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ABSTRACT

This work deals with dynamic traffic routing for WDM topologies
using the distributed approach. We have proposed an algorithm for
dynamically routing traffic in the Tapped Lightpath Topology(TLT)
using the distributed approach. We have compared the performance
of TLT with Normal Toplogy(NT) for routing of traffic dynamically.
Routing of traffic has been simulated on the 14 node NSFNET topol-
ogy. The factors that have been measured are blocking probability,
congestion and number of hops. Also the centralized approach to
routing traffic dynamically has been compared with the distributed
approach. In addition, various routing algorithms: Pack, Spread
and Fixed have been studied and compared with one another. The
advantage of placing wavelength converters has been looked into
and an algorithm for placement of wavelength converters has been
suggested.
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Chapter 1

Optical Communications

1.1 Introduction

Historically, bandwidth requirements for communications have shown
an increasing trend, roughly doubling every two years. The tradi-

tional way has been to increase the carrier frequency. Hence, the car-

riers have seen a transition from HF to VHF to UHF to microwaves

to millimeter waves. With the upcoming intensive networking ap-

plications such as video conferencing, multimedia networking, etc.,

there emerges an acute need for a high bandwidth transport network

whose capabilities exceed those that current day copper technologies

can provide. There is a significant increase in the data rates due to

a demand for increased accuracy in data. So the latest transition of
the carrier wave is to light waves. The fiber optics potential 50 THz

bandwidth seems extremely attractive and it can be considered as

our saviour for meeting the above requirements.

In addition to the huge bandwidth it provides, optical fiber tech-
nology offers many more advantages such as
 Light weight and small size.
« Immunity to Electromagnetic Interference.
« Low EMI crosstalk.
» Low signal attenuation.

« Low cost.

Abundant availability of raw material.

1
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 Safety.

The following sections discusses the various technologies involved
in optical communications, in general. Section 1.8 introduces the
design considerations specific to a WDM network.

1.2 Optical Transmitters

The sources currently used with fiber optics are semiconductor light-
sources, either light emitting diodes (LED) or semiconductor lasers.
These sources enjoy a combination of usable properties in size, wave-
length availability, power, linearity, simplicity of modulation, low
cost and reliability that makes them suitable for these applications.
LED’s have wide beam divergence, relatively low power coupling
into a fiber and relatively large spectral width. Laser diodes pro-
duce more power than an LED, have a narrower spectrum, and can
couple more power into a fiber due to narrower emission pattern.
Hence, this source is more suitable for use with a single mode fiber
where dispersion has to be minimized. The laser diode also enjoys
an order-of-magnitude more speed, thereby increasing the potential
data rate of an optical link. The cost factor is about a factor of
two in favour of an LED source. In the short-wavelength region,
then LED offer substantial cost advantages for systems using multi-
mode fibers (both step-index andgraded index fibers) requiring less
than 50 Mbps of information rate[5]. At higher data rates or with
single-mode fibers, laser diodes are the source of choice.

1.3 Optical Receivers

The optical receiver is a combination of optical detector, electronic
preamplifier, and the electronic processing elements that recover in-
formation sent on the optical signal. The optical detectors converts
the modulated optical signal into an electronic signal for further pro-
cessing. Because the optical signal is typically weak, preamplifier is
required for signal amplification. The resulting output is processed
electronically to alleviate the problems caused by data spilling out
into adjacent bit periods because of pulse spreading, remove un-
wanted frequency components followed by recovering data using a
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data decision circuit. An ideal optical detector or a photodetec-
tor would be highly efficient, add no noise to the signal, respond
uniformly to all wavelengths, would not limit the signal speed, and
would be perfectly linear. Additionally it would be small, electroni-
cally compatible with the integrated circuits, reliable, and inexpen-
sive. From the range of available photodetectors, including pho-
toconductors, phototransistors, vacuum photoemissive devices, and
pyroelectric devices, only the semiconductor photodiode meets the
set of properties sufficiently well to be considered for use in fiber-
optic links. The two types of photodiodes curently being used are
PIN diodes and Avalanche Photodiode (APD) [5]. Table 1.1 sum-
marizes the properties of PIN diodes and APD’s.

| | PIN | PIN | APD | APD | APD |
Characteristic Silicon | Germanium | InGaAs | Silicon | Germanium
X(pm) 0411] 0518 1.0-15 | 04-11] 05165
Quantum Efficiency | 80% 50% 70% 80% 75%
Rise Time (nm) 0.01 0.3 0.1 0.5 0.25
Bias Voltage 15 6 10 170 40
Responsivity (A/W) 0.5 0.7 04 0.7 0.6
Gain 1 1 1 80-150 80-150

Table 1.1: Performance of representative detectors

The silicon devices represent mature technology and operate close
to theoretical limits in the short-wavelength region. At long wave-
lengths, while germanium-based devices have fundamental difficul-
ties with noise performance, construction of avalanche devices, and
high dark current levels; the InGaAs detector exhibits the best char-
acteristics.

1.4 Optical Amplifiers

Once the optical power in the link reaches the minimum detectable
power, we need to find a way to increase the power (if we are not yet
at the link destination). Two techniques have been used, repeaters
and optical amplifiers. An electronic repeater consists of an optical
detector, signal-recovery circuits, and an optical source. The detec-
tor transforms the optical signal into an electrical one. The signal
recovery circuit recovers the clock from the data and detect the data
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stream in electrical form. The recovered data is retransmitted by
an optical source. Many long-distance links use this approach but it
suffers the disadvantage of requiring a full electronic recovery system
at each repeater. An alternative approach is to amplify the signal
without ever forming an electronic equivalent. This technique has
potential economic advantages. Both semiconductor amplifiers and
fiber amplifiers are being studied, with recent advances in fiber am-
plifiers showing great potential. The ideal optical amplifier would
have the following properties:

« provide high gain,

« have a wide spectral bandwidth,

+ provide uniform gain over amplifier spectral width,
« allow bidirectional operation,

+ add minimum noise to the signal,

» have a low insertion loss,

 a gain that is applicable over a wide range of input
power levels, and

 have a good conversion efficiency.

An optical fiber doped with erbium ions has become a potential
all-optical amplifier, called an Erbium-Doped Fiber Amplifier
(EDFA), operating in the 1520-1550 nm window of the fiber.
Diode-laser pumps operating at 950 or 1480 nm are the pump
source. Gains of 30 to 40 dB with output power levels at 1 mW
can be achieved in these fiber amplifiers with lengths of tens of
meters. The pump power required for such gains is a few tens of
mW. Among the potential disadvantages of these amplifiers are
that they are limited to operation near 1550 nm and require high
pump power (40 to 50 mW). Research for fiber amplifiers
operating at 1300nm has been centered on praseodymium-doped
fibers with fluoride glass to serve as the host material.
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Figure 1.1: Erbium-Doped Fiber Amplifier

1.5 Wavelength Converters

Theoritically , wavelength conversion should not be very important
issue is an optical network as there should be an infinite number
of wavelengths available from which to chose for wavelength assign-
ment. But this is not so as optical communications is limited to a
very small bandwidth 1500 nm to 1580 nm. Also because of sev-
eral effects such as dispersion and interband crosstalk, two wave-
lengths in an optical fibre must be separated by about 2 nm. Also
in present day technologies the total number of lightpaths that can
be supported in an optical fibre through wavelength division multi-
plexing(WDM) ranges from 20 to 32. Hence wavelength conversion
is a very important function in WDM optical networks.

Wavelength conversion can be carried out in two different ways ,
electronically or all optically. Electronic conversion involves a opti-
cal to electronic conversion, electronic processing and subsequently
electronic to optical conversion. This technology therefore involves
an electronic bottleneck which may not be suitable in fast WDM
networks. However this technology is cheap compared to its optical
counterpart.

Recently technologies for all optical wavelength conversion have
been developed [11],[12],[13] .These use the higher order non lin-
earity effects of certain wavegiudes like Lithium Neobate (LiNbOs).
The device suggested for 1.5 um band wavelength conversion uses a
pump in the 1550 nm region. The pump at frequency w, is upcon-
verted to frequency of 2w, by second harmonic generation (SHG)
via the second order nonlinearity effects of LiNbOj. The gener-
ated 2w, simultaneously mixes with the input signal w; to generate
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wavelength shifted outputs we,: = 2w,- wy For this phasematching
between the interacting wavelengths is required and this can be done
by choosing an appropriate quasi phasematching (QPM) grating pe-
riod. The converted output power is related to th input signal power
and the pump power by the formula :

Pou = 1 n?L*P2P,

where P,,; , P, and P, are the converted output power , pump
power and the signal power respectively. 7 is the conversion effi-
ciency in the units of mW~!¢cm™2(this number is proportional to
the mode overlap between the interacting waves and the material
nonlinearity ). L is the interaction length of the waveguide. The
conversion efficiency scales with the fourth power of the interaction
length, so doubling the device length will increase the conversion
efficiency by a factor of 16.

For the above method the conversion bandwidth is about 76 nm
centred around 1550 nm which is the same as the band used for op-
tical communications which makes it very suitable for application.
The internal conversion efficiency is about -8 dB. Therefore the con-
vertor will have to be used along with a suitable optical amplifier to
make up for the loss of power during conversion.

1.5.1 Benefits of Optical Wavelength Conversion

A probabilistic approach can be used to demonstrate the advantages
of the presence of wavelength conversions in a WDM network.

Let there be W wavelengths per fiber link and p be the probability
that a wavelength is used on any fiber link. Let a H-link path be
considered for connection between two points X and Y.

In the case of a network with wavelength converters the proba-
bility Py, that a call from say X to Y will be blocked is equal to
the probability that along the entire H-link path there exists a fiber
with all of its W wavelengths in use. So Py, can be written as

wac:l'(l'pW)H

wacﬁl—(l—pr)
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since p is a small number
~ w
wac ~ H p

Now , let a network without wavelength converters be considered.
The probability P 4,., that the connection request from X to Y shall
be blocked equals the probability that along the H-link path, each
wavelength is used on at least one of the H links

Ppne = [1- (1 - p)f "

Ppne & [1- (1-Hp )"
because p is a small number
Py  HVp W

In a network the value of H is always greater than 1. Thus P
me 18 always greater than Py,.. Hence it is proved that it is always
beneficial to have wavelength converters in the network. It should
also be noted that a few number of wavelength converters makes
a lot of difference to the blocking probabilty of a optical network.
Thereafter the performence saturates .

1.6 Wavelength-Division Multiplexing

Despite the high capacity of an optical channel, most current sys-
tems use only one wavelength for carrying information. In order to
increase the capacity of the link or to use innovative wavelength ad-
dressing innovative ideas in networks, links utilizing multiple wave-
lengths are becoming increasingly popular. Optical fibers have rel-
atively broad regions of low loss that could support the operation
of the link with more than one source. Since we have the ability
to control the operating wavelength of the semiconductor emitters
through the alloy composition or through the grating spacing in
the distributed-feedback (DFB) lasers or distributed Bragg reflec-
tor (DBR) lasers, it is possible to hypothesize a link that would
carry several wavelengths. At the receiving end, filters, or other
wavelength-sensitive elements, such as gratings, would separate the
wavelengths and each carrier would fall on a separate receiver for
detection. Since the wavelengths are sharing (multiplexed) the chan-
nel, the technique is called wavelength-division multiplexing (WDM).
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The key elements in the link are devices that combine the sep-
arate source emissions (the couplers or multiplezers) at the trans-
mitter end and the elements that separate the channels (the demul-
tiplexers) at the receivers. Bidirectional links are also possible in
WDM system by intermixing sources and receivers at each end.

Wavelength-division multiplexing can be divided into wavelength-
selective techniques and broadcast-and-select techniques[1].

In the wavelength-routed WDM technique , each source operates
at a separate, assigned wavelength. The power from all sources is
combined (ideally without loss). The demultiplexer at the receiv-
ing end is wavelength-sensitive; it separates each wavelength into a
different route to a receiver; the route being unique to that wave-
length. The multiplexing and demultiplexing can be achieved with
low insertion loss, as all of the power at a given wavelength is (in
theory) directed along only one path; the other wavelengths go along
separate paths.

The broadcast-and-select technique combines powers of the sources
at the transmitting end and then divides this total, combined sig-
nal power at the receiving end. Each transmitter is preassigned a
fixed wavelength. All wavelengths are broadcast to all receivers;
each receiver requires its own filter to separate the channels. The
divided power reaching each receiver is filtered for the desired wave-
length, which is then passed to the detector (similar to commercial
TV broadcasts). Alternatives to this approach also exist where the
source uses a tunable receiver that can operate at any of the allowed
wavelengths and a fixed receiver, or both tunable transmitter and
tunable receiver.

1.7 WDM Topologies

A WDM Network consists of nodes which are connected to each
other through optical fibres. Each node has a specified number of
transmitters and receivers. This arrangement which is a one time
establishment is known as a Physical Topology (PT) . Because of
economic limitations all nodes in an optical network cannot be con-
nected to each other through optical fibres. Therefore the PT is
usually a graph that is not all connected.
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Given a physical toplogy , adequate lightpaths have to be estab-
lished traffic from any source to any destination can be routed using
single hops or multiple hops. Single hopped lightpaths are preffered
as they do not involve any electronic bottleneck. This arrangements
of lightpaths over the PT is known as the Virtual Topology (VT).
Algorithms for optimal design of virtual topologies have been dis-
cussed in Chapter 3.

1.8 WDM Network Design Considerations

Apart from the device considerations for a WDM network, there
are architectural considerations as well. The topology of the network
shall influence the choice of transceivers and the placement of ampli-
fiers. The wavelength shall also be decided on the basis of the topol-
ogy, taking into account wavelength continuity (a lightpath should
have a constant wavelength throughout) and wavelength reuse (two
lightpaths not sharing links can have the same wavelengths). The
first constraint can be relaxed if we allow optical-to-electrical con-
version and then retransmitting it at a different wavelength. This
approach, however, will lead to a fall in performance and it also re-
quires availability of tunable transmitters. The second solution can
be the use of wavelength converters affecting the economics of the
network.

1.8.1 Channels

An important criterion in WDM networks is the number of channels
that can be supported in a single optical fibre. This number depends
upon several important factors . Crosstalk among channels due
to fibre nonlinearities puts a constraint on the channel spacing .
Also intraband crosstalk occurs at the switching junctions where
the signal of the same wavelength are switched. Also dispersion
effects limit the number of channels that can be carried in a fibre.
Under the above scenario , dense WDM networks support channels
in the range of 20 to 30.

1.8.2 Power considerations

Power considerations are very important in a WDM Network to
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maintain an adequate SNR to ensure reliable detection at the re-
ceuver. Power loss in a WDM network occurs due to the following
reasons:

(i) Optical Wavelength Converters
(ii) Taps at intermediate nodes
(iii) Dispersion effects of the optical fibre

Hence proper placement of optical amplifiers in a WDM network
is extremely important and is a complex problem by itself.

1.9 Circuit Rerouting on WDM Networks

Reroruting of traffic along optical channels in a WDM network is
very important as a virtual circuit established at a given time may
not be able to support the traffic at the next instance because of
increased traffic demand. Therefore there is the need of a proper mi-
gration sequence from one virtual circuit to the other virtual circuit.
In this process it must be ensured that

(1) Other circuits are not interrupted because of the rerouting

(2) The traffic on the existing virtual circuit and the new virtual
circuit must not be disturbed under any circumstances

It must also be ensured that the new virtual circuit allows at
least the traffic which was flowing in the previous virtual circuit to
maintain Wide Sense Non Blocking|[1].



Chapter 2

Tapped Lightpath Topology

2.1 Motivation

Topologies for WDM wide area networks used till date, which will be
referred to as Normal Topology (NT) in this report, uses all-optical
bypass to build lightpaths. These lightpaths can span many physical
fibers to transfer data from one terminal to the other without going
through any electronic processing. Avoiding electronic bottlenecks
speeds up the network and allows us to use the bandwidth provided
by the fibers more efficiently. Hence, if there is a large data traf-
fic between two nodes, then we would like to establish lightpaths
between them. This heuristic approach is the driving force behind
WDM WAN’s, which attempts to reduce the overall delay in the
system. Thus, this is one step ahead of point to point WDM having
no bypass facility because the utilization of available wavelength is
larger. However, it is possible to go one step further to speed up
the network more and increase the bandwidth utilization. Introduc-
ing another facility other than optical bypass- tapping a lightpath
while bypassing it can do this. This will radically change the vir-
tual topology discussed so far. The lightpaths are no longer used for
communication between two nodes. It serves as a communication
channel involving the two terminals as well as the taps in between.
This topology is Tapped Lightpath Topology (TLT)[4].

The basic motivation for TLT is the following. Refer to Fig. 2.1a.
Let us assume that there are lightpaths going from node 1 to node
3 routed via node 2, from node 3 to node 4, and from node 4 to

11
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1 ~ 3 1 3 1 ~~ 3

(a)NT (b)TLT (c)NT
Figure 2.1: NT and TLT topology

node 2 initially. Suppose that node 1 needs to send data packets
to node 2 at this instant. Transferring data from node 1 to node 2
would require traversing all these three lightpaths and encountering
two electronic bottlenecks at the end of the lightpaths. However, if
we tap the first lightpath from node 2, as shown in Fig. 2.1b, which
would require an extra receiver, this data transfer would involve
only the first lightpath and no electronic bottlenecks. Thus, the
delay has been reduced. Congestion can also be expected to reduce
as we are freeing the other two lightpaths from this data transfer.
However, this performance is at the cost of the extra receiver used
for tapping.

Another NT solution is shown in Fig. 2.1c. The data transfer
could take place by constructing a new lightpath between node 1
& node 2. This way the delay figure would be exactly the same
as that of the TLT case and the congestion would be somewhat
better. However, the NT solution uses more wavelengths which
could have been used to route other traffic. To find out whether we
can perform better in TLT within the resources of an optimal NT
solution requires a careful study.

TLT solutions always provide us with results at least as good
as N'T if not better irrespective of the situation. This statement is
not surprising because of the following reason. TLT offers us with
a third option of tapping and bypassing the lightpath other than
the termination and optical bypass, which are existing in NT. Thus,
TLT is actually a generalization of NT. As a result, optimal TLT
solution can’t be worser than NT. In other words, since the TLT
solution space is a superset of the NT solution space the optimal
TLT solution will, in the worst case, turn out to be a valid NT
solution as well. That is, such an optimal TLT will have no taps at
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all. However, in a general case, TLT optimal solution will be better
than NT.

2.2 Advantages of TLT in Dynamic Routing

In addition to the advantages of TLT discussed in the previous sec-
tion, a major advantage is that we can establish a “tap” dynamically
if a need arises without disturbing the network other than increas-
ing the congestion on that particular lightpath. Consider a scenario
(Fig. 2.2(a)) in which there is a lightpath from node 1 to node 3
which is bypassing another node, node 2. The traffic from node 1 to
node 2 is near capacity and hence there is a separate lightpath for
this pair. Also, the traffic from node 1 to node 3 is 'normal’. Now,
if there is a sudden increase in traffic from node 1 to node 2 which
can not be served using that established lightpath, we would have
to establish another lightpath or use a multihopped path from node
1 to node 2. See Fig 2.2(c). The first approach may not be possible
due to the non availability of wavelength or transmitter at node 1.
The second approach has a problem regarding high variations in de-
lay. That is, the traffic reaching node 2 via the single hopped path
has a much lower delay than that encountered by the multihopped
path. This problem can be solved using TLT. What we can do,
is to establish a tap at 2 on the lightpath from node 1 to node 3
to accomodate that short increase in 1 to 2 traffic, which will have
comparable delays with the direct lightpath from node 1 to node
2. See Fig 2.2(b). Also, we can ‘remove’ the tap when the traffic
comes back to the average (which it eventually would). Adding a
tap involves tuning a particular receiver at the node , the time re-
quired for which will be substantially lesser than that of establishing
a new lightpath altogether. This tuning time can therefore be safely
neglected.
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©

Figure 2.2 (a),(b),(c) Advantages of TLT in dynamic traffic routing

2.3 Advantages of TLT in Multicasting

A significant advantage of the TLT is in multicasting. Multicasting
essentially means one source transmitting the same data to many
destinations. Consider a scenario in Figure 2.3 in which source 1 is
transmitting the same data to destinations 2 , 3 , 4 and 5. In NT
there must exist separate lightpaths to each of these destinations if
all of them are to be connected through single hop (Fig 2.3(a)). This
leads to added congestion in the network . Also one transmitter ,
one receiver and one wavelength is required between every source
destination. This increases the resources required by the network.
The TLT solution shown in Figure 2.3(b) is quite efficient. Only one
transmitter , one receiver and one lightpath is used for transmitting
the traffic from source 1 to destinations 2,3,4,and 5 by establishing
taps at nodes 2,3 and 4 in the lightpath from 1 to 5. This also
decreases the congestion in the network. The tradeoff is loss of
power due to the presence of taps. Therefore optical amplifiers have
to be suitably established in the lightpath.
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Figure 2.3 Advantages of TLT in multicasting

2.3.1 Tapping a Lightpath

To implement the Tapeed Lightpath Topology (TLT), it is essential
to tap the traffic on a lightpath. This can be done with the help
of a passive optical device. A tap can be a variation of an already
available 2X2 coupler. As shown in Figure 2.4, a 2X2 is a device
that couples two input beams and provies two output beams with
a predefined power distribution. Foe example a 3 dB coupler shall
distribute half the light power at each input port to each output
port.

The 2X2 coupler is obtained by melting and pulling two single
mode fibres together over a uniform section of length. Each input
and output fiber has a long tapered section since the transversal di-
mensions are gradually reduced down to that of the coupling region
by pulling the fiber during the fusion process. by carefule dimesion-
ing of the coupling region, the fraction of the input field that has
to be propogated to the output field can be controlled. Thus 2X2
couplers can be analysed in terms of the partial scattering matrix S
which defines the relationship between the two input field strengths
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a; and ao and the two output field strengths b; and b, as has been
shown in Figure 2.4.

al S11
bl
INPUTS S12 OUTPUTS
a2 S2
b2
S22
COUPLER

Figure 2.4 A 2X2 Coupler



Chapter 3

Traffic Routing for WDM
Networks

3.1 Introduction

Here we consider how to route the traffic between every pair of nodes
over the Physical Topology (PT) of a WDM network. This consists
of first establishing an optimal Virtual Toplogy (VT) with the help of
Static Lightpath Establishment (SLE) algorithms and then routing
the traffic over the V'T. The latter can have two different appraoches,
centralized or distributed. We shall discuss algorithms to implement
the above in this chapter.

3.2 Static Lightpath Establishment (SLE)

In SLE , the problem is to determine an optimal Virtual Topology
(VT) , given a Physical Topology (PT) and a traffic matrix which
contains the traffic between every two source destination pairs . The
traffic matrix described here must a long term avarage traffic matrix
so that the VT is optimal in the long run.

Certain terms need to be defined rigorously so as to avoid any
confusion later. An optical channel is an entity involving only two
nodes, with a transmitter on one and a receiver on other. Many
optical channels are multiplexed together to form a lightpath in TLT.
In NT, an optical channel is same as a lightpath.

17
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Lightpaths in TLT can be of the following four types :

1. Single Hopped Lightpaths without Optical Wavelength
Converters : These are those lightpaths which establish a
direct connection between a source and a destination. This is
the best possible lightpath as it involves no possible electronic
delay or power loss.

2. Single Hopped Lightpath with Optical Wavelength Con-
verters : These are lightpaths which establish a direct connec-
tion between a source and a destination but involve a wave-
length conversion at some intermediate node.

3. Tapped Lightpath : This is a lightpath from the source to
a different destination but tapped at the required destination.
The disadvantage of a tapped path is that it increases the con-
gestion thoughout the lightpath and also involves power loses
at the nodes where taps have been established. But this is a
minor compromise for setting up of a direct connection between
two nodes

4. Multihopped Lightpath : Two or more single hopped /tapped
lightpaths are used to route the traffic bewteen the source and
destination. In effect a virtual circuit is set up. Thus such
paths involve an electronic bottleneck and should be given least
preference.

In the SLE paths should always be set up in order of preference from
(i) to (iv). We now proceed to describe algorithms for SLE.

3.3 Static Lightpath Establishment (SLE) Algo-
rithms

3.3.1 Total Optimization Problem

This involves formultaion of the design as a linear programming
problem and then solving it to get an optimal Virtual Topology
(VT). There could be two different types of optimization , flow based
optimization and delay based optimization[1]. We shall discuss them
in brief :
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Flow based optimization:
In this we try to minimize the maximium utilization of any link
in the topology

Delay Based Optimization:
The objective here is to minimize the mean network wide packet
delay . Delays in a network may be due to two main reasons :

1. Delay due to electronic bottleneck involved in the case of mul-
tihopped paths. The more the average number of hops in the
topology the more will be the average delay. Therefore the ob-
jective should be to minimize the average number of hops in
the topology

2. Delay due to queuing at intermediate nodes . This is again
dependent on the average number of hops in the topology.

In most cases Delay Based Optimization is preffered over Flow Based
Optimization[1].

A solution for delay based optimization for TLT has been dis-
cussed in detail in [4]. The formulation is a mixed integer program-
ming problem with a large number of constraints and varaibles. Al-
though this is the most accurate apprach , the computational cost is
prohibitive even for small sized networks. Hence this cannot be pos-
sibly used for real time applications. Hence the need for heuristics
to solve the problem. Heuristics used for the SLE give us solutions
which are comparable to those given by linear programming solvers
[14] in terms of blocking probability of the newtwork.

3.3.2 Heuristic algorithms for SLE

To begin a simplifying assumption is made that unlimited num-
ber of wavelength converters are available and hence no wavelength
continuity criteria is considered. The condition of wavelength con-
tinuity will be applied in Section 3.4 where we shall consider the
wavelength assignment problem and optical wavelength convertor
placement problem in detail. Also, we assumed no distinction be-
tween a receiver and a tap to simplify the problem. The algorithm
is as follows.
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Algorithm SLE

Inputs:

t,q = Traffic between nodes s to d

PT = Physical Topology

hsq = Number of hops between s & d in Physical Topology

Variables:

VT =Virtual Topology

H,; = number of hops between nodes s & d in Virtual Topology
(VT)

To solve for VT

Initially,

VT = null set,

H,y = w (A very Large number for all s-d pairs )
While (more lightpaths can be set up)

{

}

Find )‘sd = (tsd * (Hsd - 1))
Find source destination pair s,, d,, for which A4 is miminum
If (free transmitter available at s, and free receiver available
at dn,)
{
Try establishing the following in order
(i) Direct lightpath between s, and d,,, (Procedure Establish
Direct Lightpath)
(ii) Tapped lightpath between s,, and d,, (Procedure
Establish Tapped Lightpath)

}
Else

Try to establish a Multihopped path bewteen s, and d,,.
(Procedure Establish Multihopped path)
If a direct Lightpath or a Tapped Lightpath has been set up
then
(i) Modify the VT accordingly
(i) Recalculate Hyy between every s,d from the modified VT.

Procedure Establish Direct Lightpath
Begin
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Establish the shortest path over the physical topolgy between
source and destination subject to a wavelength being available
at each link and a transmitter being available at the source
and receiver being available at the destination. The shortest
path can be found with the help of Djikstra’s Algorithm[6].

End

Procedure Establish Tapped Lightpath
Begin
For each lightpath from s (i.e. transmitter at node s)

{

If d is a bypassed node and there is a reciver free at d

Consider tapping this lightpath.
}
In case of multiple candidates choose the lightpath which has
minimum usage.

End

Procedure Establish Multihopped path

Begin
Try to find a path between the source and the destination on
the virtual toplogy with the help of Djkstra’s algorithm
having the minimum usage. The cost function in this case for
the Djkstra’s algorithm shall be the usage of the link .

End

If no optical channel can be formed from s to d, then the call is
blocked.

Heusristic function:

The heuristic function used is A\sg = (tsq * (Hsq — 1)) where Hyy
contains the number of hops from source s to d on the VT. The
value of Hy, is subtracted by 1 so that if there exists a path in the
VT for a particular s’d’ then A\yy = 0. Therfore there cannot exist
multiple paths between a source destination pair.

The idea is to first establish path between those source destina-
tion pairs which have still not been established and for whom the
traffic demand is very high. After these have been established we
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move on to establishing lightpaths between those source destination
pairs for which connection in the existing VT is through a large
number of hops.

3.4 Wavelength Assignment Problem

In optical networks, the routing problem consists of two components.
The first is to determine a path along which the connection can be
made. This is done through Procedure Establish Direct Path which
was described in Section 3.3. The second component is to assign a
wavelength to the selected path. To find a wavelength, the set of
wavelengths can be considered in a fixed (fixed search wavelength
assignment) or adaptive order (adaptive wavelength assignment).
We have considered fixed as well as adaptive wavelength assignment.

Fixed Wavelength Assignment (FWL)
In fixed wavelength assignment, the search order is fixed a priori,
e.g., Ll,Lg,Lg,

Algorithm FWL

1. Arrange all the available wavelengths in a fixed order. (Li,
i=0, i<=max no. of wavelengths).
2. For every source s, and every destination d,

(i). Choose a wavelength from the set of available
wavelengths, starting from L.
(ii). while (destination not reached)

If ((Usage(L;) + Demand)<Capacity(L;))
go to next node in the path from s to d
else

{

go back to source;
go to next wavelength.

}

(iii). If destination was reached,

{
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update the information fields (usage of wavelength,
availability of transmitter at source, availability of receiver
at destination, etc.)

}

(iv). Go to next s-d pair.

Adaptive Wavelength Assignment (AWL)
In adaptive wavelength assignment, we have considered two al-
gorithms:

Pack: This algorithm attempts to route the session on the most
utilized wavelength first, i.e., wavelengths are searched in descending
order of utilization, in order to maximize the utilization of available
wavelengths.

Algorithm Pack

1. Arrange all the available wavelengths (L; , i>=0, i<=max
no. of wavelengths) in decreasing order of usage, such that
Usage(L;)>Usage(L;), for all i<j.
2. For every source s, and every destination d,
(i). choose a wavelength from the set of available
wavelengths, starting from L.
(ii). while (destination not reached)
{
If ((Usage(L;) + Demand)<Capacity(L;))
go to next node in the path from s to d
else
{

go back to source;
go to next wavelength;

}

(iii). If destination was reached,

{

update the information fields (usage of wavelength,
availability of transmitter at source, availability of receiver
at destination, etc.);

reorder the wavelengths according to their usage;
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}

(iv). Go to next s-d pair.

Spread: This algorithm attempts to route the session on the
least utilized wavelength first, i.e., the wavelengths are searched in
ascending order of utilization, in order to achieve a near-uniform
distribution of the load over the wavelength set.

Algorithm Spread
1. Arrange all the available wavelengths (L; , i>=0, i<=max
no. of wavelengths) in increasing order of usage, such that
Usage(L;)<Usage(L;), for all i<j.
2. For every source s, and every destination d,
(i). choose a wavelength from the set of available
wavelengths, starting from L.
(ii). while (destination not reached)

If ((Usage(L;) + Demand)<Capacity(L;))
go to next node in the path from s to d;
else
{
go back to source;
go to next wavelength.

}

(iii). If destination was reached,

{
update the information fields (usage of wavelength,
availability of transmitter at source, availability of receiver
at destination, etc.);
reorder the wavelengths according to their usage;

}

(iv). Go to next s-d pair.

3.5 Wavelength Converter Placement Problem

When a single hop path cannot be established between a source
and a destination due to wavelength continuity criterion (that is,
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there is no single wavelength which is free on all the constituent
optical links of a lightpath) although there is atleast one wavelength
free on all those links, we can use optical converters to establish
a single hop lightpath. In the absence of wavelength converters
a multihopped path would have been required between the source
and the destination, which has much higher delay due to electronic
bottleneck.

Wavelength converters are considered when all the lightpaths
which can be established without converters (using one of the above
wavelength assignment algorithms) have already been established.
The algorithm for converter placement in the network follows:

Algorithm ConverterPlacement
1. Arrange all the available wavelengths (L; , i>=0, i<=max
number of wavelengths) in a particular order of
usage,according to the algorithm (pack, spread or fixed) being
used.
2. For every source s, and every destination d,
(i). choose a wavelength from the set of available
wavelengths, starting from L.
(ii). while (destination not reached)
{
If ((Usage(L;) + Demand)<Capacity(L;))
go to next node in the path from s to d
if (wavelength on previous link != L;)
place converter at present node
else
find L; through the algorithm being used;

(iii). If destination was reached,

{
update the information fields (usage of wavelength,
availability of transmitter at source, availability of receiver
at destination, etc.);
reorder the wavelengths according to their usage;

(iv). Go to next s-d pair.
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3.6 Virtual Topology Reconfiguration

Traffic in a network changes dynamically. The Static Lightpath
Establishment algorithm (SLE) that was mentioned earlier in this
chapter establishes an optimum topology based on the long term
average traffic matrix. Therefore this may not be optimum for the
traffic requirements for that network all along. Hence the need for a
Dynamic Traffic Routing(DTR) algorithm which shall take into con-
sideration the dynamically changing traffic matrix. In this chapter
we discuss a suitable DTR algorithm for TLT.

In the ideal situation, given a small change in the traffic matrix,
we would prefer for the new virtual topology to be largely similar to
the previous virtual topology, in terms of the constituent lightpaths
and the routes for these lightpaths, i.e., we would prefer to minimize
the changes in the number of WRS configurations needed to adapt
from the existing virtual topology to the new virtual topology. Given
a certain traffic matrix there may be many different virtual topolo-
gies, each of which has the same optimal value with regard to the
objective function. Therefore, the ideal solution would have been
to find all those topologies and choose the one requiring minimum
changes with respect to the existing topology. The establishment
of lightpaths dynamically requires significant time in comparison to
the actual time for which that lightpath may be required. And,
since these reconfigurations are taking place dynamically, the cost
of computing all the optimal solutions is formidable. Also, since
SLE is optimized to long term traffic between all the source des-
tination pairs with minimum resources (wavelengths, transmitters,
receivers, etc.), we may not have free resources available to create
any more lightpaths. The average dynamic traffic, over a sufficiently
large interval of time, between a source destination pair will be close
to the one for which the SLE had been established (as shown in the
figure 3.1, the traffic requested at any time does not deviate much
from the average value), creating lightpaths at a particular instant
will also mean deleting them at a later instant , all of which will
consume significant time.
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A better solution may be to use the existing topology to route
the dynamic traffic. This may lead to longer path lengths and hence
delays. It makes sense to sacrifice a little bit of delay to accomodate
more traffic at a lower cost. It will also avoid the time required
for establishing lightpaths, which is essentially the time required for
hardware reconfiguration (receiver tuning, etc.). Thus the overall
effect may even come out to be advantageous.

3.7 Distributed Vs. Centralized Routing

The centralized approach to traffic routing, static or dynamic, re-
quires a lot of time and resources. The SLE is a long term policy
that needs to be run, say once a year. Thus we can afford to adopt a
centralized approach for SLE. However, such is not the case with dy-
namic traffic routing, which is required to be run continually. The
centralized approach will require that there is a master processor
that has complete information about the whole network which may
not be possible in large networks. Processing such a large amount
of information centrally will require much more computational time.
Since the traffic in the network is changing continuously, transaction
of this information to and from different nodes in the network will
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require a lot of time and resources. Hence, it seems prudent that
the dynamic traffic routing algorithm should be made distributed.
The distributed approach means that each node operate upon the
information available locally and take decisions regarding routing
accordingly. However, this approach has a limitation that the re-
sulting routing may not be globally optimal which the centralized
approach will obtain. But the time required for rerouting the traffic
will be reduced substantially as each node can act independently.

3.8 The Distributed Dynamic Traffic Routing
Algorithm

3.8.1 Assumptions made

For dynamic traffic routing we assume that calls are wide sense non
blocked. This basically means that existing calls will not be blocked
Also between any two source destination pairs the delay along all
the direct paths which have been established will be comparable.
The delay involved in a direct path from a source to a destination
is considered comparable to the delay involved in a path that is
tapped at the destination. However the delay involved in a multihop
path is not comparable to any of the above two paths. This is
essentially because a multihop path involves optical to electronic
conversion, reprocessing, and then electronic to optical conversions
at each node which will consume significant time and hence cause a
much larger delay. Therefore between every source destination pair,
we can have either a direct/tapped path or a multihop path but
not both of the above . Also it should be observed that the delay
involved in a multihopped path should not increase beyond a limit,
i.e., there should be a limit to the number of hops in a multihopped
path. There is a separate control channel available between every
node pair which is used for node pairs to communicate between each
other.

3.8.2 Approach

Each node in the network maintains the following information with
itself.
(i) All the lightpaths originating from it along with
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(a)The route over the physical topology for every lightpath
and the wavelength used.
(b)The nodes at which it has been tapped and terminated .
(c)All the source destination pairs which are using that
particular lightpath along with the traffic for every source
destination pair.
(d)The total capacity for the lightpath
(e)The total amount of traffic that the lightpath is carrying.
(ii) The number of free transmitters available .
(iii) The number of free receivers available.
(iv)The number of free wavelengths available to nodes connected
in the physical topology.

Thus the node carries complete information about all the traffic
that is originating from it, all the traffic that is directed to it as
well as the traffic for which it merely acts as a router. Apart from
this information the node does not carry any other information of
the network. Thus the information about the network is distributed
across all the nodes.

We take the following inputs into consideration :

(i)The long term average traffic matrix.

(ii) The capacity of each lightpath.

(iii) The total number of receivers and transmitters available
at each node

(iv)The number of wavelengths available per link.

(v) The reconfiguration time interval for each node.The recon-
figuration time interval is the time interval after which the node
reroutes the new traffic over the virtual topology. The reconfig-
uration time interval will depend on the nature of the changing
traffic. In a case where traffic output from a node to other nodes
is drastically changing the reconfiguration time must be very
low. On the contrary, if traffic is mostly static and changes
very slowly, the reconfiguration time can be high. Also care
must be taken not to make the reconfiguration time very low,
as then the costs of reconfiguration will turn very high. Also, a
high reconfiguration time wastes the utility of the distributed
dynamic algorithm.

(vi)The traffic to each node at the time of each
reconfiguration. This is basically the changed traffic for that
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particular node to other nodes in the network when
reconfiguration is taking place.

3.8.3 Algorithm
The algorithm consists of two phases :

Phase 1: In this phase we establish the lightpaths by the SLE
algorithm for the long term average traffic matrix. This is done using
the maximizing multihop traffic algorithm which was described in
section 3.2.

Phase 2: In this phase we route the new traffic using the exist-
ing topology. Procedure For_Originating Traffic is applied at each
node at each reconfiguration time interval. Procedure Request_Tap
and Procedure Request_Route are applied whenever a request comes
from some other node.

We shall now describe phase 2 in detail.

Procedure dynamic route (destination, new traffic, original
traffic)
begin

Procedure For_Originating_Traffic
begin
If (new traffic < original traffic)
begin
If there exists a multihop path to the destination
begin
Send new_traffic to the next node directly connected in
the previous multihop path.
Request the next node to route this traffic
if (new traffic=0)
Request the next node to terminate the multihoppath.
Delete the source destination pair occuring in the
lightpath to the next node.
end
else
begin
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if there exists a tapped path to destination
send new traffic to destination through this path
if the traffic along the tapped path becomes zero
begin
Ask the destination to delete the tap
delete the source destination pair occuring in the
lightpath
end
If Direct path exists between source and destination
send new traffic through this path
end
end
If (new traffic > original traffic)
begin
Initially leftover = new traffic - original traffic
If (Direct path exists between source and destination)
begin
Increase the traffic along that lightpath.
Modify leftover value if the total traffic cannot be routed
through this path
end
if tapped path exists between source and destination
begin
Increase the traffic along the tapped path
Modify leftover value if the total traffic cannot be route
through this path
end
If (direct or tapped path not found)
begin
If Multihopped path exists between source and
destination
search for an alternative path having destination
bypassed
If (path found)
establish a tap at the destination
route the traffic along that path

else
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Send new traffic to next node along the least
congested lightpath;
Send a request to the next node to route this traffic;
end
end
end //For_Originating Traffic

Procedure Request_tap()
//if there is request from some other node to a lightpath
begin

Tap the lightpath for which the request has come

Send status to requesting node

end //For Procedure Request_tap

Procedure Request_route()
//if there is a request from some other node to route traffic
begin
if there exists available direct path to destination
Send the incoming traffic from requesting node to
destination through this lightpath
else
if there exists a path to destination which can be tapped
begin
Send the incoming traffic from requesting node to
destination through this lightpath
Request the destination to tap this lightpath
end
else
Send traffic through lightpath that is least congested.
Inform source about the status
end//Procedure Request_route()
end//Procedure Dynamic_route()

In this algorithm, we first consider the requests for decreasing
traffic, since it will help in serving requests for increasing traffic.
As explained earlier we have either a multihopped path or a direct
(or tapped) path between a source destination pair. We first search
for a multihopped path and if the result is positive, we send the
new traffic along the next node connected directly by the earlier
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lightpath. Otherwise, we first search for a tapped lightpath (since
it leads to more congestion than a direct path) and then for a direct
path. Also, if traffic along a tapped path becomes zero, we request
the destination to remove the tap, that is, free the receiver.

Now, we try to serve the requests for increasing traffic. In this
case we allow the traffic to “spillover” from a direct path to a tapped
path but not to a multihopped path. Also, the priorities in this case
are reversed. If a direct path is found we increase the traffic along
that path. Now if a direct path is not found or if there is any
spillover, we try to find a tapped path and then a path bypassing
the destination but not being tapped. In the second case, we request
the destination to establish a tap (of course, subject to availability
of receiver). If the entire traffic demand can not be met, we block
the leftover.

Now if a single hopped lightpath is not found, we serve the request
using a multihopped lightpath. For finding a multihopped path in
a distributed approach, we search the Least Congested Path (LCP)
from source to a node connected through a single hopped path and
continue this procedure until the destination is found. In this case
also, if the entire traffic can not be routed along a single multihopped
path, the “extra” traffic is blocked.

All the communication between nodes takes place through the
control channel which is assumed to be present.



Chapter 4

Simulation and Results

4.1 Simulation of the Algorithm

The dynamic routing algorithms that were described in chapter 3
was simulated on the NSFNET. The NSFNET T1 backbone con-
nects all the major universities in the United States. The physical
topology of the NSFNET is shown in Figure 4.1.

Figure 4.1 The physical topology of the NSFNET

Phase 1 of the algorithm was applied to the long term average city
to city traffic measured at intervals of 15 minutes[1] multiplied by a
factor of 20 times. This was essentially done to estimate the traffic

34
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demand by the year 2005 on the NSFNET. For implementing phase
2 we need to simulate the traffic between each node pair. For this a
poisson generator was used. The poisson probability distribution is
given as follows

P(X=k) = f‘j;;a

k

where P(X=k) is the probabilty of the k' event occurring
‘o is the mean of the poisson distribution

In our case the value of o will be the long term average traffic
rate for that node pair. P(X=k) will denote the probabilty that the
traffic between the node pair at that instant of time is 'k’.

The probability of various rates of traffic for that node pair can
be generated using this equation. Let the probabilities for P( X =1)
be denoted as p; , P(X = 2) be denoted as py , P(X = n) as p,
and so on. The sum of the probabilities for various rates of traffic
must come out to be 1. These probability values can therefore be
mapped on a scale of 0 to 1 as shown in Figure 4.2.

| | | | ‘ |
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D el e . () !

60 () (=) (k=)
Figure 4.2 Mapping of probabilities on scale 0 to 1

The probabilities for traffic greater than 2« are added and mapped
to the last scale. A random number generator can now be used to
generate random numbers from 0 to 1. The index of the scale where
the random number generated lies will give the traffic for thet node
pair at that instant. By applying the above process repeatedly we
are able to simulate dynamically changing traffic for that node pair
which is centered around the long term traffic average.

It may be argued that since the above process involves a random
number generator whose generated values are always pseudo random
in nature to some extent , the generated traffic might not be exactly
centered around the long term average value. But experimental
observations show that the total traffic requested at a particular
time is quite close to the long term average value.

The above process is repeated for all node pairs to generate the
traffic at each reconfiguration time. At the reconfiguration time ,
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each node reconfigures the traffic on the existing virtual topology
through the algorithm that has been proposed. For the simulations
,the reconfiguration time for each node has been taken to be same
for the sake of simplicity. In a practical case however , different
nodes may reconfigure at different times. However the result of this
should not be remarkably different from our simulations.

The following parameters of the network were noted each time a
reconfiguration was carried out

(i) The traffic that could not be routed (i.e., the blocked traffic)

(ii) The congestion in the network, i.e., the sum of usage of all the
lightpaths in the network.

(iii) The average electronic hop delay in the network (i.e., the sum
of all the electronic hops suffered by various multihoped lightpaths
divided by the total number of node pairs). This is equivalent to
the average number of hops in the network as electronic delays in
a network are mainly due to presence of hops along a path where
optical to electronic and electronic to optical conversions take place.

The above parameters were utilized to compute the following
metrics which can be used for analysing the efficiency of the dis-
tributed dynamic routing algorithm.

(i) The blocking probability: The total amount of traffic
blocked divided by the total amount of traffic carried by the network
in the studied time period.

(ii) The average congestion in the network: The average of
the congestion values in the studied time period.

(iii) The average of the average electronic hop delay in the
network. As has been explained above this is equal to the average
number of hops in the topology over the entire time span.

The above mentioned metrics were studied while varying the
number of wavelenghts per physical link , number of transmitters
per node, the number of receivers per node and wavelength alloca-
tion schemes .It has been assumed that a tap is a receiver and there
is no separate bound on the number of taps. In an actual scenario
there might be an explicit number of taps that are available at a
particular at a node because a tap is a specific hardware device.
Therefore the above assumption of taking a tap for a receiver has
been done just to reduce the complexity of the simulation and taking
into consideration that the behaviour of a tap is almost identical to
that of a receiver. The next section discusses the results obtained.
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4.2 Results

The following sections discuss the performance of our simulations
on the 14 node NSFNET for the proposed Routing Algorithms.

4.2.1 Dynamic Reconfiguration results

An important advantage of TLT is that a new path can be created
between two nodes by inserting a tap at an existing lightpath. This
has been explained in detail in Section 2.2. As a result the traffic
which could not be routed through one path is routed through two or
more paths, one direct and the remaining tapped. This is shown for
the TLT in the Figures 4.3(a). The routing is through the proposed
Distributed Dynamic Routing Algorithm.
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Blocking Probability Vs. Number of Transmitters and Receivers for TLT
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Average Congestion Vs. Number of Transmitters and Receivers for TLT(Centralized routing)
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Average Number of Hops Vs. Number of Transmitters and Receivers for TLT
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Average Number of Hops Vs. Number of Transmitters and Receivers for NT
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