back to them. Both traffic matrix and service matrix
transactions are made with control packets between the input sectors and the global
controller. The “send” state simply forward incoming traffic packet into the desired edge

node based on the destination address stored in header information.

Figure 13 FBP ”hub” process model
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Figure 14 shows the workstation node model used for all workstations. It contains four
objects: the packet generator (the “src” processor); the packet processor (“proc”
processor) and the input and output ports (“rev” and “xmt”, respectively). The “src”
process model generates packets based on a desired distribution for the interarrival times
such as uniform or Exponential. The “proc” process model assigns packet destination
address and determines end to end delay. The “xmt” and “rcv” objects are point-to-point

transmitter and receiver, respectively, that connect the workstation to the FBP switch.

Figure 14 Workstation node Model

Figure 15 shows the process model used in the “proc” object at node level. The main
functions of this model include assigning a destination address to the newly generated
packets and determining the end-to-end delay for packets received at this node. The
“rcv” state performs the computation of the end-to-end delay for every incoming packet.
The end-to-end delay is measured as the time at which the packet reaches it destination
node minus the time at which the packet was created. The SRC_ARRVL and
RCV_ARRVL expressions correspond to the conditions used to verify whether the
current packet was newly generated at the traffic generator or received from the FBP
switch. Every T seconds (defined by the user in timeslots), the “T update” state changes
the bistochastic matrix used to generate non-uniform destinations for the generated

packets and in this way a non-stationary arrival process is obtained.
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Figure 15 Process model in the “proc” object of the workstation node

3.4 Performance Analysis

The switch architecture and FBP method have already been demonstrated with self-
similar and Poisson traffic under various test environments in [1]. The aim was to show
how the number of paths provided between sector pairs with the FBP algorithm adapts to
the changing traffic statistics to obtain 100% throughput and how the delays are kept
close to the ideal output queuing switch performance as a consequence of this adaptation.
As mentioned previously, the aim in this part of this work is to validate the previous
results obtained with custom code and to establish a standard platform for the FBP

switch to be later embedded in a more complex network environment in OPNET.

It is important to verify the differences in performance between the modules in custom C

code and OPNET. One of the major differences in performance analysis is that the delay
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measurement in the custom code considers all the output ports of the switch, which

generates an average number from all sectors.

The simulated switch used for the performance analysis is a 64x64 switch with

M =16,1=8, unless otherwise stated. Every sector has eight external ports and the

internal speed up of the switch isk =2 . Each input sector has / queues which correspond
to the number of output sectors and each output sector contains n queues for the

corresponding workstations.

The queuing delay is the sum of both the input stage and output stage queuing delays.
The queuing delay in the OPNET model has been measured separately for different
sectors. Each sector has an independent queuing delay value. The results presented in
this thesis are obtained from the average of five different simulations run with different
random seeds. A random seed is an integer variable that can be chosen by the user and is

the basis number used by the random number generator in OPNET.

The steady state response of the switch architecture with FBP is chosen to examine the
switch performance. The steady state response refers to when the switch reaches
stability (which is usually achieved in this context by running a simulation for an extend

period of time).

3.4.1 Bernoulli Traffic

In this section, the traffic generated is modeled as a set of Bernoulli trials for each source.
In this model, the probability that a packet will arrive at the incoming link at any one
timeslot is p and the probability that no packet will arrive is 1 — p. The aggregation of N
Bernoulli trials yields a binomial probability distribution. The Poisson distribution is the
limit of the Binomial distribution as N approaches infinity and the expected value stays
unchanged. Therefore, the combination of all the arrival processes from all sources is a

Poisson process. An Exponential distribution of the packets’ inter-arrival times
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generates Poisson packet arrivals at one source. Therefore, in this section, the Bernoulli
packet arrival model uses the Exponential distribution from the OPNET Distribution

Package [24] for the inter-arrival times.

3.4.1.1 Uniform Destinations

In this section, the probability distribution used to assign destinations to the generated
packets is uniform (the OPNET built-in distribution from the Distribution Package is
used) in order to evenly distribute traffic to all destinations. All destinations have a

probability equal to 1/N since there are N destinations.

Figure 16 shows the average delay obtained with the FBP algorithm for a 64 x 64 switch
with an internal speed up of two for Bernoulli traffic arrivals with uniform destinations
and different values of inter-configuration period t. The traffic estimation, A., is
calculated only with the length of the VOSQs. All sectors (and all outputs) have the
same steady state delay performance as expected due to the uniform destinations

distribution.

An increase of the value of T will have only the slightest impact to the queuing delays
because the uniform destinations distribution remains during the whole simulation and
therefore the configuration of the central stage is not necessary a second time. The total
queuing delay for a load of 90% is around 6 timeslots for all the values of inter-

configuration period shown in the figure, which is consistent with the results shown in

[2].

It is important to note that OPNET does not operate on a timeslot basis. Since time is
measured in seconds; all data presented in this section has been converted to fimeslots
based on the basic time unit (the time taken to transmit one packet) in order to facilitate

the comparison to the custom-code implementation of the switch.
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Figure 16 Average delay versus load obtained with a speed up of two for Bernoulli traffic arrival

with uniform destination with T = 50, 100, 200

Most of the queuing takes place in the output stage when the internal speed-up of the
switch is two (and for short inter-configuration periods). Figure 17 shows the total
average delay (which includes the delays in both input and output sectors) and the input
sector delay for an inter-configuration period equal to 50 timeslots. The figure clearly
shows that the queuing delay in the output sectors dominates the overall delay. The
input sector queuing delay for a load of 90% is around 0.6 timeslots only and the total

queuing delay for a load of 90% is around 6 timeslots.
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Figure 17 Average delay and input queuing delay versus load obtained with a speed up of two for

Bernoulli traffic arrivals with uniform destinations for T = 50
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Figure 18 shows the average delay obtained with the FBP algorithm for a speed up of
one and different values of inter-configuration period 1. The traffic estimation, A., is
calculated only with the lengths of the VOSQs. Most of the queuing takes place in the
output stage for short inter-configuration periods. All sectors have similar delay
performance as expected due to the uniform destinations distribution. Changing the value
of 7 will have only a minimal impact to the queuing delays since the traffic is uniformly
distributed. The total queuing delay increases dramatically for loads over 60% traffic
load, which indicates that this is the maximum throughput of the switch when the

internal speed up is one.
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Figure 18 Average delay versus load obtained with a speed up of one for Bernoulli traffic arrivals

with uniform destinations for t =50, 100, 200

3.4.1.2 Non Uniform Destinations

Since it is not characteristic of real traffic to have uniformly distributed destinations
(balanced traffic), non-uniform probability distributions are used in this section to assign
destinations to the generated packets and therefore produce Bernoulli traffic that is
unbalanced and non-stationary. For this purpose, a random bistochastic matrix B of size

N x N is calculated:
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B=[b

Pq ]

0Sp<N-1,0<g<N-1

Zbﬁq :l’wa/ =1
p q

The element b,,is the probability that a packet from incoming port p will be destined to

outgoing port g. Each row corresponds therefore to the probability distribution of

destinations for source p- An example of a bistochastic matrix with N = 8 is:

B=
0.0358 0.0000 0.0533 0.1423 0.0003 0.2371 0.0002 0.5311
0.0000 0.2286 0.0018 0.3291 0.0142 0.2022 02006 0.0235
0.2345 02152 0.1373 0.0369 0.0303  0.0080 0.3377 0.0000
0.3441 02063 0.0002 02072 0.0695 0.1312 0.0415 0.0000
0.0008 0.0074 0.0408 0.0050 0.4669 0.0004 02171 0.2617
0.0065 0.0005 02310 0.0317 0.2170  0.3379 0.0405 0.1349
0.2410 0.0091 0.5347 0.0007 0.0008 0.0446 0.1624 0.0067
0.1373  0.3328 0.0009 0.2471 0.2010 0.0387 0.0000 0.0421

Every T timeslots, a new bistochastic matrix is created to update the destinations. This
method generates non-stationary traffic that is admissible since both the row sums and
the column sums are equal to one. The traffic matrix does not have long range
dependence and shows no prolonged periods of inadmissibility. The expected traffic

matrix is, however, uniform over very long periods of time.

Figure 19 shows the average delay obtained with the FBP algorithm for a 64 x 64 switch
with a speed up of two for Bernoulli traffic arrivals with non-uniform destinations and
different values of inter-configuration period 1. The traffic estimation, A., is calculated
as specified in equation 1. For the higher loads, the average delay increases as the inter-
configuration period 7 increases. This is the result of the VOSQs building up until a new

configuration is applied, which will change the service rates of the VOSQs and therefore
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empty them. The queues will build up larger if reconfiguration is less frequent and
therefore the delay in the input stage increases. Most of the queuing takes place in the
output stage for short inter-configuration periods. The only difference between Figure
19 and Figure 16 is packets destination assigning. The switch performance shows the
same results as for traffic with uniform destination (Figure 16) when the
interconfiguration period is small (1=50) and a higher delay when the time between

successive reconfigurations is longer (t=100,200).
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Figure 19 Average delay versus load obtained with a speed up of two for Bernoulli traffic arrival

with non-uniform destination with T =150, 100, 200

3.4.2 Pareto Traffic

In this section, all traffic packets are generated using the built-in bursty source model in
OPNET. This model defines the source as having an ON and an OFF state for generating
packets, with both of these states being Pareto distributed random variables. The
aggregation of these sources yields a process with long range dependence and a bursty
traffic trace [18] [24]. The ON state corresponds to the time when packets are generated
and the OFF state corresponds to the silent time; i.e. when the source generates no

packets. The average estimate of the traffic matrix generated by this distribution is
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inadmissible in short periods of time; however, the distribution yields a stationary

process over long periods of time.

Figure 20 shows the average delay obtained with the FBP algorithm for a 64 x 64 switch
with a speed up of two for Pareto traffic arrivals with non-uniform destinations and
different values of inter-configuration period t. The variable alpha is set to 1.4 and beta
is set to 1.5 for all Pareto traffic trace simulations. The interarrival rate is set to 100%
traffic load all time and therefore it is the various lengths of the ON and OFF states
which change the traffic load as desired. The traffic estimation, A., is calculated with the
packet length of all queues. Most of the queuing takes place in the output stage for short
inter-configuration periods as in the previous experiments. The total queuing delay for a
load of 90% is around 7.5 timeslots for t equal to 100. The queuing delay for Pareto
traffic arrivals with non-uniform destination distribution is 1.5 timeslots higher than the
queuing delay for Bernoulli traffic arrivals with non-uniform destinations distribution for

T equal to 100.
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Figure 20 Average delay versus load obtained with a speed up of two for Pareto traffic arrival with

non-uniform destination with t = 50, 100, 200

Figure 21 shows the average delay obtained with the FBP algorithm for a 64 x 64 switch

with an internal speed up of one for Pareto traffic arrivals with non-uniform destinations

and different values of inter-configuration period 1. The traffic estimation, A, , is
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calculated with the packet length in the all queues. All sectors have similar delay
performance due to the uniform destinations distribution. Because of the values used for
the generation of traffic, the arrivals process turned out very slow compared to the
operation of the switch and this is the reason why changing the interconfiguration period
does not have a big impact in the overall delay. However, it can be seen that a small
increase in traffic load (e.g. from 10% to 20%) has a larger impact on the delay when

comparing to the measures obtained for an internal speed up greater than one..

12
:-(940 —e—Tau =
[]
28 50
o
._E- 6 ....... o Tau =
[
= 100
=4
©
Qo —&— Tau =
200
0
0 0.1 0.2 0.3 0.4 05 06 0.7
Load

Figure 21 Average delay versus load obtained with a speed up of one for Pareto traffic arrival with

uniform destination with t = 50, 100, 200

3.5 FBP Switch with IP Traffic

The FBP switch module has been successfully built in OPNET. The next step is to
introduce this module into an IP network router. This step is a critical one in order to
achieve the goal of evaluating the performance of the FBP switch under more realistic

network and traffic models.

The IP traffic model in OPNET includes multiple profiles that contain various
applications and each application can involve several distributions such as Poisson or

Exponential. An application is defined first by user to decide the operation parameters
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such as database access and web browsing. A profile describes user activity over a given
period of time. A profile may include many different applications. An OPNET IP traffic

trace is shown in Figure 22. .

IP Traffic

0 200 gecongs 400 600

Figure 22 Sample IP traffic trace in OPNET

The main challenge of this implementation is that the existing IP router built-in model in
OPNET uses several external system functions to perform various tasks such as IP look-
up and transmission of packets. Each system function only has partial data access and
has no knowledge about other information in the rest of the functions. Figure 23 shows a
typical IP router model in OPNET. The blue lines are the upload packet streams and the
red lines are the download packet streams. It can transmit different layers packets such
as layer 2, Mac address packets, through Ethernet links and layer 3, IP address packets,
through point to point links. The ARPO and MACO processor models convert layer 2
packets into layers 3 packets when the switch gets packets from the receivers and convert
the Layer 3 packets to Layer 2 packets for transmission. The IP process model is the
central process of the switch and all packets traversing the switch have to pass it as the
diagram shows. All packets are first sent to the IP process model and it will read the
header information from each packet to determine the routing protocol such as OSPF,
TCP or IP. Then the IP process model transmits the packet upwards to the appropriate
routing protocol process model. A longest prefix matching will be performed for the

destination address in the protocol process model to determine the correct egress port for
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each packet. It will then transmit the packet back to the IP process model and use an

external function to process the packet and send it to the appropriate egress port.

Figure 23 Typical IP Switch node model

Figure 24 shows the “IP_dispatch” process model which is used in the IP switch node
model as the IP processor. The process built by the OPNET team as a standard internet
traffic process also invokes numerous external function files for packet processing. It
can be configured for many different purposes such as IP routers, MPLS routers,
gateways, workstations, and etc. The process performs a self-verification to determine
current node configuration due to the complexity of the process. Once the traffic arrives,
it first initializes the IP address package, global address table, routing table, gateway,
firewall and many other parameters in order to ensure that the router is prepared to
handle the incoming traffic. It then initializes the redistribution of routing information
between the routing protocols configured on this node and generates a network topology
and a global routing table. It then composes a link interface table for all ingress and

egress ports at this node connected to the IP process.
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The process gains various packet statistics such as destination address, the routing
protocol to be used, offset number, time to live and etc. from the packet header. The
processes itself also determines various information such as the number of routing
protocols running on this interface, running custom routing protocol on this interface or
not, process the default route if it is specified and etc. stimulatingly. Many operations

are executed by external processes..

Figure 24 IP_dispatch process model

A preliminary implementation of the IP router with FBP functionality has been built in a
small IP network in OPNET. It has been very challenging to direct the packets to the
desired sector/port given the limited information that can be extracted from the built-in
IP processes. The IP process model has access to the routing table but it cannot modify
the table itself. Therefore, a small fixed routing table has been used in an external
function to ensure that the packets are transmitted to the desired paths. The IP network

implemented based on this approach is shown in. Figure 25

There are two types of traffic running in this network. Layer 2 traffic packets run

between the workstations, the MAC switch and the local IP router. Layer 3 traffic
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packets run between the local IP router, the IP cloud and the FBP router. The FBP router

only receives IP traffic for this simulation network.
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Figure 26 shows a block diagram for the FBP router. It uses all the typical IP router
model processes such as the “IP_encap” and, in addition, the input sector, hub and output
sector process models. All the three latter process models have the same functions and
performances as describe in the previous section 3.3. In this implementation, however,
each input sector contains only 2 VOSQs and each output sector contains only 2 OQs.
The hub represents 4 centre crossbars in this simulation. The input traffic packets will
go through the exact the same processes as in OPNET’s built-in IP router until the
packets are ready to be sent to the appropriate output ports. The IP process model then
reroutes the packets into either input sector 1 or input sector 2 based on the source

address of the packet.
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Figure 26 IP router with FBP functionality

Work on the IP router with FBP functionality was postponed due to software license
issues. The OPNET Modeler version 9.1 is no longer available and the new OPNET
modeler version 10.5 has a different IP built-in model. All the old FBP models
previously built to operate with the IP built-in models in version 9.1 are not compatible
with the new version 10.5 and therefore it has not ben possible to obtain simulation

results and performance analysis for this thesis.

42



4 Agile All-Photonic Network

Continuing the research with the FBP switch, it is possible to extend the concept of the
FBP switch architecture to map it onto an optical star network. The first and third stages
together become the edge nodes and the centre stage becomes the core node. The
resulting star network is analog to the fundamental architecture of the Agile All-Photonic

Networks (AAPN) research effort [19] and, for this reason, it 1s feasible to attempt such a
mapping.

This chapter first discusses the architecture of the AAPN research project. Next, the
mapping from the FBP switch to AAPN network architecture and the implementation of
an AAPN network in OPNET is described. Finally, the performance analysis of the
bandwidth provision method in AAPN is presented.

4.1 Agile All-Photonic Network Topology

AAPN proposes an overlaid-star topology with edge-nodes interconnected by the beams
of the stars via core switches located at the hub of each star. The beams usually consist
of two or more fibers that transport wavelength division multiplexed (WDM) traffic
between edge-nodes and the bandwidth of each wavelength is shared in time by
assigning varying numbers of timeslots to each flow of data. The core switches operate
on a slotted mode to forward incoming traffic. It must be possible to create and destroy

paths sufficiently rapidly that they endure for only microseconds.

A bandwidth sharing scheme must introduced for the network to adapt its configuration
to meet the demands of changing traffic patterns. It may also provide an option to edge
nodes to choose distinct routes with different propagation delays, which can relieve the

routing of delay-critical traffic.
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Figure 27 and Figure 28 provide illustrative examples of a one-star and a two-star AAPN
network, respectively. The total number of edge nodes is much larger in practice
(usually hundreds to one thousand). All edge nodes are not necessarily connected to all
core nodes; however, it is essential to make at least one star connected to all edge nodes
and all edge nodes connected at least to one star. The number dimensions and placement

of core and edge nodes is determined by demographic and economic factors.

The ratio of the internal network capacity to the external network capacity is known as
speed-up. Buffers are in general required at the destination edge-node when the speed-

up is greater than unity.

Core Node

Figure 27 A one- star network with eight edge-nodes and one core-node
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Core Node
Q Edge Node

Figure 28 An overlaid two-star network with eight- edge nodes and two-core nodes

4.1.1 Edge-nodes

Each edge-node may be decomposed into its source and destination functions as shown
in Figure 29. All source-destination pairs are essentially independent; however, it is
feasible that two or more pairs share memory to facilitate self-directed traffic that has

thereby no need to be routed via a core node.

Each edge node preserves a distinct buffer for each destination edge node. Consequently,
all packets that have the same destination will be queued in the same buffer for a
particular edge-node via a particular core node. There could be more than one source
connected to a particular edge node but the traffic is organized according to the
destination, regardless of the source. Each edge-node maintains a separate clock but all

clocks are synchronized for all core nodes via a suitable protocol. It is also required that
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the edge switches perform accounting and statistical information gathering. As shown

Figure 29, the traffic information needs to be updated.

The edge nodes use a schedule to release packets from the buffers associated to a
particular core node. The edge node has the ability to adjust its schedule to compensate
for propagation times from the edge node to the core node. Figure 29 shows a
symmetrical arrangement edge node. It illustrates a star network with four edge nodes,
each containing four buffers. The edge node uses WDM to forward traffic to the core
node. Each destination edge node maintains a distinct buffer for queuing received

packets from a particular edge node via a particular core node.
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4.1.2 Core nodes

Figure 30 illustrates the stacking of crossbars within the core node’s switch; there is one
for each wavelength. All incoming packets from the source nodes are dispatched to the
destination nodes without any queuing involved in the core node. The de-multiplexers
receive the incoming optical signals from the source edge nodes and split them into their
various wavelength channels. Subsequently, each wavelength is space-switched by a
dedicated crossbar. The multiplexers merge all separate wavelengths again and forward

the optical signal to the edge nodes.
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Figure 30 Detail of the core node showing the stacking of the crossbars within the node

4.2 Mapping the FBP switch architecture onto AAPN

As mentioned previously, the AAPN is a star network topology as shown in Figure 31(a).
Each edge node consists of a source module (shown in gray) which receives ingress

traffic and a destination module (shown in white) which forwards egress traffic. The
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connections between the edge node modules and the core node are in the optical domain
with unidirectional transmission once the source and destination modules have been

(logically) separated.

With this view in mind, the edge node could be logically split into two parts as shown in
Figure 31(b). The gray circles still represent the source modules of the edge nodes and
the gray circles represent the destination modules of the edge nodes. The source edge-
nodes transmit traffic to the core network and the destination edge nodes receive traffic
from the core network. The connection between edge nodes and core node remain in the

optical domain and unidirectional.

Core node

\

/'
I'\\
/¥ \\\

Figure 31 AAPN Topology revisited. (a) Edge nodes consist of a source and a destination module, (b)
Equivalent three-stage architecture The architecture becomes a three-stage network if the edge

nodes are logically split in source (first stage) and destination (third stage)

Substituting the core node with its constituent elements (a stacking of crossbars, one for
each wavelength) as shown in Figure 32(b), the source edge-nodes connect to the
demultiplexers and the multiplexers connect to the destination edge-nodes. All
connections remain optical and unidirectional. Since the source edge-nodes maintain one
queue for each destination node, this architecture is identical to the FBP switch
architecture, with the source nodes being equivalent to the input sectors and the

destination nodes being equivalent to the output sectors. The first and third stages
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correspond to the sets of edge nodes (source and destinations) and the center stage

corresponds to the core node.

N o
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Figure 32 Logical equivalence between the AAPN topology and the FBP switch. (a) Three stage

network, (b) The core node consists of a stacking of crossbars, one for each wavelength.

Given that the two architectures are logically identical, it is inviting to use and test the
same bandwidth allocation method, FBP, in the AAPN architecture. In the context of
AAPN, the algorithm has been renamed Adaptive Wavelength-Timeslot Allocation
(AWTA). Several considerations need to be taken into account to obtain an adequate
mapping of FBP onto AWTA; including the new traffic sources, link speeds, number of
channels available and, most importantly, the propagation delays (in transmission

between the edges and the core), which were negligible at the switch level.

4.3 Adaptive Wavelength-Timeslot Allocation (AWTA) algorithm

The Adaptive Wavelength-Timeslot Allocation algorithm is introduced in this section as
the bandwidth sharing scheme that adapts the configuration of an AAPN to meet the
demands of changing traffic patterns. The scheme is a variant of the FBP method with a

few adjustments as it will be described below.

In AWTA, the traffic matrix is constructed from the queues information at each edge

node. Once every inter-configuration period, t, all edge nodes send the traffic
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information to the global controller located in the core node.. The minimum 7t is two
times the maximum core-edge link propagation delay in the network plus the time it takes
to calculate the service matrix in AWTA. The global controller computes the service
matrix as described in the FBP architecture section after it receives all traffic matrix
information from all edge nodes. After the computation of the new service matrix, the
core node transmits this new service matrix back to each edge node. This brings up the

propagation delay and synchronization issues for the network.

The AWTA algorithm may assign either a full wavelength (analogous to a full path of the
FBP switch) or only a part of it, with the wavelength bandwidth being divided in
timeslots. In the first case, there are a total m wavelengths to be assigned. A varying
number of wavelengths between source-destination pairs are assigned to provide different
bandwidth. In the second case, the bandwidth of one wavelength is divided into m
timeslots per frame and these are the ones assigned in different numbers to provide
variable bandwidth. In the first case, the core node has to change configuration once
every 1 seconds; while in the second case, the core node has to change configuration m
times every frame and change the arrangement of slots every T seconds. A combination
of both methods may be used if there is more than one wavelength available. The frames
would contain larger timeslots and the switch therefore has to change configuration less

often.

Figure 33 illustrates the timeline of scheduling and control operations for a complete
inter-configuration period. It is essential that all the edge nodes apply the new service
matrix rates at the appropriate time and that they synchronize their transmission with the
core node in such a way that the new arrangement of timeslots in the TDM frame
corresponds to the new configuration of the core node at the precise moment when the
optical signal reaches the core node. Deficient synchronization leads to packet mis-
routing and/or loss. The proper transmission times depend on the propagation delay
between the core node and the respective edge node. It is also essential for the core node

to receive all traffic matrices from the edge nodes just before the computation starts.
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Inaccurate traffic matrix information leads to imprecise service matrix calculation, which

results in larger queuing delays.

The “service time”, s_time defined in timeslot is the waiting time for edge nodes to apply
the received service matrix. The purpose of it is to make sure that all traffic based on the
new service matrix arrives at the core node at the same time. The “traffic time”, ¢ time,
defined in timeslots is the waiting time for the edge node to start transmitting the traffic
matrix information to the core node. The purpose of it is to make sure that the core node
receives the correct traffic matrix for service matrix computation. Figure 33 illustrates
the timing diagram for a network with equal link propagation delays between the core
node and all edge nodes (prop q). The “service times” and “traffic times” for all edge

nodes have the same values.
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Figure 33 Timeline of the Adaptive Timeslot Allocation method for all edge nodes located at the same

distance from the core node

Figure 34 illustrates the timing diagram for a network with two different link propagation
delays. This is an example with one core node and two edge nodes, I and J. Edge node I
has the link propagation delay, prop I, and edge node J has the link propagation delay,
prop J. Since the value of prop J is larger than prop I the traffic time for edge node I,
t_time_I, has a higher value than ¢_time J in order for the traffic matrix from both edge
nodes to arrive at the core the at the same time. It is essential to provide correct traffic
information for the computation of the service matrix at the core node. In the same way,
the s_time_I is also larger than s_time_J in order for the traffic based on the new service

matrix to arrive at the core node at the same time. It is critical for the core node to
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receive the new arrangement of packets at the right time to avoid miss-routing and
collisions. The core node uses M crossbars to transmit traffic and the crossbars are
configured as dictated by the decomposition of the service matrix. If the edge nodes
release packets in an arrangement different to the crossbar configuration in core node, the

packets will be mis-routed.
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Figure 34 Timeline of the Adaptive Timeslot Allocation method for edge nodes at different distances

from the core node

4.4 OPNET Implementation

After the initial AAPN proposal, there have been a few methods suggested for resource
allocation, including Optical Burst Switching for example. It is indispensable to setup up
some benchmark parameters for comparing different methods. The fundamental
topology for AAPN is a single star network with a single wavelength channel; which
means there is only one very fast crossbar switch at the core node. The selected test
network contains one core node and 8 edge nodes. The connections between core node

and edges nodes carry one wavelength with data link rate 10 Gbps. The timeslot is set to
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10 ms for all scenarios. After finalizing the AAPN test parameters, the next step is the

implementation of it in OPNET.

Figure 35 illustrate an AAPN single star network topology as described in the above
paragraph. There are 8 edge nodes and one core node in this star network, with only one
wavelength per link. For the sake of making the simulations faster, all packets are
destroyed once they are received at the core node, resulting in links that do not need to be
bidirectional. This simplification is possible since we are concerned only with queuing
delays in the source modules of the edge nodes and not with the queuing delays at the

destinations.
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Figure 35 AAPN topology used for the simulations in OPNET

Figure 36 shows the architecture of AAPN core node. It contains 8 inputs/output ports
and one process node, the core switch. The main functions for this node process are to
forward packets to the appropriate edge node based on the header information and to
perform the service matrix computation. Each source edge node is connected to an input
port and each destination edge node is connected to an output port of the core node. The
process model, core switch, logically represents all / multiplexers, I demultiplexers and m
] x [ crossbars for the core switch. The blue lines are packet streams and the yellow lines

represent the logical pair for input and output ports. The global controller is also located
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at the core switch process model and it is in charge of receiving the traffic matrix from
the edge nodes, computing the service matrix and forwarding the new service matrix

information to the edge nodes.

Figure 36 Elements of the AAPN Core Node

Figure 37 illustrates the state machine that constitutes the process model of the core node.
This process performs the service matrix calculation, switch reconfiguration and ICI
packet operations every T seconds. At all other times, the hub is a simple “receive and
destroy” based device that just examines the header of the packets received to determine
whether it is a control or a data packet. In the case of a control packet, the information
will be used to compute the service matrix. In the case of a data packet, the packet is
destroyed. The “compute” state acts as the global controller for the network and it
computes the new service matrix. The “update” state collects the traffic matrix
information from the edge nodes and delivers the new service matrix to the edge nodes.
Both the traffic matrix and service matrix transactions use control packets between edge

nodes and core node.
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Figure 37 Process model in AAPN core node

Figure 38 illustrates the modules of the AAPN edge node, which performs the actions not
only of an AAPN edge node, but also generates the traffic. The “src” process model
generates packets based on a desired interarrival distribution. The “proc” process model

assigns destination address for each packet based on the desired destination distribution.

The edge node receives control packets from the core node, which correspond to the
information about future configuration (service matrix) and destroys them after updating
the scheduling operations. The edge node, as said above, forwards control packets which
contain the traffic matrix to the core node. The shared memory module contains the
different queues for each destination edge node. It queues packets in buffers, updates the
traffic matrix, sends the information to the global controller and releases packets

according to the current service matrix.
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Figure 38 Modules of the AAPN Edge Node

Figure 39 shows the state machine of the general processor process model in the AAPN
Edge Node. The main functions of this model include assigning a destination address to
newly generated packets. The SRC_ARRVL and RCV_ARRVL expressions correspond
to the conditions used to verify whether the current packet was newly generated at the
traffic generator or received from the core node. The “T update” state computes a new

bistochastic matrix for non-uniform destinations traffic every T timeslots.
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Figure 39 Process Model of the general processor in the Edge Node

Figure 40 shows the state machine of the shared memory process model. At the “arrival”
state, it obtains the destination address from the incoming packet header and buffers the
packet in the appropriate FIFO queue, one for each destination edge node. The “traffic”
state transmits the traffic matrix information to the core node every inter-configuration
period . The “service” state receives the service matrix from the core node and updates
the service rate of the different queues according to the received service matrix. Every /
timeslots, queues will release / packets according the service matrix. The service matrix

determines the numbers of packets released from each queue in one frame.
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Figure 40 Process Model of the shared memory module in the Edge Node

One of the benchmark tests for AAPN is a simulation network that includes some
features of IP traffic. Figure 41 shows an OPNET network model built for this purpose.
The network model appears slightly different than others; however, the actual AAPN
topology remains unchanged. The 4 different packet sizes used in the AAPN 1P traffic
simulation network are 40 bytes, 552 bytes, 576 bytes and 1500 bytes with 46 %, 18%,
18% and 18% of traffic load, respectively. As shown in Figure 41, the node models “40”,
“552”, %576 and “1500” represent packet generators with packet size 40 bytes, 552 bytes,
576 bytes and 1500 bytes, respectively. All packets are generated at these node models
and then forwarded to the each edge nodes. The edge nodes consequently do not contain
traffic generators anymore but use 4 point to point receivers that are connected to the
general processor process model, who will aggregate all the packet sources as shown in

Figure 42. The remaining processes works in the same way as described above.

60



E- - Core Node§

Figure 42 Modules of the edge node variation used for the simulation with IP traffic

Figure 43 shows the modules of the IP traffic generator node model. All IP node models

“4(, “552”, “576” and “1500” use the same model but with their respective packet size
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as a parameter. The “src” module generates 8 times more packets than the desired load
based on a desired interarrival distribution and the distributor process model evenly
distributes the generated traffic to the eight edge nodes. Since the IP traffic generator
generates traffic 8 times faster then desired load, each edge node will receive only 1/8 of
the packets generated after being evenly distributed. The correct traffic load is therefore

being produced.

Figure 43 Modules of the IP Traffic Generator node

4.5 Performance Analysis

A benchmark test network was implemented for AAPN simulation. The long term
purpose of it is to compare the Adaptive Wavelength-Timeslot Allocation method to
other schemes such as Optical Burst Switching (OBS) and to validate the network
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performance. The comparison is beyond the scope of this thesis and therefore will not be
discussed. All simulation results presented here are related only to AAPN with AWTA
simulated under various network environments. The service matrix computation time is

assumed to be zero for all scenarios.

The test network contains one core node and eight edge nodes. The connections between
core node and edge nodes are unidirectional links (since packets are being destroyed at
the core) that carry one wavelength and the data link rate is 10 Gbps. The frame size is 1
ms and each timeslot is 10 ps for all networks. Five different network scenarios have

been proposed:

- zero propagation delay between core and edge nodes.

- a metro network with all edge nodes located at the same distance from the core node
and with propagation delay equivalent to 10 timeslots link delay between the core and
(every) edge node.

- a metro network with different distances between edge and core nodes, these distances
being equivalent to 0, 1,2, 3, 7, 8,9 and 10 timeslots delay between the core and each of
the eight edge nodes, respectively.

- a long haul network with fixed propagation delay set to 1000 timeslots delay, which
corresponds to 2000 km.

- a long haul network with different distances between the core and edge nodes; the link

propagation delays equivalent to 0, 100, 200, 300, 700, 800, 900 and 1000 timeslots.

There are also four different traffic patterns proposed to test these scenarios. The first
traffic pattern is uniform Poisson traffic which uses Poisson traffic arrivals with uniform
destinations distribution. The uniform Poisson traffic uses the same model as described
in the FBP section. The second traffic pattern is non-uniform Poisson traffic, which uses

Poisson traffic arrivals with non-uniform destination distribution.

In the non-uniform destinations experiment, the destination distribution uses a number of

non-uniform distributions created in OPNET’s Probability Density Function (PDF)
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Editor. The data contained in the distributions were based on bi-stochastic matrices. The
following are five bi-stochastic matrices B, B = [b(.,.] , that were used to modulate the

destinations of the packets. For each matrix, the element b;; is the probability that a
packet generated at edge node i will be destined for edge node j; therefore, the traffic load
between certain edge node source-destination pairs (determined by the largest numbers in

B) will be higher than other pairs.

Bl =
0.0358 0.0000 0.0533 0.1423 0.0003 0.2371 0.0002 0.5311
0.0000 02286 0.0018 0.3291 0.0142 0.2022 0.2006 0.0235
0.2345 02152 0.1373 0.0369 0.0303 0.0080 0.3377 0.0000
0.3441 02063 0.0002 0.2072 0.0695 0.1312 0.0415 0.0000
0.0008 0.0074 0.0408 0.0050 0.4669 0.0004 0.2171 0.2617
0.0065 0.0005 02310 0.0317 02170 0.3379 0.0405 0.1349
02410 0.0091 0.5347 0.0007 0.0008 0.0446 0.1624 0.0067
0.1373 0.3328 0.0009 0.2471 0.2010 0.0387 0.0000 0.0421

0.0328 0.0038 0.0629 0.0946 0.1228 0.4345 0.0069 0.2415
0.0624 0.0919 0.2288 0.0848 0.0064 0.0228 0.0121 0.4908
03187 0.1254 0.0345 0.0349 0.1126 0.0061 0.3678 0.0000
0.0002 0.1248 0.1080 0.0001 0.5786 0.0000 0.0753 0.1131
0.0000 0.0190 0.3684 0.0323 0.1444 0.2158 0.1999 0.0201
0.4478 0.0007 0.1191 0.2038 0.0228 0.0545 0.0536 0.0977
0.0947 02586 0.0723 0.3799 0.0002 0.0063 0.1868 0.0011
0.0434 0.3757 0.0059 0.1695 0.0121 0.2601 0.0976 0.0356

B3 =
02917 0.0000 02677 0.0215 0.0007 0.1355 0.2828 0.0001
02692 0.0252 0.0009 0.2844 02474 0.0000 0.1513 0.0216
02824 0.0046 0.1413 0.2659 0.1521 0.0293 0.1233 0.0010
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0.0000 0.0023 0.2662 0.1504 0.0458 0.0009 0.0044 0.5298
0.1555 0.0000 0.1673 0.1254 0.0000 0.2837 0.2680 0.0000
0.0003 0.5539 0.1510 0.0017 0.0016 0.0208 0.0045 0.2662
0.0000 0.1293 0.0000 0.0008 0.2865 0.5297 0.0261 0.0276
0.0009 02847 0.0056 0.1498 0.2659 0.0001 0.1395 0.1536

B4
0.0046 03542 0.4728 0.0008 0.0000 0.0001 0.0000 0.1674
0.3379 0.0073 0.0001 0.2757 0.0494 0.0000 0.0000 0.3296
0.0215 0.1674 0.0046 0.3296 0.0000 0.2556 0.0071 0.2142
0.0000 0.1741 0.0246 0.0069 0.1890 0.3511 0.2542 0.0001
0.0000 02749 0.4971 0.1897 0.0074 0.0261 0.0005 0.0042
0.0037 0.0000 0.0000 0.0208 0.2549 0.3606 0.3540 0.0061
0.0486 0.0000 0.0008 0.1755 0.3296 0.0001 0.1671 0.2784
0.5837 0.0221 0.0000 0.0010 0.1697 0.0064 0.2171 0.0000

I

B5=
0.4816 0.0072 0.0031 0.2134 0.0936 0.0000 0.0008 0.2004
0.0374 0.0002 0.1368 0.0349 0.2181 0.0415 0.4918 0.0393
0.0012 0.1370 0.1031 0.0383 0.0020 0.4980 0.2132 0.0072
0.0235 0.0433 02176 0.1361 0.0047 0.0394 0.0397 0.4956
0.0470 0.2504 0.0027 0.5283 0.1568 0.0076 0.0059 0.0015
0.2528 0.4988 0.0383 0.0000 0.0431 0.1398 0.0269 0.0002
0.1373 0.0205 0.4984 0.0078 0.0004 0.0404 0.0795 0.2158
0.0192 0.0426 0.0000 0.0412 0.4813 0.2333 0.1424 0.0400

The parameter T, which is the duration of each destinations distribution, was adopted
from the previous part of the project for non-uniform traffic distribution. The C++ code
would generate a new bistochastic matrix for destinations distribution every T timeslots.

However, this method could not be implemented in OPNET because the PDF distribution
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needs to be predefined. Therefore, the destinations distribution will randomly switch
between these 5 matrices once every T timeslots.

Since there are only a few matrices, the average over long periods of time (t>>T) is not

uniform as intended; therefore, a compensating matrix B, was created to make the

average uniform:

B, = (NormlMaxm — B4

where MaxB, is a [ x I matrix with all elements equal to the max element in B, ,

“ Norm’ is the operation of normalizing the matrix.

B, =
0.1580 0.0620 0.0294 0.1591 0.1593 0.1593 0.1593 0.1133
0.0665 0.1573 0.1593 0.0836 0.1457 0.1593 0.1593 0.0688
0.1534 0.1133 0.1580 0.0688 0.1593 0.0891 0.1573 0.1005
0.1593 0.1115 0.1526 0.1575 0.1074 0.0628 0.0895 0.1593
0.1593 0.0839 0.0228 0.1072 0.1573 0.1522 0.1592 0.1582
0.1583 0.1593 0.1593 0.1536 0.0893 0.0602 0.0621 0.1577
0.1460 0.1593 0.1591 0.1111 0.0688 0.1593 0.1134 0.0829
0 0.1532 0.1593 0.1590 0.1127 0.1579 0.0997 0.1593

The new matrix B, is therefore also a bistochastic matrix since the row and column

sums all are equal to one.

The third traffic pattern is uniform bursty traffic which uses Pareto traffic arrivals with
uniform destinations distribution. The last traffic pattern is the IP traffic pattern that uses
the four typical packet sizes of IP traffic (with uniform destinations distribution) as

described previously.

66



4.5.1 AAPN-AWTA with Uniform Poisson Traffic

Figure 44 shows the average queuing delay obtained at edge node 1 of the AAPN with
AWTA with the no-link-propagation-delay scenario. The speed up is two and different
values of inter-configuration period have been used. If there are no link propagation
delays between the edge nodes and the core node in the simulated network, the scenario
is equivalent to the FBP switch alone, in which there is no propagation delay between the
sectors and the optical core crossbar switches. The FBP performance analysis considers
the queuing delay as sum of input sectors and output sectors. The AAPN performance

analysis considers only the input queuing delays.

The traffic model for Figure 44 is Bernoulli arrivals with uniform destinations
distribution. The traffic estimation, A., is calculated only with the lengths of the queues in
the source edge nodes. Both ¢ time and s_time are equal to 1 timeslot even though there
are no link propagation delays. Sometimes, the traffic matrix does not get transmitted
until the next timeslot. This is a safe margin to make sure the service matrix is computed
based on the correct traffic information. From the simulation it could be observed that all
edge nodes have identical queuing delay. The increase in delay is proportional to the
inter-configuration period t. Both the inter-configuration period and the load are the two
major factors for the increase in delay. The three different values of t resulted in
noticeable different queuing delays only for traffic loads above 40%. The queuing delay
is around 460 ps for T equal to 160 timeslots at 90% traffic load.
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Figure 44 Average delay in edge node 1 versus load obtained with the no propagation delays scenario.
The speed up is two and the traffic is Poisson with uniform destinations. Values for t are 80, 160 and

240

Figure 45 shows the average delay versus load obtained at edge node 1 of AAPN with
AWTA for three different scenarios: no link propagation delay, fixed link propagation
delay and various link propagation delays. The speed up is two, T is 80 timeslots and the
traffic is Poisson with uniform destinations. The traffic estimation, A., is calculated only
with the queue length in the each queues. Both t_time and s_time are equal to 1 and 15
timeslots for network with no propagation delay and fixed propagation delay respectively.
The metro network scenario has link propagation delays equivalent to 0, 1, 2, 3, 7, 8, 9
and 10 timeslots, respectively, between core and edge nodes. Therefore, ¢ time
corresponds to 16, 15, 14, 13, 9, 8, 7, 6 timeslots; while s_time is equal to 32, 31, 30, 29,
25, 24,23, 22 timeslots, respectively.

All three queuing delays have very similar performances for the various distances
because the link propagation delays have only relatively small differences compared to
the inter-configuration period. The largest value for link propagation delay is 10
timeslots and the smallest value is zero. The 10 timeslots different has only a slight
effect in the queuing delay performance. The queuing delay for metro fixed link
propagation delay network is slightly longer than queuing delay for metro various link

propagation delays network (which is also slightly higher than queuing delay for the no

68



propagation delays scenario as expected). The service matrix is compute based on more
recent traffic matrices for the no propagation delay scenario compared to the others,
which results in a small improvement in queuing delay performance. The queuing delay

remains around 330 ps for t equals to 80 timeslots at 90% traffic load.
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Figure 45 Average delay in edge node 1 versus load with T = 80 obtained for three different scenarios:
network with no delay, network with fixed delays and network with various delays. The speed up is

two and traffic is Poisson with uniform destinations

Figure 46 shows the average delay versus load obtained at various edge nodes of the
AAPN with AWTA for a network with various link propagation delays. The speed up is
two, T is 80 timeslots and the traffic is Poisson with uniform destinations. This figure
shows again the queuing delay effect due to the link propagation delay. A larger link
propagation delay leads to larger queuing delay. The queuing delay is not very different
for different edge nodes because the maximum difference in link propagation delay is

only 10 timeslots (a small number compared to the inter-configuration period).
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Figure 46 Average delay in various edge nodes versus load with T = 80 obtained for network with

various delays. The speed up is two and traffic is Poisson with uniform destinations

Figure 47 shows the average delay versus load obtained at edge node 1 of AAPN with
AWTA for no propagation delay (a collapsed network) and long propagation delay (a
long haul network) with a speed up of two. The traffic is Poisson arrivals with uniform
destination and T = 2100 timeslots. The traffic estimation, A, is calculated only with the
queue length in the each queues. The values of t_time and s_time are equal to 5 and 2000
timeslots for the no propagation delay and fixed long propagation delays, respectively.
As expected, the long haul network suffers from higher queuing delays in the source edge

nodes.

The queuing delay with no propagation delay is 1.5 ms at 90% traffic load with T = 2100
timeslots compared to only 460 ps with T = 160 timeslots in Figure 45, which indicates
once more that the inter-configuration period, , is one of the main factors for edge node
queuing delay. There is roughly 1 ms queuing delay difference between the collapsed
network and the long-haul network at 90% traffic load. The collapsed network computes
a new service matrix based on the information collected 5 timeslots before computation
time instead of 2000 time slots in the case of the long-haul network. In the latter case, the
received traffic matrices could be considered “outdated” when they arrive at the core

node, which results in an “outdated” service matrix and consequently a much longer
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queuing delay at edge nodes. Figure 47 clearly shows the impact of the long propagation
delays between edge and core nodes. Both queuing delays are however very similar for

traffic load below 50%.
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Figure 47 Average delay in edge node 1 versus load with T = 2100 obtained for two different
scenarios: network with no delay and network with long delay. The speed up is two and traffic is

Poisson with uniform destination

4.5.2 AAPN-AWTA with Non-uniform Poisson Traffic

Figure 48 shows the average delay obtained at edge node 1 of AAPN-AWTA for the no
propagation delay scenario with speed up of two and Bernoulli traffic arrivals with non-
uniform destinations distribution and different values of inter-configuration period 7.
Both ¢ time and s_time are equal to 1 timeslot and the duration of a destinations
probability distribution, T, is equal to 1000 timeslots. The queuing delays are different
for the various edge nodes because of the non-uniform destinations distribution. The
queuing delays shown in Figure 48 are the largest reported so far because the largest
element in the bi-stochastic matrix B4 is by g which is a 0.5837 (58.37%). This indicates
that more than half of the packets generated at edge node one (the one being measured)
are assigned to edge node 8, which results in an ever increasing queuing delay in edge
node 1, particularly for the queue of packets destined to edge node 8. This happens

because a maximum of 9/16 of the traffic load (56.25%) can be carried between any one
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source-destination pair given that the no starvation policy is used and at least one timeslot
is assigned to each pair for every frame. The queuing delay is around 2.5 ms for t equal
to 160 timeslots at 90% traffic load. This value is much higher than the one obtained for

Poisson arrivals with uniform destinations distribution.
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Figure 48 Average delay in edge node 1 versus load obtained with the no propagation delays scenario.
The speed up is two and the traffic is Poisson with non-uniform destinations. Values for T are 80, 160

and 240

Figure 49 shows the average delay versus load obtained at edge node 1 of AAPN-AWTA
for three different scenarios: no link propagation delay, fixed link propagation delay and
various link propagation delays. The speed up is two, 7 is 80 timeslots and the traffic is
Poisson with non-uniform destinations. The traffic estimation, A., is calculated with
equation 1. The values of ¢_time and s_time are equal to 1 and 15 timeslots for network
with no propagation delay and fixed propagation delay, respectively. The metro network
scenario has link propagation delays equivalent to 0, 1, 2, 3, 7, 8, 9 and 10 timeslots,
respectively, between core and edge nodes. Therefore, ¢_time corresponds to 16, 15, 14,
13, 9, 8, 7, 6 timeslots; while s_time is equal to 32, 31, 30, 29, 25, 24, 23, 22 timeslots

respectively.

All three queuing delays have very similar performances under the three different

scenarios because the link propagation delays correspond only to small variations
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compared to the value of t. The delay for “metro fixed” is slightly higher than the other
two because the average delay of all links is higher. The queuing delay remains around

2.5 ms for 1 equals to 80 timeslots at 90% traffic load.

5.0E-3
4.5E-3
4.0E-3 4 —e— No Delay
35E-3 4
3.0E-3 4
§ 2.5E-3 —f—getrg
@ ixe
> 2.0E-3
2 1563
-~ Metro
1.0E-3 .
L Various
5.0E-4
0.0E+0
0 0.2 0.4 06 0.8 1
Load

Figure 49 Average delay in edge node 1 versus load with T = 80 obtained for three different scenarios:
network with no delay, network with fixed delays and network with various delays. The speed up is

two and traffic is Poisson with non-uniform destinations

Figure 50 shows the average delay versus load obtained at edge node 1 of AAPN with
AWTA with no link propagation delay and long link propagation delay networks with a
speed up of two for Poisson traffic arrival with non-uniform destination with © = 2100
timeslots. The traffic estimation, A., is calculated with the equation 1 listed in chapter 3.
The duration of a destination probability distribution, T, is equal to 1000 timeslots. Both
t_time and s_time are equal to 5 and 2000 timeslots for network with no propagation
delay and fixed long propagation delays respectively. The increase in delay is related to
the inter-configuration period T. Both reconfiguration period and the different levels of

load are the two major factors for the increase of delay.

The queuing delay with no link propagation delay network is 3 ms at 90% traffic load
with T = 2100 timeslots compared to only 2.5 ms with T = 160 timeslots in Figure 49. It
validates inter-configuration period, 1, is one of the main factors for edge nodes queuing

delay. There is roughly 300 ps queuing delay difference between for network with no
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link propagation and long link propagation delay at 90% traffic load. The network with
no link propagation delay computes newer service matrix based on the information 5
timeslots before computation time instead of 2000 timeslots for network with long link
propagation delays. The received traffic matrixes are outdated at the core node for
network with long link propagation delays, which leads to a much longer queuing delay
at the edge nodes. Figure 50 clearly shows the impact for the link propagation to edge

node queuing delay.
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Figure 50 Average delay in edge node 1 versus load with T = 2100 obtained for two different
scenarios: network with no delay and network with long delay. The speed up is two and traffic is

Poisson with non-uniform destinations

4.5.3 AAPN-AWTA with Uniform Bursty Traffic

Figure 51 shows the average delay obtained at edge node 1 of AAPN-AWTA for the no
propagation delay scenario with speed up of two for Bursty traffic arrival uniform
destination distribution and different values of inter-configuration period T. The values of
t time and s _time are equal to 1 timeslot. All edge nodes have identical queuing delay
because the traffic is balanced (uniform destinations) but increasing the value of t does
have a larger impact on delay because of the traffic fluctuations associated with bursty

traffic.
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Figure 51 Average delay in edge node 1 versus load obtained with the no propagation delays scenario.
The speed up is two and the traffic is Bursty with uniform destinations. Values for t are 80, 160 and

240

Figure 52 shows a similar result to figure 45 but for bursty traffic. If the distances are

small compared to the inter-configuration period, the variation in queuing delay is

minimal.
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Figure 52 Average delay in edge node 1 versus load with T = 80 obtained for three different scenarios:
network with no delay, network with fixed delays and network with various delays. The speed up is

two and traffic is Bursty with uniform destinations
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Figure 53 shows a similar result to figure 47 but for bursty traffic. For a fixed value of 7,

the longer distances have a big impact in the resulting queuing delay.
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Figure 53 Average delay in edge node 1 versus load with T = 2100 obtained for two different
scenarios: network with no delay and network with long delay. The speed up is two and traffic is

Bursty with non-uniform destination

4.5.4 AAPN-AWTA with Uniform IP Traffic

Figure 54 shows the average delay obtained at edge node 1 of AAPN with AWTA with
no link propagation delay network with speed up of two for IP traffic arrival uniform
destination distribution and different values of inter-configuration period t. The traffic
estimation, A., is calculated with the equation 1 listed above. Both ¢_time and s_time are
equal to 1 timeslots and no propagation delays for all links. All edge nodes have
identically queuing delay. The increase in delay with respect is proportional to inter-
configuration period 1. Both reconfiguration period and the different levels of load are
the two major factors for the increase of delay. The queuing delay is around 50 ps for t

equals to 160 timeslots at 90% traffic load. The IP traffic simulations have much lower
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5 Summary and Conclusions

A scheme for dynamic deployment of bandwidth that can be applied at two different
levels of the network hierarchy has been described in this thesis. The scheme was
implemented and tested first in the context of opto-electronic switches and then in the
context of agile optical networks. It has been shown that the method succeeds in

deploying the required bandwidth in both levels of the network.

In the context of opto-electronic switches, a three-stage packet switch architecture has
been described, which consists of a reconfigurable optical interconnection as a central
stage, surrounded by two electronic buffering stages. The proposed switch architecture is
a hybrid optics/electronics Clos-like switch that includes both the electronics and
photonics domains and makes the most of each technology’s strengths: the electronics
domain is used as a memory technology and the photonics domain is used as a
communication technology. The Flexible Bandwidth Provision (FBP) algorithm is used
to change the configuration of the optical centre stage to allocate the requested or desired
bandwidth according to the incoming traffic. The scheme is such that it accommodates

the relatively slow reconfiguration of current transparent photonic switch technology

The switch architecture and FBP method has already been demonstrated with self-similar
and Poisson traffic under various test environments in previous work [1], where it was
shown how the number of paths provided between sector pairs with the FBP algorithm
adapts to the changing traffic statistics to obtain 100% throughput and how the delays are
kept close to the ideal output queuing switch performance as a consequence of this
adaptation. The first goal of this work was to implement the FBP switch architecture in a
different platform (OPNET Modeler) that would be more suitable for further testing
under more realistic traffic traces and within a whole network environment. It was
important as well to validate the performance measures obtained previously with the

implementation in C++ code.
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The implementation in OPNET used for the performance analysis consists of a 64 x 64
switch with 16 crossbar switches in the central stage and 8 sectors in both the input and
output stages. Each sector has eight external ports and therefore the internal speed up is
two. The performance analysis for steady state response of the switch architecture with
FBP shows that the queuing delay of packets in the switch increases with the inter-
configuration period, T (the time elapsed between successive configurations). The
queuing delays in the output sectors dominate in the overall delay, except in the case of
unit internal speed-up (k =1). Three traffic models, Bernoulli arrivals with uniform
destinations, Bernoulli arrivals with non-uniform destinations and Pareto distributed ON-
OFF arrival processes with uniform destinations, have been simulated and tested with the
FBP switch. The switch performance shows same results for traffic with uniform
destinations regardless of the value of inter-configuration period t (Figure 16).
Nevertheless, the average delay with non-uniform destinations increases with the inter-
configuration period . This indicates that, with a small speed-up, the switch needs to
adapt only to slower persistant changes in traffic patterns and not to short fluctuations.
The queuing performance measured from OPNET simulations confirms the results
generated by C++. A major difference in the performance analysis between the two
implementations was that the queuing delay measurement in C++ code considers the
average queuing delay from all sectors, while the delay measurement in OPNET
considers it sector by sector. Both results demonstrate similar switch behavior under the
corresponding traffic models. For an internal speed-up of two, 100% throughput is

achievable with no apparent restrictions.

In the context of agile optical networks, namely the AAPN topology, the bandwidth
sharing scheme Adaptive Wavelength-Timeslot Allocation (AWTA) is introduced. This
scheme is a mapping of FBP onto the next higher level of the network hierarchy and it
corresponds to the distributed version of FBP where propagation delays have an impact

in the scheduling.

AAPN proposes an overlaid-star topology with edge-nodes interconnected by the beams

of the stars via core switches located at the hub of each star. The beams usually consist
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of two or more fibers that transport wavelength division multiplexed traffic between
edge-nodes and the bandwidth of each wavelength is shared in time by assigning varying
numbers of timeslots to each flow of data. The core switches operate on a slotted mode
to forward incoming traffic. It must be possible to create and destroy paths sufficiently

rapidly that they endure for only microseconds.

In the AWTA scheduling algorithm, the traffic matrix is constructed from the queues
information at each edge node. All edge nodes send the traffic information to the global
controller in the core node every inter-configuration period, 1. Because of the
propagation delays involved, the minimum t must be at least two times the maximum
core edge link propagation delay in the network (two allow for the two-way signaling of
information) plus the time it takes to calculate the service matrix. The global controller
computes the service matrix as described in the FBP architecture section after it receives
all the traffic matrix information from all edge nodes. After the computation of the new
service matrix, the core node transmits this new service matrix back to each edge node.
Synchronization among the core node and all the edge nodes is essential in order for the
core node to receive the new schedule at the exact time when the new configuration has
been applied and in this way avoid collisions. A timing diagram has been presented in
which propagation delays and synchronization between edge and core nodes have been

considered.

The network simulated in this work contains one core node and 8 edge nodes. The
connections between core node and edges nodes carry one wavelength at a link rate of 10
Gbps. The frame size is 1 ms and each timeslot is 10 ps in all scenarios. Five different
network scenarios have been implemented and tested. The first network corresponds to a
zero propagation delay between core and edge nodes, which is effectively the equivalent
to the FBP switch (a collapsed AAPN). The second network is a metro network with
fixed propagation delay equal to 10 timeslots between core and edge nodes. The third
network is a metro network with different distances between core and edge nodes which
are 0, 1,2, 3,7, 8,9 and 10 timeslots delay in sequence. The fourth network is a long

haul network with fixed propagation delay equal to 1000 timeslots delay. The last
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scenario is a long haul network with different distances between core and edge nodes

which are 0, 100, 200, 300, 700, 800, 900 and 1000 timeslots delay in sequence.

Four different traffic patterns have been used to test these network scenarios. The first
traffic pattern is Uniform Poisson traffic which uses Poisson traffic arrivals with a
uniform distribution of packet destinations. The second traffic pattern is Non-uniform
Poisson traffic, which uses Poisson traffic arrivals with a non-uniform distribution of
destinations. Both Poisson traffic models are the same as described in the FBP section of
this work, with bi-stochastic matrices used to modulate the packets destinations in the
latter model. The third traffic model is bursty traffic that uses an aggregation of ON-OFF
Pareto-distributed traffic sources with uniform destinations distribution. The last traffic
pattern implemented is a packet size distribution that corresponds to the statistics of IP
traffic measured in real networks. The 4 different packet sizes used in the AAPN IP
traffic simulation network are 40 bytes, 552 bytes, 576 bytes and 1500 bytes with 46 %,
18%, 18% and 18% of traffic load respectively. Packets destinations are uniformly
distributed in this model. The results presented in this section correspond to the case in
which a full timeslot is assigned to each packet, even if the packet is a lot shorter than the
timeslot. For this reason, the queuing delays are larger than in previous tests since there is

a big amount of wasted bandwidth.

The performance analysis shows that the network with the AWTA scheduling method
succeeds in allocating the necessary bandwidth to the different traffic flows and that a
100% throughput is achieved for all traffic traces and network scenarios when there is a
small network speed-up. The queuing delay in the edge nodes is proportional to the inter-
configuration period, 7; i.e. the time between successive reconfigurations of the core node.
This result is consistent with the results obtained in the FBP section. As expected, the
queuing delay in those edge nodes closer to the core is smaller than that in the edges
which are further away. In this thesis it has been shown that it is possible to map the FBP
scheduling algorithm to the next upper layer in the network hierarchy by extending the
algorithm with just a few considerations regarding propagation delays and

synchronization.
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5.1 Suggestions for Future Work

There are number of interesting research topics to be further developed as a continuation

of this work:

- Test the FBP switch embedded in a full TCP/IP network environment. It is of great
relevance to confirm that the switch architecture and scheduling algorithm perform well
under network processes (e.g. TCP retransmissions) that are not explicitly modeled by the

traffic models here presented.

- Perform an implementation and performance analysis of the AWTA allocation
algorithm in a multiple star and multiple wavelength network environment in the AAPN
context (the examined network in this thesis considers so far only a single star network
with only one wavelength per link). The AWTA scheduling algorithm would be used to
assign not only a different number of timeslots but also different wavelengths and even
different routes; opening up many possibilities for the improvement of overall network

performance.

- A slot aggregation process should be implemented in the case of IP traffic for both FBP
and AAPN simulations. Both FBP and AWTA are designed for fixed size packets and
the slot aggregation process is needed to be able to accommodate variable size packets
traffic such as IP traffic. There is already a large research effort in this area being
undertaken in the Photonic Network Technology Laboratory [1], the research group

within which this work was produced.

- Compare the performance of AWTA in AAPN with other bandwidth
allocation/scheduling methods in AAPN, such as Optical Burst Switching (OBS) as
described in the AAPN research proposal [19]. The same topological and traffic

parameters should be used to obtain a valid comparison of the various methods. There is
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work being performed in the area of AAPN-OBS within the Photonic Network

Technology Laboratory as well.
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