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CHAPTER 1
INTRODUCTION

1.1 WDM Technology

With the realization of Wavelength Division Multiplexing (WDM), Internet Service
Providers have been able to provide higher bandwidth across optical fiber communication links.
WDM technology allows for multiple wavelengths within an optical fiber to function as separate
data channels [3]. These channels are then multiplexed together onto a single fiber for long
distance transmission [4]. Figure 1.1 gives a graphical representation of this concept. Each of
the three wavelengths in the diagram are initiated from a different data source and then
multiplexed together across a single optical fiber. The technology has come so far since its
invention in 1970 [3] [4] that today’s implementation is able to carry data rates of 101.7

terabits/s across a single optical fiber link over 165km utilizing 370 separate channels [8].
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Figure 1.1. A WDM fiber.



1.2 WDM Networks and Lightpaths

A WDM network is composed of WDM switches connected together via optical fiber
cabling as shown in Figure 1.2. A WDM switch can switch signals on different wavelengths on
incoming ports to different outgoing ports. Access nodes connect to WDM switches and for the
purposes of this paper we will refer to a WDM switch and access node together as WDM nodes,
or simply nodes. An optical end-to-end communications connection between two nodes spanning
multiple physical fiber links using a single wavelength is known as a lightpath [1] [2] [7] [6] [5]
[4] [3]. We will assume that when a lightpath passes through a WDM switch it cannot change
wavelengths. This is true for WDM switches that switch signals using only optical components.
Notice that a lightpath will use the same wavelength along its entire route. This constraint is
known as the wavelength continuity constraint [1]. Another constraint is that lightpaths

traversing an optical fiber link at the same time must use different wavelengths.

/I > / @ Access Node
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Figure 1.2 A WDM network.




The problem of setting up a lightpath requires computing a physical route and reserving
an open wavelength. This is known as the Routing and Wavelength Assignment (RWA) Problem
which has been proven to be NP-complete [1]. To make it more tractable, it can be broken up
into two sub-problems: finding a route, and then assignment of a wavelength [1] [3] [4]. A set of
heuristics can be used to solve the routing sub-problem and then another set of heuristics can be
used to solve the wavelength assignment sub-problem.

Lightpath request traffic in a WDM network can be modeled into two distinct types:
static and dynamic traffic [1]. In a static traffic model, all lightpath requests are known ahead of
time, and once a lightpath has been established, its assignment and route cannot change. An
optimization problem with respect to this model is to schedule all the lightpath requests in a
manner that utilizes the least amount of resources (i.e. wavelengths). In a dynamic traffic model,
lightpath requests have random arrival times, and therefore each request is scheduled one at a
time, as opposed to the global approach taken with the static traffic model. For dynamic traffic
the goal is to minimize the number of blocked requests and maximize the number of connections
that can be established at any given moment.

In both traffic models a lightpath request that contains both a connection setup and
teardown time is known as a scheduled lightpath [2]. These requests are a type of advanced
reservation of a lightpath [15] [16]. The assignment of a scheduled lightpath request to an
available wavelength is known as scheduling [2].

Advanced reservations of lightpaths are typical given certain end user applications, such
as company system backups or scientific experimentation setup between two remote sites [5] [6]
[7]. Often, these types of connection requests are not meant for one-time use, but periodic use

such as daily or weekly lightpath reservations [2]. We denote such lightpaths as periodic
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lightpaths [2]. It has been shown that traffic patterns are periodic across WDM networks [3] [4].
A clear illustration of traffic periodicity can be seen in Figure 1.3, which shows the traffic load
over the course of a week through an OC-192 interface of an Internet data collection monitor in

San Jose, CA [11].
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Figure 1.3. Traffic load through an OC-192 interface of an Internet data collection monitor in San Jose,
CA [11].
If portions of the traffic load could be shifted to non-peak hours then Figure 1.3 would present a
more uniform traffic distribution. Ultimately, a lower and more efficient wavelength utilization
would result. The ability of a customer to alter the times in which they request network

resources is known as time flexibility [2], and it is discussed further in the following section.

1.3 Time Flexibility
Time flexibility was introduced in [2] as a useful attribute of scheduled lightpath requests.
It was further analyzed in [3] [4] [13] [14]. However, in [13] [14] lightpath requests that have

time flexibility are referred to as sliding scheduled traffic requests. Initially, lightpath requests



contained precise setup and teardown times for network service. However, not all applications
require such stringent service windows. For example, in today’s cloud architectures, system
replications need to take place on a regular basis. A company may require one hour of
guaranteed lightpath service to complete their server replications on a daily basis. However, the
data transfers may be accomplished at any time during the hours of 1am and 5am when their user
base is minimal. Therefore, we say the customer is flexible with respect to the start-time of their
lightpath service. Additionally, presenting a service provider with a time-range for when a
lightpath reservation is needed may offer benefits for both the customer and the ISP. Commercial
service providers have Time-of-Day pricing tiers that charge more for lightpath durations which
fall within peak traffic hours [2]. Offering the service provider a flexible start-time allows for
optimizations to be made within the ISP’s network resources by scheduling the lighpath during
lower traffic periods. This, in turn may lead to reduced pricing for the customer. The service

provider in turn can optimize the use of its resources.

1.4 Offline and Online Scheduling Algorithms

There are two different classes of lightpath scheduling algorithms used to solve the
scheduling sub-problem depending on whether the traffic model is static or dynamic [12]. One
class, known as offline algorithms, uses the static traffic model where a collection of lightpath
requests are known ahead of time. The algorithm then schedules all of the lightpath requests
together so as to utilize the minimal amount of wavelengths. The other class, known as online
algorithms utilizes the dynamic traffic model and schedules lightpath requests one at a time, as

they arrive. In this thesis, the discussion will focus on offline algorithms. However, in the



conclusion chapter, we discuss how these offline algorithm results lead to implications about

online algorithms.

1.5 Our Contribution and Related Work

Numerous papers have looked at the problem of scheduling [1] [2] [3] [4] [5] [6] [7]- The
relationship that time flexibility shares with periodic scheduled lightpaths and the number of
wavelengths used was first proposed and analyzed in [2]. The work in [2] focused on a single
WDM fiber link connecting two nodes. Scheduling algorithms were proposed and analyzed by
simulation. Performance was based on the number of wavelengths utilized assuming static
traffic. To simplify analysis, for each simulation batch of lightpath requests, the flexibility values
were identical. The results of [2] show that with a modest amount of time flexibility, wavelength
usage is considerably diminished. In [3] a dynamic traffic model was used and five online
algorithms where purposed and analyzed using the same topology and traffic distributions in [2].
It was shown through simulation that online algorithms displayed comparable performance to
offline algorithms. In [4] routing and scheduling lightpaths through a ring topology was
considered. The routes of the lightpaths were shortest-hop paths, and lightpaths for the same
source-destination pairs use the same paths. Additionally in [4], their online algorithms were
used to do offline scheduling. In particular, a preprocessing algorithm that sorts a batch of
lightpath requests was presented. Then the online algorithms would schedule the requests in that
order. It was shown that intelligent ordering improved the wavelength utilization.

In this thesis we follow the work done in [3] [4] by analyzing algorithm performance
using the same scheduled traffic model with flexibility. However, our contribution will be to

analyze performance across a mesh topology whereas [3] and [4] were restricted to single links
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or rings. Additionally, a more realistic traffic simulation is conducted in which flexibility values
for lightpath requests can vary within a simulation batch. This is different from the analysis in
[2] [3] [4] where simulations were conducted using identical flexibility values for all lightpath
requests in a given simulation batch. Finally, we propose a new scheduling algorithm to take into
account traffic sets composed of varying flexibilities. We present simulations that show our
algorithm performs significantly better than existing online algorithms.

This thesis is organized as follows. In Chapter 2 we describe the WDM topologies and
traffic model. In Chapter 3 we discuss the top four best-performing scheduling algorithms from
[3] [4], as well as our newly proposed algorithm. Chapter 4 presents our simulation results and
compares the algorithms’ performance to one another across different traffic distributions.
Additionally, we look at the effect the topology has on the algorithm’s performance. Finally, in

Chapter 5 conclusions will be made and a discussion of future work will be given.



CHAPTER 2
NETWORK MODEL

In this section we introduce the traffic model and its associated terminology used for our
analysis. Our analysis will focus on mesh topologies, such as the one displayed in Figure 1.2.
We assume that lightpaths are routed using shortest-hop paths. Thus, the remaining problem is

the wavelength and timeslot assignment problem.

2.1 The Traffic Scenario

We assume scheduled lightpaths occur periodically once every day. We also organize
time into a collection of T evenly spaced timeslots, labeled [0, 1, 2, ..., T-2, T-1], and together
they form one period. The time period can also apply to any arbitrary period such as a week or a
month but for the sake of discussion we assume it’s a day. In our case, each timeslot has a
duration of 10 minutes, therefore T = 144. Additionally, we define timeslot 0 and timeslot T/2 as
midnight and noon respectively.

Figure 2.1 illustrates a single WDM fiber link, where rows represent wavelengths and
columns correspond to timeslots. We refer to this as the Time-Wavelength (TW) matrix for the
link.

Using the interval [0, T-1] as our period, we define the following subsets:

e Anordinary interval [s, t] is simply a subinterval of [0, T-1], where s < t.
e Ifste [0, T-1] and s >t, then a wrap-around interval exists and can be written as
[t,t+1, ..., T-1,T,0, ...s].

e The magnitude of an interval [s, t] is denoted as |[s, t]|.
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Figure 2.1. Time-Wavelength (TW) representation of a WDM optical fiber link.

Our mesh topology graph consists of N nodes and L links. Each optical fiber link is

denoted by l«y), where x,y € [0, N-1] identifies the link by its end nodes x and y.

A lightpath request is used to make a reservation of a lightpath service and is represented

by a 5-tuple (src, dst, a, b, D):

The (src, dst) pair represents the lightpath’s source and destination nodes
respectively.

The values a,b € [0, T-1] denote the earliest timeslot a and the latest timeslot b
service can begin. We refer to the interval [a, b] as the start window.

The value D represents the duration of the lightpath in timeslots and is known as

the service duration.

The start window can be either an ordinary interval, or a wrap-around interval. We use this

interval to define the lightpath request’s time flexibility f = |[a, b]|-1. For the case where a and b

are the same there is no flexibility. Conversely, no restriction implies |[a, b]| = T.

A scheduled lightpath that satisfies a lightpath request (src, dst, a, b, D) must:

Have a path from src to dst.



e Begin transmission in a timeslot on the interval [a, b].

e Have service duration D.

e Must be assigned a wavelength w that is unused by any other lightpath on any of

its link during its duration.

If we assign lightpath requests that satisfy the scheduled lightpath requirements, we say we have
a feasible assignment. An example of a feasible assignment is shown in Figure 2.2. In the
example we present three lightpaths scheduled over the optical fiber links lg1) and la2. The
period T is composed of 15 timeslots labeled [0, 1, ..., 13, 14]. Lightpath request (0, 2, 5, 7, 5) is
assigned to wavelength 1 on fiber links 11y and I 2) as required by the wavelength continuity
constraint. Request (0, 2, 0, 0, 6) is assigned to wavelength 2 on fiber links 11y and | 2) and
also conforms to the wavelength continuity constraint. Notice request (0, 2, 0, 0, 6) has no
flexibility since |[0, 0]|-1 = 0. The third request (0, 1, 6, 1, 10) is assigned to wavelength 3, but
only on fiber link 1. This is because the (src, dst) pair is (0, 1) and therefore only needs to
traverse fiber link I 1. Notice request (0, 1, 6, 1, 10) is a wrap-around interval. Additionally,
all three lightpaths share multiple timeslots, but they are each assigned to different wavelengths.
Since all scheduled lightpath requirements are met, we have a feasible assignment. We refer to a

feasible assignment of scheduled lightpaths as a schedule [2].
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Figure 2.2. An example of a feasible assignment across two optical fiber links. Three lightpath requests

have been assigned that satisfy all scheduled lightpath requirements.
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CHAPTER 3
SCHEDULING ALGORITHMS

This section first reviews the top four scheduling algorithms from works in [3] [4]. Three
of the algorithms, First-Fit, Most-Used, and First-Fit with Defragmentation assume there is a
randomly ordered list of lightpath requests. The algorithms schedule the requests one at a time in
the order of the list. However, the order in which the requests appear in the list can affect
performance. So the fourth algorithm, the Maximum-Product algorithm, orders the lightpath
requests to improve performance. Additionally, our new algorithm also orders requests to
improve performance. However, it uses the time flexibility of the requests to determine the order.

This will be presented in Subsection 3.5.

3.1 First-Fit Algorithm
The First-Fit (FF) heuristics algorithm [3] [4] attempts to assign lightpaths to the lowest

numbered wavelength which has an available timeslot. This has a packing characteristic such
that lightpath requests tend to be scheduled to the lower numbered wavelengths. Additionally,
the FF algorithm tries to assign a lightpath request to its earliest service duration start-time.

As an example of how the algorithm works, consider the lightpath request (src = 1, dst =
4,a=0,b=7, D =3). Suppose the route of the lightpath is I 2 and l4). Figure 3.1 shows the
time-wavelength (TW) matrices for the two links, where the white cells are unused, and the dark
cells are occupied by other lightpaths. We can superimpose the TW matrices of the links to form
a TW matrix of the path as shown in Figure 3.2, where the white cells are unused on the entire

path, and the dark cells are occupied.
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Wavelength 2 will be selected given it is the lowest wavelength with the ability to service

the request. However, there are two possible matches and therefore the request is reserved using

the earlier start-time. The final assignment is shown in Figure 3.3. Pseudo code for the First-Fit

heuristics algorithm is given in Figure 3.4.

Fiberlink (1,2)
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Fiberlink (2,4)

w
E
R
R
3
w2
g
:o
@
Q
>
4]
= w
K
R
R
3
2
1
o

1 2 3 4 5 6 7 8 9 10111213 14
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Figure 3.1. An example fiber link scheduling prior to lightpath request (1, 4, 0, 7, 3).
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Figure 3.2. TW matrix of fiber path {l.12), l24}. Includes possible matches given lightpath request (1, 4,

0,7, 3).
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Figure 3.3. Scheduling result of FF given the example lightpath request (1, 4, 0, 7, 3).

FF Algorithm:

Input: A lightpath request with source node sre, destination node dst, earliest start-time a, latest
start-time b, service duration D, and a path p.

in
e create a TW matrix for path p by superimposing the TW matrices of its links ;
w=1;
while the lightpath is not scheduled
fort=atob
use the TW matrix of p to determine if the lightpath request can be
scheduled in wavelength w starting in time t ;
if it can then stop ;
w=w+1;
end

Figure 3.4. Pseudo code for the FF heuristics algorithm.

3.2 Most-Used Algorithm
The Most-Used (MU) heuristics algorithm [3] [4] monitors the timeslot utilization or
traffic load on each wavelength along every fiber link for a given lightpath. The decision of

which wavelength to assign a lightpath request is done by choosing the available wavelength

14



with the highest traffic load [3] [4]. This allows wavelengths to be utilized more efficiently by
trying to fill a wavelength up before using a new wavelength. Similar to the FF algorithm, MU
will choose the earliest service duration start-time if multiple options exist. We illustrate the MU
method with the following example. Consider the same lightpath request (1, 4, 0, 7, 3) and route
{la2), 14} as in the FF example in Subsection 3.1. Figure 3.5(a) shows the TW matrices for
each link on the path, similar to Figure 3.1. The figure also shows the number of occupied
timeslots or cells per wavelength. For example, link I 2 has 13 used cells on wavelength 1, 8
used cells on wavelength 2, and 12 used cells on wavelength 3.

Figure 3.5(b) shows the TW matrix of the path. Here, wavelength 1 has 24 used cells
because there are 13 used cells on link 11 2 and 11 used cells on link 1 4.

The MU algorithm would consider using the most used wavelengths first for a scheduled
lightpath. In the case of wavelengths 1, 2, and 3, the algorithm would first consider wavelength
1, then 3, and finally 2. Since a lightpath cannot be scheduled in wavelength 1, the algorithm
chooses wavelength 3 as shown in Figure 3.6. Pseudo code for the MU heuristics algorithm is

given in figure 3.7.
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Figure 3.5. (a) Calculation of most-used wavelength for links 12 and l24. (b) Calculation of most-used
wavelength for the path {l(1 2, l24}. Includes three possible assignments for request (1, 4, 0, 7, 3).
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Figure 3.6. The scheduling result of MU.

MU Algorithm:

Input: A lightpath request with source node src, destination node dst, earliest start-time a, latest
start-time b, service duration D, and a path p.

begin
for each TW matrix along the path p, compute the number of used cells per wavelength ;

create a TW matrix for path p by superimposing the TW matrices of its links. Also sum
the number of used cells per wavelength along the path ;

sort wavelengths from the ones with the most used cells to the ones with the least used
cells ;

for each wavelength w in sorted order

if the lightpath can be scheduled in wavelength w according to the TW matrix of
the path p, then schedule it using the earliest start-time a, and then stop.

end

Figure 3.7. Pseudo code for the MU heuristics algorithm.

3.3 First-Fit with Defragmentation Algorithm

When a wavelength is chosen by the FF heuristic it may create gaps of small duration that
make future scheduling along the same wavelength hard to accomplish. We refer to these gaps as

fragments and an example can be seen in Figure 3.8(a). In this example a lightpath with a
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service duration of 3 timeslots (in red) has been scheduled across 2 fiber links starting at timeslot
4. By the nature of the FF heuristic, even if the lightpath request had flexibility to start at timeslot
5, it would not, because the earlier timeslot 4 is available. As you can see from Figure 3.8(a),
fiber link ly2) has 1 fragment and fiber link lp4 has 2 fragments. The First-Fit with
Defragmentation (FFDe) heuristic [3] [4] attempts to minimize the fragmentations produced as a
result of the FF algorithm by utilizing the time flexibility offered in a lightpath request. FFDe
monitors the total number of fragmentations created by a given reservation and then attempts to
shift the service in time to the right to reduce the number of fragments. At each time shift, FFDe
recalculates the number of fragments generated and if the previous fragment count is larger than
or equal to the current count, the time duration is shifted again as long as there is flexibility to do
so. Ultimately, the scheduling with the smallest fragment count is chosen, and if two schedules
tie, the scheduling with the earliest start-time is chosen. Figure 3.8(b) shows the scheduling
FFDe would have chosen instead of the lightpath schedule chosen by the FF heuristic in Figure
3.8(a). You can see in Figure 3.8(b) the FFDe scheduling has only 2 fragments as opposed to 3

from the original FF method.
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Figure 3.8. Figure (a) shows a request scheduled with FF and contains 3 fragments. Figure (b) shows the

same request scheduled with FFDe and only has 2 fragments.

3.4 Maximum-Product Algorithm

The Maximum-Product (MP) [4] heuristic orders the lightpath requests so that the FF,
MU, and FFDe algorithms perform better. It orders requests based on scheduling difficulty. The
assumption is lightpaths that traverse many fiber links or lightpaths that have long service
durations will be harder to schedule than lightpaths with a smaller number of hops or service
duration. The scheduling difficulty is measured as the product of two ratios, namely the service
duration ratio (SDR) and the number of fiber links ratio (NFLR). Lightpath requests are ordered
with large scheduling difficulty first. After the ordering is complete, algorithms such as FF, MU,

and FFDe can schedule the lightpath requests.
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The ratios are constructed as follows: SDR is equal to a requests’ service duration D
divided by the number of timeslots T for a given period. For example, in Subsections 3.1, 3.2,
and 3.3, we consider T = 15. Given a requested service duration of 3, the corresponding SDR
would be 3/15 = 0.2. The NFLR is the ratio of length of a lightpath route over the longest
shortest-hop length in the network. To compute the longest shortest-hop length, shortest-paths
are computed between all pairs of nodes. Their lengths are also computed. Then the longest of
these lengths is the longest shortest-hop. For example, in Figure 1.2 the possible shortest-hop
lengths are 1, 2, and 3. The longest shortest-hop is 3.

To further illustrate the MP heuristic, Table 3.1 provides an example list of requests
ordered by arrival time, and their calculated scheduling difficulty (i.e. product) composed of the
SDR and NFLR ratios. The SDR ratio is based on a period T = 15, and the NFLR ratio is based

on a topology with a longest shortest-hop of 3.

Table 3.1. Example MP calculations for five lightpath requests indexed based on request arrival time.

Lightpath
RequestIndex | Service Scheduling
(based on arrival| Duration | Number of Fiber SDR NFLR Difficulty
time) (SD) Links (NFL) (sD/15) | (NFL/3) |(SDR*NFLR)
1 6 1 0.40 0.33 0.132
P 5 P 0.33 0.67 0.221
3 4 3 0.27 1.00 0.270
4 3 1 0.20 0.33 0.066
5 2 3 0.13 1.00 0.130

Sorting the requests from Table 3.1 based on the scheduling difficulty is presented in
Table 3.2. As you can see from the results, lightpath request index 3 is the most difficult to

schedule, and consequently will be scheduled first using an algorithm such as FFDe.
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Table 3.2. A sorted list of lightpath requests based on scheduling difficulty. Request index 3 will be
scheduled first.

SORTED
Service Scheduling
Lightpath Duration | Number of Fiber SDR NFLR Difficulty
Request Index (SD) Links (NFL) (SD/15) [ (NFL/3) [(SDR*NFLR)
3 4 3 0.27 1.00 0.270
2 5 2 0.33 0.67 0.221
1 6 1 0.40 0.33 0.132
5 2 3 0.13 1.00 0.130
B 3 1 0.20 0.33 0.066

3.5 Maximum-Product with Flexibility Algorithm

The MP heuristic defines scheduling difficulty based on the length of a requests’ service
duration, and the number of hops between the source and destination of a request [4]. It does not
take into account the flexibility of a lightpaths request. Intuitively, one can see as the flexibility
of a request decreases, the difficulty to schedule the request will increase. A more concrete
explanation can be given by considering to schedule a lightpath request (src, dst, a, b, D) of
duration D = 1 in a particular wavelength w. Suppose each timeslot on the wavelength w is
occupied with probability p = 1/2, and the likelihood of occupation is statistically independent
among the timeslots. Since the lightpath requires one timeslot, it cannot be scheduled if all

timeslots in [a, b] are occupied. This occurs with probability p™ °l

. The larger the flexibility f =
[[a, b]|-1, the lower the probability of being blocked from wavelength w. This justification is the
premise for developing the Maximum-Product with Flexibility (MPFlex) heuristics algorithm.
The MPFlex heuristic modifies scheduling difficulty by including time flexibility of a
lightpath request. The scheduling difficulty is measured by the product of three ratios: SDR,
NFLR, and a flexibility ratio (FR) of a lightpath request. The FR of a lightpath request is defined

as MaxFlex/Flex where:
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e MaxFlex is the maximum flexibility for an entire set of requests plus one.

e Flex is the flexibility f of the request plus one.

The motivation for the “plus one” in the definition of MaxFlex and Flex is to avoid a divide by

Zero error.

Once scheduling difficulty for all requests have been computed, the requests are then

sorted based on their difficulty. Lightpath reservations are then made starting with the largest

difficulty request. Using the same set of lightpath requests in Table 3.1 the MPFlex algorithm is

implemented and in Table 3.3 the sorted list is displayed. Notice using the additional FR value

to compute scheduling difficulty places the requests in a different order than the MP results listed

in Table 3.2.

Table 3.3. A sorted list of lightpath requests based on MPFlex scheduling difficulty. Request index 1 will
be scheduled first.

Lightpath . ' SORTED
Request Index | Service Time Scheduling
(based on | Duration [Number of Fiber|Flexibility| SDR NFLR FR Difficulty
arrival time) (SD) Links (NFL) (A (SD/15) [ (NFL/3) | (7/f+1) |(SDR*NFLR*FR)
1 6 1 1 0.40 0.33 3.50 0.462
3 4 3 6 0.27 1.00 1.00 0.270
2 5 2 5 0.33 0.67 1.17 0.259
5 2 3 4 0.13 1.00 1.40 0.182
4 3 1 3 0.20 0.33 1.75 0.116
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CHAPTER 4
SIMULATION RESULTS

4.1 Simulation Environment

The simulator was written in C language and compiled using the gcc compiler. All
simulations were conducted on a MacBook Pro running the Mac OS X 10.7 operating system.

We evaluate the scheduling algorithms described in Chapter 3 based on the number of
wavelengths used. An algorithm is said to have better performance if it uses a smaller number of
wavelengths to schedule the same set of lightpath requests [2]. Our simulations correspond to
the situation where blocking is unacceptable and therefore a service provider would ensure they
provision a sufficient amount of wavelengths during capacity planning.

As mentioned in Subsection 2.1 we chose each time slot t to be 10 minutes in duration,
and since our traffic is periodic once a day, T = 144. For test data we randomly generated sets of
lightpath requests with each set containing a fixed number of requests R. Each request consisted
of a source and destination node pair that was chosen randomly and uniformly over the interval
[0, N-1] assuming each pair of nodes is equally likely. Recall that lightpaths use the shortest-path
to be routed over. If there are multiple shortest-paths, only one of them is chosen and used for the
duration of the simulations.

In our simulations, time flexibility f was chosen randomly, independently, and uniformly
over an interval [0, f-1] for each batch of requests. The service durations for each request were
also chosen in the same way except over the interval [1, 6-1], where 6 is an input parameter

specified during traffic-set generation. This gives an average duration Dayg = /2 for each batch
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of requests. Additionally the expected average traffic load per timeslot is then @. Let {a1, az,

..., ar} denote the earliest start-time values for the lightpath requests of a data set. These values
were also chosen randomly and independently over the interval [0, T-1]. However, three distinct
statistical distributions of {ai;, a,, ..., ar} were considered, namely uniform, rectangular, and
modified Gaussian. These distributions were proposed in [2] and the motivation behind each type
was to mimic different traffic situations that could arise in real WDM networks.

The uniform traffic model distributes start-times over the values {ai, a;, ..., ar}
uniformly across the interval [0, T-1]. Therefore, the probability density function is p(t) = %

Using the rectangular model, traffic requests peak during the interval [T/3, 2T/3] and are

minimal otherwise. The density function for this model is the following:

22 T _ 2T
o) = ) 14T’ /3 3

1.0 I

14-T, otnerwise.

The modified Gaussian distribution model uses a mean u = T/2 which implies our peak traffic
load should happen around noon each day. The standard deviation is o = T/6 (i.c. 4 hours). Note

this follows closely with the actual traffic distribution presented in Figure 1.3. The density

(t+0.5—u)?
202

function is defined by: p(t) = g(t)/G,t € [0, T-1] where g(t) = exp [— ] and G is the

normalization constant G = Y71 g(t).

In our simulations there are two traffic duration types: diverse duration and short
duration. The diverse duration type was generated with the parameters R = 504, 6 = 24, while
the short duration traffic was generated with the parameters R = 2016, & = 6. We defined the

lightpath request load of a timeslot t to be the sum of all the lightpath requests which have an
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earliest start-time t. Figure 4.1 illustrates the lightpath request load over the time interval [0, T-1]
for three sample batches of traffic using each of the traffic distribution models. The statistical

start-time distribution defined as p(t) - R is also plotted for each model.
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Figure 4.1. Three example start-time distributions of simulated lightpath requests.
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4.2 Simulation Results

We ran simulations to evaluate the performance of the various algorithms and how time
flexibility and the network topology can affect wavelength utilization. We used four different
topologies: a single bidirectional link as in [2] [3], a 6-node bidirectional ring topology as in [4],
the National Science Foundation Network (NSFNET) which consists of 14 nodes and 21 links
[9], and the Pan-European optical network from the COST 239 project [10] which consists of 11

nodes and 26 links. Figure 4.2 displays the NSFNET and COST 239 topologies.

(@)

57

@)
(b)

Figure 4.2. The NSFNET optical mesh topology (a) and the COST 239 optical mesh topology (b).

We tested each algorithm using all three traffic distributions on each topology for both
short and diverse duration traffic-sets. For each simulation, an algorithm schedules one batch of
traffic requests. Each point in the resulting graph is the average of 100 batches. Since there are

14 points on each graph, a total of 1,400 different traffic sets were scheduled by each algorithm
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for each graph. We plotted the results as the number of wavelengths used based on the flexibility
of the data sets. Recall from the previous section that flexibility varied randomly over an
interval [0, f-1] for each batch of traffic requests. In order to graph the results we define each
point f on the horizontal axis as the flexibility interval [0, f-1] for which the set of requests
varied. For example, in Figure 4.3 the point f = 6 means each of the 100 batches tested contained
requests with flexibilities randomly varying over the interval [0, 5].
We simulated five scheduling algorithms:
e FF: This is First-Fit where the lightpath requests are randomly ordered.
e MU: This is Most-Used where the lightpath requests are randomly ordered.
e FFDe: This is First-Fit with Defragmentation where the lighpath requests are
randomly ordered.
e MPFFDe: This is First-Fit with Defragmentation where lightpath requests are
ordered using the Maximum-Product heuristic.
e MPFlexFFDe: This is First-Fit with Defragmentation where lightpath requests
are ordered using the Maximum-Product with Flexibility heuristic.
We chose the first four because they preformed the best from the work done in [3] [4].
Simulation results comparing the algorithms for different traffic on mesh topologies are
presented in Subsections 4.2.1, 4.2.2, and 4.2.3. A comparison over different topologies is given

in Subsection 4.2.4.

4.2.1 Uniform Traffic

Figure 4.3 shows the average number of wavelengths used to schedule lightpath requests

over the NSFNET and COST 239 topologies for uniform traffic. The lightpath request traffic
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contains diverse duration (i.e. R =504, 6 = 24). We can see that FF, MU, and FFDe perform the
same, where MU is generally slightly worse. MPFFDe has the next best performance as it
should since prior to wavelength assignment it orders the requests based on scheduling difficulty
(in terms of hop count and service duration). Finally, we see that MPFlexFFDe performs the
best. Notice that for diverse duration traffic as the flexibility variance grows, the performance
gap between MPFlexFFDe and the other algorithms gets larger. This is because MPFlexFFDe
has a wider range of scheduling difficulty ratios to sort as the flexibility variance grows.
Because it takes flexibility variance into account (while the others do not), MPFlexFFDe can
order the requests more efficiently than the others.

Figure 4.4 evaluates the same scenario as Figure 4.3 but the traffic duration is short (i.e.
R =2016, & = 6) rather than diverse. In this figure the performance gap does not really get larger
as the flexibility variance grows. This is due to the little impact service duration has on the
scheduling difficulty ratio, since all requests have relatively small service duration [0, 5]. At any
rate taking flexibility into account for scheduling as MPFlexFFDe does, still yields the best

results.
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Figure 4.3. Uniform start-time distribution using diverse duration traffic.
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Figure 4.4. Uniform start-time distribution using short duration traffic.
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4.2.2 Rectangular Traffic

Figure 4.5 also shows the average number of wavelengths used to schedule lightpath
requests over the NSFNET and COST 239 topologies for rectangular traffic. In this figure the
lightpath request traffic uses diverse duration (i.e. R = 504, & = 24). We see again that FF, MU,
and FFDe perform the same, MPFFDe performs better, and MPFlexFFDe is the most efficient.
We again see that for diverse duration traffic, the performance gap between MPFlexFFDe and
the other algorithms tends to widen as the flexibility variance grows. This again is due to the
same reasons mentioned in Subsection 4.2.1. Notice for diverse duration traffic when the
flexibility variance is small both MPFFDe and MPFlexFFDe perform the same. This is because
flexibility has little impact on scheduling difficulty and therefore the algorithms are essentially
the same.

Figure 4.6 evaluates the same scenario as Figure 4.5, however, the traffic duration is short
(i.e. R = 2016, 6 = 6) rather than diverse. The gap between MPFlexFFDe and the others, again,
tends to stay the same. However, notice even for small flexibility MPFlexFFDe is more efficient
than MPFFDE. This is because in this scenario flexibility variance has a larger impact on
scheduling difficulty than service duration. This tells us when a set of requests all have relatively
small service durations, time flexibility is more important in determining the scheduling
difficulty of a request.

Each of the algorithms perform essentially the same (compared to each other) in both the
uniform distribution case and the rectangular case. However, the rectangular traffic model
always uses more wavelengths than the uniform model for the same number of requests. This is
due to the rectangular model containing a peak traffic load on the interval [T/3, 2T/3]. Another
contributing factor is the diverse flexibilities across the requests for each simulation batch. As
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flexibility variance increases, more lightpath start-times can be shifted outside the peak interval
to present a more uniform shape, but they cannot reach the same uniform distribution unless all
lightpath requests contain large flexibilities. In [3] [4] using fixed flexibility for all lightpath
requests in a batch, the algorithms were able to mimic a uniform traffic distribution for a large
enough flexibility.

Further comparing uniform and rectangular traffic models we see in both cases short
duration traffic tends to use fewer wavelengths than diverse duration traffic. This is because
short duration traffic tends to fit better into the wavelengths, especially if there is flexibility. This
tells us the chances of service duration overlap between lightpath requests can be better handled

when all requests have smaller durations.
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Figure 4.5. Rectangular start-time distribution using diverse duration traffic.
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Wavelength Utilization: NSFNET Mesh Topology
Short Duration Traffic with
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Figure 4.6. Rectangular start-time distribution using short duration traffic.
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4.2.3 Modified Gaussian Traffic

Figure 4.7 again shows the average number of wavelengths used to schedule lightpath
requests over the NSFNET and COST 239 mesh topologies. In this figure the traffic model now
follows a modified Gaussian start-time distribution with diverse duration (i.e. R = 504, 6 = 24)
traffic. Figure 4.8 is also a Gaussian distribution but the traffic duration is short (i.e. R = 2016, &
= 6) rather than diverse.

The results show the modified Gaussian traffic distribution produces essentially the same
results as the rectangular model, however, the rectangular model performs slightly better in terms

of wavelength utilization.
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Figure 4.7. Modified Gaussian start-time distribution using diverse duration traffic.
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Wavelength Utilization: NSFNET Mesh Topology
Short Duration Traffic with
Gaussian Start Times
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Figure 4.8. Modified Gaussian start-time distribution using short duration traffic.
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4.2.4 Topology Comparison

We ran simulations on three topology classes, namely a point-to-point link, a ring, and a
mesh topology. Figure 4.9 gives a comparison of the results from the simulations run over the
following five topologies: a single link, a 6-node ring, a 6-node mesh (from Figure 1.2), the
COST 239 mesh, and the NSFNET mesh. From the figure we see that no matter what the
topology is the MPFlexFFDe heuristic is the most efficient, followed by MPFFDe, and finally
FF, FFDe, and MU. This suggests there is no direct relationship between algorithm performance

and topology type.
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Wavelength Utilization: 2-Node Link Topology
Diverse Duration Traffic with
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Wavelength Utilization: NFSNET Mesh Topology
Diverse Duration Traffic with
Uniform Start Times
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4.3 Simulation Conclusion

In terms of algorithm performance, Table 4.1 summarizes our simulation results.

Table 4.1. Performance summary of traffic with variable flexibility.

Rank Short Duration Traffic Diverse Duration Traffic
Best |MPFlexFFDe MPFlexFFDe
MPFFDe MPFFDe
FF, FFDe

Similar Performance MU

Worst

The lightpath request traffic generated for testing was made more realistic by randomly varying
the flexibilities for each request in a given test batch. When using the more realistic traffic
model, MPFlexFFDe does consistently better at scheduling lightpath requests than any other
algorithm. This is true over three different traffic distributions and three topology classes.
Topology formation did not seem to make a difference in algorithm performance. The
performance rankings shown in Table 4.1 still hold true regardless if the topology is a simple

link, ring, or general mesh formation.

42



CHAPTER 5
CONCLUSION

5.1 Summary

In this thesis, we looked at the problem of scheduling periodic lightpaths with flexibility
over various optical WDM network topologies. We proposed a more realistic traffic scenario in
which every lightpath request could contain a different time flexibility value. We also proposed a
new scheduling algorithm MPFlex which takes into account a request’s time flexibility and
determines how difficult it will be to schedule compared to other requests. Based on the
scheduling difficulty, it then schedules the lightpaths in a given set starting with the most
difficult request. Along with four of the best scheduling algorithms from [3] [4] simulations
were completed to evaluate performance. It turns out the MPFlexFFDe algorithm produced the
best results overall for every topology and traffic model. In terms of a relationship between
topology type and algorithm performance, our results showed each of the five algorithms
performed the same (compared to each other) regardless of topology type.

The focus of this thesis has been on offline algorithms. But some conclusions can be
made about online algorithms for dynamic traffic. Consider the simulation results in Chapter 4.
The simulations for the FF, MU, and FFDe algorithms assume that lightpath requests are ordered
in some arbitrary way, and then scheduled one at a time in the order. This models the dynamic
traffic scenario where randomly generated lightpath requests arrive sequentially. Then
algorithms, such as FF, MU and FFDe, schedule lightpath requests as they arrive, and therefore

operate as online algorithms. Also, once a lightpath has been schedule, it doesn’t change.
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The simulations for the MPFFDe and MPFlexFFDe algorithms correspond to another
scenario. This scenario also models the dynamic traffic case where randomly generated lightpath
requests arrive sequentially. However, lightpaths that are already scheduled can be rescheduled.
The difference in performance between the FF, MU, and FFDe algorithms and the MPFFDe and
MPFlexFFDe algorithms indicate the improvement by allowing lightpaths to be rescheduled.
The simulations in Chapter 4 show that, in the case of dynamic traffic, allowing lightpaths to be

rescheduled can lead to significant reductions in the number of required wavelengths.

5.2 Future Work

Although we considered several aspects of the scheduling problem in this thesis, more
work still needs to be done. Statistical and empirical analysis, such as the work done in [2] needs
to be completed for traffic models with varying flexibilities. Additionally, producing a formula
that accurately describes the relationship between the topology type, time flexibility, and

wavelength usage should be developed.
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