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Abstract

Absolute Quality of Service (QoS) differentiation is an important issue in Optical Burst
Switching (OBS) networks. This thesis aims at providing loss rate guarantees for the
priority-guaranteed (PG) classes on an end-to-end (E2E) basis while keeping the loss rate of

the best effort (BE) class traffic as low as possible.

We first present a per-hop absolute QoS differentiation scheme called
Reserve-and-Preempt Scheme (RPS). The Analytical model of RPS is provided as well. In
order to support networks with multiple PG classes, RPS is extended into a variety of new
schemes. Among the proposed schemes, Extended Reserve-and-Preempt Scheme (ERPS) is

easier to implement and provides the best performance.

On an E2E basis, we apply ERPS over an entire OBS network. To achieve a balance
between scalability and unnecessary bandwidth consumption on the intermediate links, we
propose optimized priority grouping with single-class constraint (OPT-SC) and optimized

priority grouping without single-class constraint (OPT-NC). Furthermore, to cope with the



traffic-fluctuation and the load-unbalance problems in OBS networks, we present a novel
self-adaptive algorithm, which integrates two priority-level adjustment mechanisms,

priority-level upgrading (PLU) and priority-level degrading (PLD).

Extensive simulations are conducted to demonstrate the effectiveness of the proposed
schemes. Simulation results show that our proposed RPS scheme outperforms the existing
schemes. The correctness of the analytical model of RPS is demonstrated by simulation. We
also observe that ERPS performs the best among the schemes extended from RPS. Simulation
results also demonstrate that the proposed OPG-SC and OPG-NC techniques can reduce the
bandwidth consumed by the PG classes and improve the performance of the BE class. Finally,
we observe that the proposed self-adaptive algorithm can improve the performance of the PG
classes with minimum expense on the BE class. At the same time, it is shown to be

self-adaptive to traffic fluctuation.
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Chapter 1

Introduction

1.1 Background

Nowadays, our demands for network bandwidth are increasing daily. To meet our
ever-increasing needs for network bandwidth, wavelength-division multiplexing (WDM)
technology emerged as a core transmission technology for the next-generation IP backbone

network with its ability to provide enormous bandwidth at the physical layer.

Some optical switching paradigms have been proposed to utilize the raw bandwidth
available at the WDM layer. Among these paradigms are optical circuit switching (OCS),
optical packet switching (OPS), and optical burst switching (OBS). In OCS, data are
transmitted after a circuit is established using a dedicated wavelength. Its drawback, however,

is its inflexibility to cope with traffic-fluctuation and changing link state. In OPS, data are
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transferred in packets. Every core node needs optical buffers or fiber-delay-lines (FDLs) to
hold every arriving packet until its header is processed and the switch is properly configured.
However, the immaturity of optical memory and optical logic technologies restricts the

implementation of OPS in optical networks.

In OBS, data are transferred in bursts, each of which is a group of packets assembled
together at an ingress node. Every burst has a burst-header-packet (BHP), which is sent on a
separate wavelength before the burst is transmitted. On every intermediate node along its path,
the BHP of the burst will have been processed and the switch will have been properly setup
before the burst arrival. As a result, optical buffers or FDLs are not necessary and the burst
can be transmitted to its destination all-optically. Moreover, the bursts are scheduled on
wavelengths statistically. Therefore, OBS does not need to setup a circuit before data are

transmitted and is more flexible to handle traffic-fluctuation and changing link state.

OBS has been accepted as a promising optical switching paradigm that combines the

advantages of OCS and OPS while circumventing their drawbacks.

1.2 Motivation

Currently, while bandwidth requirement in networks increases exponentially, the Internet is
gradually becoming a mission-critical platform for conducting business. Through the Internet,
people send email, watch movies, chat online etc., and different applications require different

Quality-of-Service (QoS) guarantees.
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In OBS networks, the bandwidth is reserved in a one-way mode, which aggravates the
contention problem. Furthermore, in OBS networks, the core nodes have very limited
buffering capabilities, and the bursts are switched through the core nodes in a cut-through
mode rather than a store-and-forward mode. Thus, when a contention between two bursts
cannot be resolved, one of them will have to be dropped. Therefore, burst loss is one of the
major issues in OBS networks. The high loss rate in OBS networks makes QoS
differentiation more important. As a result, we need mechanisms to differentiate between

bursts with different service requirements and provide QoS guarantees in OBS networks.

QoS differentiation can be implemented by relative QoS model or absolute QoS model. In
the relative model, the QoS performance of a class is defined relatively in comparison to
other classes. In other words, the relative QoS model can guarantee that a higher priority
class experiences a better service than a lower priority class. However, the relative QoS
model cannot guarantee that a class experiences performance that is better, or at least not
worse, than a preset threshold. Many mission-critical applications, such as voice-over-IP
(VoIP) and IP-TV, need a worst-case QoS guarantee, since they often require fixed bit rates
and may be delay sensitive. In order to support the mission-critical Internet traffic, networks
need to support absolute QoS model, which defines the performance of each service class

quantitatively in absolute terms.

In general, the factors affecting the quality of real-time services include delay and packet
loss rate. In this thesis, we focus on core nodes instead of edge nodes and assume that there

are no buffers available at the core nodes. Every burst passes through the core nodes along its
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path from ingress node to egress node “transparently”, and the delay is induced only by the
propagation delay in the optical domain. Therefore, we do not consider delay here and this

thesis focuses on absolute loss differentiation among different service classes.

Several absolute QoS schemes have been proposed in OBS networks to guarantee that the
Priority-Guaranteed (PG) classes experience End-to-End (E2E) loss rates lower than their
preset thresholds. To meet the absolute QoS requirements of the PG classes, the Best-Effort
(BE) class traffic suffers from a performance penalty. Obviously, besides satisfying the QoS
requirements of the PG classes, the other important concern in an absolute QoS model should
be how to minimize the performance penalty suffered by the BE class and improve its
performance. However, most of the existing absolute QoS schemes in OBS networks ignore
the performance of the BE class. To the best of our knowledge, the only existing absolute
QoS schemes that take the performance of the BE class into consideration is the
early-drop-based schemes [ZHA04b], but these schemes do not utilize bandwidth efficiently

enough.

1.3 Objectives

To overcome the drawbacks of the existing absolute QoS schemes in OBS networks, we need
a new absolute QoS differentiation scheme to support OBS networks. This thesis is
committed to providing a solution to make the PG classes meet their respective E2E loss

requirements while minimizing the performance penalty from which the BE class suffers.

In particular, our objectives are as follows:
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On a per-hop basis, to propose a QoS differentiation scheme which provides as much
bandwidth as possible for the BE class traffic while guaranteeing the loss

requirements of the PG classes.

On an E2E basis, to apply the proposed per-hop QoS differentiation scheme to an
entire OBS network. Thus, a maximum number of PG flows can be satisfied of their

E2E loss requirements while the BE class traffic can experience a minimum loss rate.

1.4 Thesis Contributions

The contributions of this thesis can be summarized as follows:

On a per-hop basis, a QoS scheme with BE class support, which is called
Reserve-and-Preempt Scheme (RPS), is proposed. With this scheme, the loss rates of
the PG classes are guaranteed while being kept as close to their thresholds as
possible. At the same time, the traffic of the BE class can access the spare bandwidth

to the largest extent and the bandwidth is efficiently utilized.

An analytical model of the RPS scheme is provided based on Markov Chains.

To support multiple PG classes in OBS networks and further improve the per-hop

performance, a variety of schemes, which are based on the RPS scheme, are

proposed. The schemes include:

* Integrated scheme of RPS and Static Wavelength Grouping (RPS-SWG),
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* Integrated scheme of RPS and Dynamic Wavelength Grouping (RPS-DWG),

* Integrated scheme of RPS and Extended Static Wavelength Grouping

(RPS-ESWG),

* Integrated scheme of RPS and Extended Dynamic Wavelength Grouping

(RPS-EDWG),

Extended RPS scheme (ERPS).

Based on the proposed ERPS scheme, an E2E absolute QoS architecture is proposed.
In this architecture, a burst could be assigned to different priority-groups at different
intermediate nodes along its path from the source to the destination. Along its path,
the burst is attached with different labels that identify its priority-groups at the
intermediate nodes. The proposed ERPS scheme is applied at each intermediate node

based on the priority-groups the bursts belonging to.

Two optimized priority grouping (OPG) techniques, Optimized Priority Grouping
with Single-Class Constraint (OPG-SC) and Optimal Priority Grouping without
Single-Class Constraint (OPG-NC), are presented. The OPG techniques can make
the PG flows release the bandwidth that is not necessary to satisfy their E2E loss
requirements and thus reduce the unnecessary bandwidth consumption. As a result,

the BE class traffic can get a higher chance to have its bursts delivered.

Two self-adaptive mechanisms, Priority-Level Upgrading (PLU) and Priority-Level
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Degrading (PLD), are provided to solve the load-unbalance and the
traffic-fluctuation problems. With PLU, more PG flows can be satisfied with their
E2E loss requirements. On the contrary, with PLD, bandwidth can be released by
higher-priority flows and accessed by the BE class traffic, and thus the performance
of the BE class traffic can be improved. Finally, PLU and PLD are integrated into a

self-adaptive algorithm, which can improve system performance further.

e [Extensive simulations are conducted to compare the performance of the proposed

schemes and demonstrate the effectiveness of the proposed schemes and algorithms.

1.5 Thesis Outline

The thesis is organized as follows. Chapter 2 provides an overview of the OBS backbone
network architecture. Scheduling algorithms and contention resolution schemes are presented
as well. In particular, existing QoS differentiation schemes, both in relative QoS category and
in absolute QoS category, are introduced. Chapter 3 presents the proposed RPS scheme on a
per-hop basis. The analytical model of the RPS scheme is developed in this chapter. To
further improve the performance, a variety of schemes, which are extended from the RPS
scheme, are also presented. Chapter 4 is dedicated to providing absolute QoS differentiation
on an E2E basis. To provide an absolute E2E QoS differentiation over an entire network, we
need to apply the proposed ERPS scheme on every link. Hence, a per-hop loss threshold
needs to be set on every intermediate link in order to guarantee the loss requirement for each

flow. In order to achieve a balance between scalability and unnecessary bandwidth
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consumption problems, two optimized priority-grouping techniques, OPG-SC and OPG-NC,
are presented. In addition, to cope with the traffic-fluctuation and the load-unbalance
problems, we propose the Priority-Level Upgrading (PLU) and the Priority-Level Degrading
(PLD) mechanisms in this chapter. Finally, PLU and PLD are integrated into an integrated
self-adaptive algorithm to provide better performance. In Chapter 5, we present simulation
models, numerical results and performance analysis. Chapter 6 concludes this study and

provides research intents in the future.



Chapter 2

Background and Literature Survey

2.1 Introduction

In this chapter, we provide background information on OBS networks in order to facilitate
the discussions in the following chapters. The chapter starts by introducing the background of
OBS as a promising optical switching paradigm in the next-generation IP-over-WDM
networks. Then different OBS architectures are presented. The scheduling schemes and the
contention resolution schemes in OBS networks are briefly explained since they are closely

related to QoS differentiation. Finally, we present existing QoS differentiation schemes in

OBS networks.

2.2 Why OBS?

Currently, the Internet has become an indispensable part of our daily life. Through Internet,
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we send and receive email, play games, watch movies, chat with friends, pay our bills, and
this list goes on and on. Therefore, the Internet traffic increases explosively. Up to March
2006, the number of broadband subscribers increased by over 119% compared to the previous
year and achieved 23 million in Japan [JAPO06]. In the US, Internet Protocol (IP) traffic grows
by approximately 100% each year at the backbone network [ODLO03]. The explosive growth

in IP traffic drives the demands for network bandwidth.

To meet our ever-increasing needs for network bandwidth, wavelength-division
multiplexing (WDM) technology [BRA90] [NEW97] [VAR97] [VIS98] [MAN98] emerged
as a core transmission technology for the next-generation IP-over-WDM network [GHAOQO].
The WDM technology builds optical networks by interconnecting various optical switches
with WDM fibers. With its ability to support a number of high-speed (gigabit) channels in a
single fiber, the WDM technology provides enormous bandwidth at the physical layer, and in
the near future, it will be possible to provide hundreds of wavelengths of several Gigabits
each. Therefore, framework and protocols at higher layers are needed to utilize the raw

bandwidth available at the optical (WDM) layer efficiently.

To meet this demand, some optical switching paradigms for IP-over-WDM have been

proposed. Among these paradigms are optical circuit switching (OCS), optical packet

switching (OPS), and optical burst switching (OBS).

In OCS, bandwidth is assigned at wavelength level (Figure 2.1(a)). Before data are
transferred, a lightpath needs to be established using a dedicated wavelength from source to

destination [ZANOO][XUEO5]. Once the lightpath is established, the data are transferred
10
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“transparently”, as shown in Figure 2.1(a). OCS is relatively easy to implement, but it
requires a certain amount of time for lightpath establishment and release, which are
independent of the connection holding time [DAHO06][KAMO04]. This lightpath setup delay is
equal to at least the round trip propagation time [TUR99]. For long holding time, OCS is
efficient from a signaling overhead point of view. However, that case leads to a reduced
ability to adapt to traffic dynamics. When the channel holding times are very short, the
channel usage will become very poor [COUO0S5]. This is especially true if IP traffic with its
bursty behavior [CR0O97] is carried on top of such an OCS network or the link state changes

from time to time in the network.

OPS [YAOO00a][YAOOOb][BLUO1][BLUO3][OMAO1][ELS02] tries to circumvent the
drawback of OCS. In OPS, data are transferred in packet level. Each packet carries a header,
which is processed either optically or electrically after optical-electrical-optical (O-E-O)
conversion at every intermediate node (Figure 2.1(b)). While the packet header is processed,
the data payload has to wait in the fiber-delay-lines (FDLs) before being forwarded to the
next node. OPS is conceptually ideal, but current optical technologies such as optical memory
and optical logic are not mature enough to be implemented soon [CHA99][BLUO03]. Also,
when the traffic load is heavy, the O-E-O conversions and the processing of the headers will
be a heavy burden for the core nodes. Therefore, scalability is also a problem in OPS

networks.

11
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In this situation, OBS [YOO97][YOO98][YOO99][QIA99][TUR99][WEI00] [CHE04]
emerged as a promising approach that combines the advantages of OCS and OPS while
circumvents their drawbacks. In an OBS network, multiple packets from local access
networks are assembled at the ingress nodes into bursts, and each burst has a corresponding
burst-header-packet (BHP), which is sent on a separate channel (Figure 2.1(c)). On one hand,
OBS uses out-of-band signaling to reserve bandwidth. Hence, like OCS, data can be switched
through the network “transparently” without optical buffers or even FDLs. On the other hand,
similar to OPS, OBS schedules bursts “statistically” at each channel and eliminates the need
to setup lightpath before data transmission. Therefore, OBS uses data bandwidth more
efficiently (According to [XUEO3], under the identical network capacity and traffic demand,
OBS can achieve about 20% higher throughput than OCS) while reducing data delay. In
addition, OBS is scalable compared to OPS because multiple packets share a “header” (BHP).
Table 2-1 compares OCS, OPS and OBS. Because of its advantages over OCS and OPS, OBS

has been attracting increasing attention from both academia and industry worldwide.

Table 2.1 Comparison of OCS, OPS and OBS

Optical Switching | Bandwidth Latency Optical Buffer | Processing.
Paradigms Utilization (setup) Overhead
OCS Low High Not required Low
OPS High Low Required High
OBS High Low Not required Medium

13
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2.3 OBS Architecture
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Figure 2.2 OBS Network

The concept of burst switching was introduced for centralized Time-Division Multiple Access
(TDMA) systems [MIL90] and Asynchronous Transfer Mode (ATM) networks [WID95] in
early 1990s. OBS protocols suitable for high-speed WDM networks were not developed until
1997 [YOO97]. Researchers have proposed a variety of OBS architectures
[YOO97][QIA99][TUR99][WEI00]. However, there are some common characteristics
among these variants. As shown in Figure 2.2, in an OBS network, multiple packets from
local access networks are assembled at ingress nodes into bursts. The most important feature
of OBS is that BHPs and payloads are sent separately on different channels or wavelengths.

14
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Before a burst is transmitted, a BHP is sent out on a separate channel and leads the burst by
an offset-time. This BHP carries information about the corresponding burst such as burst
length and offset-time. Before a burst arrives at an intermediate node along the way, its
corresponding BHP will have already arrived and been processed electronically. Then
according to the information carried by the BHP, every switch along the path, from the
ingress node to the egress node, tries to schedule the burst on the desired wavelength and
reserve bandwidth for the incoming burst. The data burst follows the BHP by an offset-time
without waiting for the acknowledgement for connection establishment. When the burst
arrives at an intermediate node, the bandwidth will have been reserved and the switch will
have been configured properly already, thus the burst can be switched to the desired output
port without any optical-electrical-optical (O-E-O) conversion or any extra delay [TEN04b].
When the burst arrives at the egress node, it is disassembled into packets, which go to their

destinations via local access network.

Many variants of OBS signaling protocols have been proposed, such as just-enough-time
(JET) [YOQ97], just-in-time (JIT) [WEI00], horizontal scheduling [TUR99], time slotted
OBS [RAMO3][ZHA06], hybrid system of OCS and OBS [LEEO3a], adaptive reliable OBS
[YUOSa], synchronous stream OBS [YUOS5b] and wavelength routed OBS
[DUS00][MIG01][KOZ01][DUS02]. Among them, the most representative ones are JET and

JIT.

15
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2.3.1 Just-in-Time (JIT)
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Figure 2.3 Just-in-Time

The operation of JIT [WEIO0][BAL02][MARO06] is shown in Figure 2.3. Once the BHP is
processed at an intermediate switch, the switch is configured and a wavelength is
immediately reserved for the incoming burst. After the burst has been transferred completely,
the source node sends é release packet along the path to release the bandwidth at each node.
From Figure 2.3, we can see that before a data burst is transferred, a wavelength has been
reserved for it and cannot carry any traffic at any intermediate node [KIR06]. Hence, the JIT

scheme results in bandwidth inefficiency.

16
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2.3.2 Just-Enough-Time (JET)

JET [QIA99] is illustrated in Figure 2.4. In JET, the transfer time for each burst at every
intermediate node is well planned. At each intermediate node, the bandwidth is reserved for
an incoming burst just before the burst arrives at the node, and released immediately after the
transfer is complete. Therefore, at each intermediate node, the bandwidth is reserved for the
incoming burst only for the duration of the burst. The void (time interval) before the arrival
of the burst at the intermediate node can be used to schedule some other bursts. Compared to

JIT, JET uses the bandwidth more efficiently.

In this thesis, we use JET as the signaling scheme in OBS networks.
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Figure 2.4 Just-Enough-Time
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2.4 Scheduling Schemes in OBS networks

When wavelength converters are available at a core node in an OBS network, an incoming
burst can have multiple wavelengths to choose. According to the scheduling scheme in the
network, it may choose a wavelength on its desired output link and reserve bandwidth on the

wavelength.
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Figure 2.5 Scheduling Schemes

Latest Available Unscheduled Channel algorithm (LAUC) [XIO00], also called
Horizontal Scheduling in [TUR99], is a scheduling scheme that is easy to implement in OBS
networks. In this scheme, the only information a core node needs to keep for each wavelength
is the scheduling horizon, which is defined as the latest time at which the wavelength is
currently scheduled to be in use. When a burst is coming, only the wavelengths whose
scheduling horizons precede the burst’s arrival time are considered available, and the one
whose scheduling horizon is the latest is chosen to schedule the burst. The idea behind this
scheme is to minimize the gap between the scheduling horizon and the new burst on the
wavelengths. The advantage of the LAUC scheme is its simplicity in implementation.

However, in this scheme, the bandwidth cannot be used efficiently, since the gaps between

18
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the scheduled bursts cannot be utilized. In Figure 2.5, because the core node keeps only the
end time of the latest burst on the wavelength, only W1 and W2 are available wavelengths.
Comparing W1 with W2, we can observe that the scheduling horizon of W1 is later than that

of W2. Therefore, the arriving burst is scheduled on W1.

To overcome the drawback of the LAUC scheme, Xiong [XIO00] proposed a scheme
called Latest Available Unscheduled Channel Algorithm with Void Filling (LAUC-VF). In
this scheme, a core node needs to keep both the start time and the end time of every gap on
every wavelength. Bursts can be filled in the gaps between scheduled bursts. As a result, the
bandwidth utilization improves and the burst loss rate is reduced. As shown in Figure 2.5, the

arriving burst is scheduled in W3 with the LAUC-VF algorithm.

In [XUO03], the authors proposed several variants of the LAUC-VF algorithm, including
min-SV (minimum starting void), min-EV (minimum ending void) and Best Fit. Respectively,
min-SV and min-EV try to minimize the starting and the ending voids that are generated
between the new burst and a scheduled burst. The min-SV algorithm is functionally the same
as the LAUC-VF and its performance is comparable to that of LAUC-VE, but its
implementation is faster than that of the LAUC-VF, because it uses a balanced binary search
tree as its data structure [XU04]. The Best Fit, on the other hand, tries to achieve a minimum
total length of the starting void and the ending void generated after the arriving burst is
scheduled. Figure 2.5 shows the scheduling outcome with the different algorithms. Among

the three variants, min-SV is the most desirable according to [CHE04].

To avoid possible burst contention at downstream nodes, Wang et al
19
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[WANO2b][WANO3a] proposed a Priority-based Wavelength Assignment (PWA) algorithm
for the ingress nodes in an OBS network. In PWA, each ingress node maintains a wavelength
priority list for every destination. When a burst arrives at the ingress node, it checks the
wavelength priority list of the destination that the burst is heading for. If the highest priority
wavelength is available, the burst is scheduled on the wavelength; otherwise, the wavelength
with the second highest priority is checked. The priority of each wavelength is updated
dynamically according to its burst loss profile. Simulation results show PWA can reduce loss

rate in an OBS network.

In [LIO3], the authors proposed several scheduling algorithms that are collectively called
as Burst Overlap Reduction Algorithm (BORA). BORA aims at actively avoiding burst
contentions that likely occur at downstream nodes through reducing the overlapping degrees
at edge nodes. Here, the term “overlapping degree” means the number of bursts that arrives at
one link simultaneously. The idea behind this is to serialize the bursts on an outgoing link to
reduce the number of bursts that may arrive at downstream nodes simultaneously. As a result,

the burst contention and the burst loss rate are reduced at downstream nodes.

2.5 Contention Resolution in OBS networks

This thesis focuses on providing absolute QoS differentiation in OBS networks, and aims to
keep the loss rate of each PG class below its threshold. In a QoS-supported OBS network,
every core node is equipped with a contention control mechanism to maintain the loss rates of

the classes on a per-hop basis. Thus, contention resolution is closely related to QoS

20
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differentiation in OBS networks. Therefore, we introduce contention resolution schemes first.

In OBS networks, contention occurs when two or more bursts compete for the same
wavelength on the same output link of a core node. OBS networks use one-way reservation
protocols, and the ingress nodes send out bursts without receiving reservation
acknowledgements or global coordination. Hence the bursts in OBS networks have more
chances to contend with each other. Moreover, in OBS networks, contentions cannot be
resolved by electronic buffers since they cannot keep up with the speed of optical networks
[XUO1]. The bufferless fact makes the situation worse. Therefore, the core nodes need to

have the ability to resolve contentions among bursts.

Conventionally, the primary contention resolution approaches are wavelength conversion,

deflection routing and FDL delay.

Wavelength conversion is the ability to convert an optical signal on a given input
wavelength to some other output wavelength [RAM98][ELMO00]. It can dynamically improve
the utilization of resources in an optical network, especially in highly dynamic traffic
environments such as OPS and OBS. For this reason, wavelength conversion is used as an
efficient mechanism to resolve contentions in OBS networks. At a core node with wavelength
conversion capability, contentions can be resolved by converting the input wavelength of the
contending burst to a different wavelength that is available on the designated output link
[DUSO02]. The drawback of this approach is that all-optical wavelength converters are still
undergoing research and development [ZANO4], and hence are relatively immature and

expensive [ROS06]. Therefore, researchers are working on minimizing wavelength
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contentions at the core nodes of OBS networks with sparsely deployed wavelength converters
[PEDO6][MARO6][TRIOO0]. Also, many wavelength assignment schemes in networks without
or with sparsely deployment of wavelength converters have been proposed, such as proactive
wavelength assignment [LIO3], first-fit-random, first-fit-TE [TENO4a] and priority-based

wavelength assignment algorithm [WANO02b][WANO3].

In an OBS network, there could be multiple routes between every source-destination pair,
and a burst can go through different routes from its source to its destination. Suppose two
bursts are contending for the same wavelength on the same output link at a core node where
there are no wavelength converters or free wavelengths available. One of the bursts can be
routed to its desired output port (primary route) while the other one can be deflected to an
available alternate output port and follow a secondary route to the destination [QIA00]. Many
deflection routing schemes have been proposed for OBS networks [HSUO02] [WANOO]
[LEEO3b][LEEO5b][ZAL04a][OGIO5][NGO06]. The advantage of the deflection routing is
that it does not need any extra hardware, such as wavelength converters and FDLs. The
drawback is that the deflected bursts may end up following a longer path to the destination,
leading to higher E2E delay, and bursts may also arrive out-of-order at the destination
[VOK03a][NGOO06]. As shown in [WANOO], applying deflection routing in an OBS network
can reduce the data loss rate and the average delay compared to burst retransmission from
source node. However, unlimited deflection in an unslotted system such as an OBE network
also deteriorates the performance of the network when the traffic load is heavy
[BOR93][BOR94][WANOO]. To address this problem, a Proportional Deflection scheme was

proposed for OBS networks in [CHEO3].
22
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The lack of an efficient way to store information in the optical domain aggravates
contention in OBS networks. Research has focused on ways of emulating electronic buffer
capacities through  the use of FDLs to delay optical  signals
[CHL96][HUN98a][HUN98b][TANOO]. An FDL is a fiber of fixed length, and can hold an
optical signal for an amount of time determined by the speed of light and the length of the
FDL [LUO4]. Hence, unlike electronic buffers, FDLs cannot store bursts indefinitely. At a
node with FDLs, one of the contending bursts can be delayed for some time after being made
pass through an FDL while the other one is passing through the output link they are
contending for. After that, the first burst can try to reserve the desired wavelength on the
output link again [QIA00][YOO00a][YOOO00b]. The problem of this approach is that FDLs
can provide only limited delay. In addition, this approach induces higher E2E delay and
out-of-order problem [DETO05]. Furthermore, FDLs can be bulky and expensive. Researchers
have proposed some contention resolution schemes with reduced deployment of FDLs in

OBS networks [LEEQ5a].

Sometimes contentions cannot be resolved with the above methods due to the
unavailability of wavelength conversion, output ports, or FDLs. In this case, data loss
becomes inevitable. Conventionally, there are two options. The first option is a
non-preemptive approach in which an arriving burst is dropped in its entirety. Alternatively,
the arriving burst can preempt a scheduled burst based on the priority or traffic profile in a
preemptive approach. However, neither of the two approaches can use the bandwidth
efficiently, because one of the two contending burst is dropped or preempted in its entirety

even when only a small portion of the two bursts overlap with each other. To address the
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bandwidth utilization inefficiency problem induced by dropping or preempting the entire
burst, an approach called “segmentation” was proposed in order to pass as many packets as
possible using the fragmented resources [VOKO02a] [VOKO03a][VOKO5][NEUO3]. This
approach is also called OCBS in [DET02b]. In this approach, each burst is divided into
multiple segments, and each segment is composed of some packets. When a burst contends
with another burst, only the segments that overlap with the other burst are dropped or
preempted, and the remaining segments will be scheduled. This method utilizes bandwidth

efficiently compared to dropping or preempting the entire burst.

What we need to point out is that the above contention resolutions can be used jointly.
Some integrated contention resolution mechanisms were proposed to improve system
performance in terms of burst loss rate. The authors of [VOKO03c¢] integrated the segmentation
and the FDL delay approaches and proposed scheduling algorithms referred to as delay-first
and segment-first algorithms. In [GRIOS], the segmentation and the deflection routing
approaches were integrated. Also, the wavelength conversion and the deflection routing

approaches were integrated in [ZAL04b].

2.6 QoS Differentiation in OBS Networks

The Internet is a packet-oriented network based on Internet Protocol (IP), a connectionless
networking protocol, and has been designed to offer best-effort services, which does not
provide any QoS differentiation. However, the increasing development of the Internet is

enabling a variety of new applications in recent years. There are many QoS parameters such
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as delay, jitter and loss rate. The importance of these parameters depends on the applications.
For instance, some applications can tolerate packet losses but cannot tolerate delays and
jitters, while others are time-tolerant but require data integrity [TSA00]. Multimedia
applications, which include video streaming, VOIP and online gaming, are important
applications in today’s Internet. These applications often demand seamless real-time data
delivery. Also, these applications demand better service quality with low loss rates, low
delays and jitters [SUNOS5]. Obviously, the wide diversity of the service requirements of the
applications makes the best-effort service model inadequate. Therefore, the Internet needs to

be extended with service differentiation.

In OBS networks, QoS differentiated services may focus on differentiated delay and
differentiated loss rate. The delay consists of the assembly delay at the edge node and the
propagation delay, which is determined by the physical distance from the ingress node to the
egress node in an OBS network [VUO05]. Some QoS schemes providing delay differentiation
have been proposed in OBS networks, such as FRR in [LIUO3]. In this thesis, we ignore

delay differentiation and focus on providing loss rate differentiation in OBS networks.

There are many mechanisms to implement connectionless QoS in the literature
[ZHA95][VAR97][BRI98][ZIV02]. However, these approaches incur high processing
overhead at the intermediate nodes and require buffers for switching. To date, no efficient
optical buffer is available. The use of electronic buffers necessitates O-E-O conversions,
which must be avoided in an all-optical network where data are kept in the optical domain at

all intermediate nodes [XUO1]. The other alternative is the use of FDLs [FEN02], which can
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provide only very limited delay functionality at the intermediate nodes. Therefore, new QoS

differentiation mechanisms are needed at the WDM layer in OBS networks.

As mentioned before, QoS strategies can be categorized as relative QoS and absolute QoS.

In the OBS network domain, most of the QoS schemes belong to the relative QoS category.

2.6.1 Relative QoS Differentiation Schemes

In a relative QoS model, the QoS performance of a class is defined relatively to that of the
other classes. The performance of a higher priority class is guaranteed to be better or at least
not worse than that of lower priority classes. To date, many relative QoS differentiation
schemes have been proposed. The relative QoS differentiation schemes can be roughly
classified as offset-time-based QoS differentiation, segmentation-based QoS differentiation,
preemption-based QoS differentiation, proportional QoS differentiation and hybrid QoS

differentiation.

Offset-time based QoS differentiation: An offset-time based QoS differentiation
scheme was proposed by Yoo and Qiao in [YO098] [YOOO00c] and an analytical model was
given by Barakat and Sargent in [BAR04] and [BAROS]. Based on the JET signaling protocol,
this scheme gives each burst of the higher priority classes an extra offset-time while the
bursts of the lowest priority class get only a basic offset-time. In this way, the bursts with a
higher priority can have a better chance to reserve bandwidth successfully than those bursts
with a lower priority. This scheme aims to achieve maximum isolation between different
priority classes for service differentiation. However, to achieve the best differentiation, the
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extra offset-time has to be at least 4 to 5 times larger than the basic offset-time [YOO99b].
Hence, this scheme results in longer delay and larger buffer requirement at edge nodes.
Meanwhile, it may over-penalize the low-priority classes. In particular, it is unfair to the long
bursts with a low-priority [CHEO1]. According to [POP02], for a given offset-time difference,
the loss rate differentiation strongly depends on the burst duration distribution. Hence, the
control of the differentiation is difficult. Furthermore, in this scheme, the offset-time has two
meanings, one is path length, and the other one is priority. However, the intermediate nodes
treat them in the same way. Therefore, it results in the so-called near-far problem [YANO3].
Suppose there are two bursts, one of them is of a higher priority and a shorter path, and the
other one is of a lower priority and a longer path. The second burst may have a longer
offset-time than the first one does. In this case, the lower priority burst gets a better chance to

reserve a channel than the higher priority burst does.

Segmentation-based QoS differentiation: Segmentation-based QoS schemes were also
studied by researchers. Vokkarane et al. [VOK02b][VOK02¢][VOK02d][VOK03a] [VOKO03b]
proposed tail-dropping based scheme in which every burst is divided into segments and each
segment is used to accommodate some packets of a specific class. The priorities of the
segments descend from head to tail. Whenever contention occurs between two bursts, the tail
of one of the contending bursts, which carries packets with lower priority, is dropped. Then,
the remaining segments of the burst, which are of higher priorities, are delivered to
destination. Similarly, head-dropping QoS scheme was proposed by Wang [WANO3]. In this
scheme, segments are put in a burst with priorities in ascending order from head to tail. In

case of contention, the head of the burst will be dropped. The problem of the head-dropping
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scheme is that segments may arrive at their destinations out-of-order, assuming that the
dropped segments will be retransmitted. Both of the two schemes try to drop segments with

lower priorities, therefore segments with higher priorities get a better chance to be delivered.

Preemption-based QoS differentiation: The basic idea behind the preemptive QoS
differentiation schemes is to allow a high-priority arriving burst to preempt a low-priority
scheduled burst when there are no idle wavelengths available. Loi proposed a preemptive
model in [LOI02]. Because the loss rate is inversely proportional to the number of idle
wavelength, different classes are given different numbers of wavelengths. In other words,
classes of higher priorities get more resources. Every class is associated with a usage limit

(pi), which is defined as a proportion of system resources the class is allowed to use. At the

same time, every core node in the system keeps a usage of class () for every class, which is

defined as the total duration of the scheduled bursts of that class over the total duration of the
scheduled bursts of all classes. Class C;is said to be in-profile if p, < p,; otherwise, it is said
to be out-of-profile. Whenever a core node receives a burst that is in-profile, it can preempt a
burst that is out of profile. Thus, each class can be kept under its usage limit. To improve
bandwidth utilization, [LIA04] extended Loi’s scheme and allow in-profile bursts to

“partially” preempt out-of-profile bursts. In other words, the bursts are segmented and the

overlapped part of the out-of-profile bursts can be truncated by the in-profile bursts.

Probabilistic Preemptive Scheme (PPS): PPS was introduced by Yang et al. in [YANO3].

With this scheme, upon the arrival of a high-priority class BHP, the core node searches for an
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idle period on the desired wavelength first. If there are no idle wavelengths available, the
burst will try to preempt a lower-priority burst based on a probabilistic parameter p. If the
preemption is not successful, i.e., all corresponding periods have been reserved for
higher-priority bursts, the arriving burst will be simply dropped. Clearly, the preemptive
probability p affects the loss rates for different classes. By changihg the probabilistic
parameter, the scheme can achieve flexible loss rate differentiation in OBS networks. The
advantage of this scheme is that it is simple to implement. However, how to set the
preemption probability parameters properly is an open problem. In [YANO3], the authors

assume that there are only two classes with only one preemptive parameter p. Suppose there

are n classes in the system, let p; denotes the probability that class C, preempts classC,,

then there will be »-(n-1) probabilistic parameters. Changing any p; (i=1, j+1, ..., n) will
affect the loss rate of class C ; bursts. This observation makes this scheme not scalable to be

used in multiple class systems.

Proportional QoS differentiation: The idea of proportional differentiation was proposed
by Dovrolis and Ramanathan [DOV99][DOV00][DOV01][DOV02] to provide service
differentiation on delay. It aims to achieve a predefined proportion between two service
classes. In [CHEO1], Chen et al. introduced an intentional dropping scheme based on the
proportional differentiation idea. Let p;(#) be a QoS metric such as blocking probability or

packet delay over a time period ¢, and s; be the differentiation factor for class C;, the

2@ _ i In the intentional dropping scheme, the

proportional differentiation model is as
pj (t) SJ’
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loss rate of each class is maintained in a predefined proportion according to its priority. A
higher priority class gets a smaller differentiation factor, which means a smaller predefined

proportion, than a lower priority class. An arriving burst of class i will be dropped if the loss

rate of class C; is violating its predefined proportion (i.e.,-p—"Q <

pj(t)
s 5

) regardless of whether

there is an idle wavelength available; otherwise, the burst will make reservation on the
wavelength. Through intentional dropping, the bursts of the class, whose predefined
proportion is violated, are dropped, and more and longer free periods on the wavelengths in
the output link are available to admit bursts of the class whose predefined proportion is not
violated yet. As a result, those bursts can get higher chance to reserve bandwidth successfully.
The intentional dropping scheme can be used to provide well-controlled proportional
differentiated loss rate. However, since this scheme intentionally drops bursts in order to
provide a proportional burst loss rate, a burst is dropped whenever its predefined proportion
is violated, even if there are idle channels available. This can cause excessive dropping,

which results in a low bandwidth utilization and high overall loss rate.

Hybrid QoS differentiation: Other researchers have proposed some hybrid schemes to
provide service differentiation based on loss rate. To improve bandwidth utilization,
Cankaya et al. [CANO3] proposed a new scheme that is similar to Chen’s intentional
dropping scheme. This scheme combines partial preemption with proportional differentiation
that is used in Chen’s scheme in order to achieve performance improvement in terms of loss
rate and bandwidth utilization. In Cankaya’s scheme, whenever a contention happens, the

proportional service differentiation profile of the arriving burst is checked to determine
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whether it needs to be dropped. If the profile agrees to drop the arriving burst, then only the
overlapped part of the arriving burst will be dropped; otherwise, the overlapped part of the
scheduled burst will be preempted. Obviously, this scheme can reduce the loss rate of each
service class and make bandwidth utilization more efficient compared to the intentional

dropping scheme [CHEO1].

[TANO4] and [TANO6] proposed a Probabilistic Preemptive Burst Segmentation Scheme
(PPBS). Instead of providing absolute QoS, the PPBS scheme aims to achieve better
performance for higher priority class than lower priority class with a fixed quality-spacing,
i.e., consistent service differentiation [DOVO2][LEUO1]. The PPBS scheme combines the
deflection routing, the segmentation and the probabilistic preemption approaches. In PPBS
scheme, an arriving burst can use any free wavelength regardless of its priority class. If no
free wavelength is available, a probabilistic parameter, which is associated with the class,
allows the arriving burst to preempt an entire lower-priority burst or segment it and preempt
the overlapped in a probabilistic fashion. The preempted burst or segment will not be dropped.
Instead, it will be assigned to other links using the deflection routing approach. By tuning the
probabilistic parameters, the loss rate spacing between different priority classes can be

controlled. Like the PPS scheme, the drawback of this scheme is also the scalability problem.

2.6.2 Absolute QoS Differentiation Schemes

Up to date, most of the QoS differentiation schemes are in the relative QoS category.

Although the relative QoS differentiation schemes can guarantee that a high-priority class
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experiences better performance than a low-priority class does, they do not offer any hard
upper-bound on the QoS performance required by some applications. In some cases, online
applications such as VoIP and videoconference need the system to provide a worst-case
guarantee on loss and delay. Today’s mission-critical Internet makes it become essential to
support absolute QoS differentiated services in OBS networks, which guarantee the strict
upper-bound on QoS performance of different traffic types based on their needs. Although an
efficient absolute QoS differentiation mechanism is urgently needed, there are only a few

schemes in this research area up to now.

Preemptive Scheme [PHUO04][PHUO06]: This scheme defines the distance-to-threshold
of a class as the difference between the loss threshold and the monitored loss rate of the class.
Every core node maintains a list of all the service classes in the OBS network. When a burst
header arrives at a core node and fails to reserve an output wavelength, the node checks the
list and picks the class with the maximum distance-to-threshold among the classes to which
the incoming burst and the overlapped bursts belong. If the incoming burst belongs to the
class with the maximum distance-to-threshold, it will be dropped; otherwise, the scheduled
burst belonging to the class with the maximum distance-to-threshold will be preempted by
the incoming burst. This scheme keeps the loss rate of every class below its predefined

threshold. However, it ignores the performance of the BE class traffic, which is expected to

experience a loss rate as low as possible.

Dynamic virtual lambda partitioning (DVLP) Scheme [KIMO3][KIMOS]: This

scheme dynamically divides the wavelengths of an output link into wavelength groups
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depending on QoS requirements and allocates each group to a priority class. Furthermore, the
wavelength reservation policies of different classes are different. A high-priority class can
access the wavelength resources within its own wavelength group as well as the resources in
the wavelength group of the lower priority classes. The wavelength groups are expanded or
contracted based on the QoS requirements of their corresponding classes. Whenever a
high-priority class needs to expand its wavelength group, it always takes a wavelength from
the wavelength group of the lowest-priority class (i.e., the BE class). This scheme can be
viewed as a complete partitioning of the output link into several “pipes” whose capacities are
adjusted as necessary. Because resources are assigned to different wavelength groups in
wavelength level, which is a coarse granularity, usually there is some “spare” bandwidth in
the wavelength groups of the high-priority classes while their loss requirements are
guaranteed. However, the BE class traffic can never access the “spare” bandwidth. Therefore,
the high-priority classes may experience “unnecessarily” low loss rates while the BE class

suffers from a high loss rate.

Proactive Wavelength Preemption [PHUO07]: This is a preemption-based absolute QoS
differentiation scheme. This scheme allows an arriving burst, no matter belonging to a PG
class or the BE class, to reserve whatever wavelength available. In this scheme, the arriving
bursts of a PG class, whose loss rate is approaching the threshold, can preempt scheduled BE
bursts. As a result, the loss requirement of the PG class is guaranteed. However, this scheme
does not give emphasis to the performance of the BE class. Even when the loss rate of a PG
class is much lower than its threshold, the scheduled bursts of the PG class can never be

preempted by any arriving BE bursts. Thus, the PG class consumes more bandwidth
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unnecessarily, and the loss rate of the BE class is higher.

Early Drop Scheme (EDS): Zhang et al. proposed the EDS scheme in [ZHAO03a]. In this
scheme, the low-priority bursts can be dropped early to prevent them from competing with
the high-priority bursts. This occurs when the high-priority class is in danger of breaching its
threshold. As a result, the high-priority class traffic experiences a lower effective load and the
bursts of the high-priority class get a better chance to reserve bandwidth successfully. Hence,
the loss rate of the high-priority class is reduced. The problem of the EDS is that the BE
traffic is over-penalized to make room for the high-priority class to guarantee its loss rate. As

a result, the BE class suffers from high loss rate and the bandwidth utilization is poor.

As we know, in the above absolute QoS differentiation schemes, the performance of the
BE class is ignored and it suffers from high loss rate. To improve the system performance in
terms of the loss rate of the BE class, Zhang et al. integrated the EDS scheme and wavelength
grouping schemes in [ZHAOQ3b]. In the integrated schemes, every priority-guaranteed (PG)
class is provided a group of wavelengths whose number is calculated based on Erlang-B
formula. The residual wavelengths are assigned to the BE class. Like in the pure EDS scheme,
the BE bursts are probabilistically “dropped”. The difference is that the probabilistically
“dropped” BE bursts can try to reserve bandwidths in its own wavelength group while the BE
bursts that are not probabilistically “dropped” are allowed to be treated as high-priority bursts
and reserve the bandwidth in the wavelength group of the high-priority class. Hence, the loss

rate of the BE class is reduced and the bandwidth utilization is improved.

However, in the EDS and the integrated schemes, the BE bursts are probabilistically
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dropped based on an early-drop-probability p°, which is defined as a linear function of the
loss rate of the high-priority class. As the loss rate of the high-priority class is approaching its

threshold, p®“is getting larger and larger until the loss rate of the high-priority class is

violated, when p*Pis set as 1 and all BE bursts are dropped. Actually, even when the loss

rate of the high-priority class is violated, on the wavelengths dedicated to the high-priority
class still exist some gaps that could have been used by the BE bursts. This is because the
resources are allocated to different classes on wavelength level, which is a coarse granularity.
Thus, there still exists performance improvement room in terms of the loss rate of the BE

class and the bandwidth utilization.

2.7 Summary

This chapter has first provided a background of the OBS paradigm. Then, an overview of the
OBS paradigm and the different OBS architectures has been presented. Scheduling
algorithms and contention resolution schemes are important issues in OBS networks and
closely related to QoS differentiation, which is the focus of this thesis. Hence, we have
introduced existing scheduling algorithms and contention resolution schemes. Finally, we
have presented existing relative QoS differentiation schemes and absolute QoS differentiation

schemes. Specifically, the pros and cons of different schemes have been examined.
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Chapter 3

Per-hop Absolute QoS Differentiation

3.1 Introduction

Our ultimate objective in this thesis is to develop an E2E absolute QoS differentiation scheme.
First, we need to realize absolute QoS differentiation on a per-hop basis. In this chapter, we
first present a novel preemption-based absolute QoS differentiation scheme, which is called
Reserve-and-Preempt Scheme (RPS). RPS aims at minimizing the performance penalty of the
BE class traffic while satisfying the loss requirement of every PG class. An analytical model

of RPS is also developed based on Markov Chains.

In order to support networks with multiple PG classes, we integrate RPS with wavelength
grouping schemes (SWG and DWG) and present the RPS-SWG and the RPS-DWG schemes.

Furthermore, to satisfy the loss requirements of the lower-priority PG classes under heavy
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load, RPS-SWG and RPS-DWG are extended to RPS-ESWG and RPS-EDWG, respectively.
Finally, we present Extended Reserve-and-Preempt Scheme (ERPS), which is easier to

implement than those schemes that are integrated with the wavelength grouping schemes.
3.2 Reserve-and-Preempt Scheme (RPS)

3.2.1 Basic Idea of RPS

As we have introduced in Chapter 2, while trying to satisfy the loss requirements of the PG
classes in OBS networks, most of the existing absolute QoS differentiation schemes ignore
the performance of the BE class. For example, to guarantee the loss rate of every PG class in
an OBS network, early-drop scheme (EDS) [ZHAO03a] drops the BE class bursts if the loss
rate of a PG class approaches its threshold, even when there are idle wavelengths available.
Thus, the BE class is over-penalized. To reduce the loss rate of the BE class, Zhang et al.
integrated EDS with dynamic wavelength grouping (DWG) scheme and proposed EDS-DWG
scheme in [ZHAO03b]. The EDS-DWG scheme allocates a group of wavelengths to each PG
class, and some of the BE class bursts are allowed to be treated as PG class bursts and share
the bandwidth of the PG class. However, because of the coarse granularity in wavelength
grouping, there always exists some spare bandwidth on the wavelengths that cannot be
utilized by the BE class bursts, especially when the loss threshold of the PG class is

endangered.

To improve the performance of the BE class, we propose a new preemption-based QoS

differentiation scheme, which is called Reserve-and-Preempt Scheme (RPS). The objective of
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the RPS scheme is to keep the loss rate of every PG class not only below its preset threshold,
but also as close to it as possible. The main difference of RPS from the EDS-DWG scheme is
that RPS allows the BE class bursts to share the bandwidth with the PG class bursts in an
UNRESTRICTED manner. In other words, RPS allows an arriving BE class burst to reserve
bandwidth even when the PG classes are breaching their respective thresholds, as long as
there are idle wavelengths available. However, a PG class burst can preempt a scheduled BE
class burst whenever it is necessary. As a result, the total idle time on a wavelength can be
kept as short as possible. Moreover, a BE class burst can even preempt a scheduled PG class
burst if the PG class is not in danger of violating its loss threshold. As a result, while each PG
class loss rate is kept below its threshold, the spare bandwidth is efficiently utilized by the BE

class bursts.

In the proposed RPS scheme, if there is an idle wavelength available, an arriving burst
can always reserve it, no matter to what class the arriving burst belongs; otherwise,
contention occurs. In order to keep the loss rate of every PG class below its threshold, the

loss rate of each class on each output link is monitored online at every core node. For class

C,, there are two counters D, and R, which keep the number of dropped bursts and the

number of request bursts of class C, respectively. The monitored loss rate of classC, is
calculated as p. = D. /R .

Then, we need to define a Distance-to-Threshold (DTT) for every PG class. DIT, is
defined as the distance from its monitored loss rate to its preset thresholdp—q , l.e.
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Pc, =P Pg > P

. 3.1
Pc, S P,

DIT,, = {

Here, note that DTT,. is set to zero if the loss threshold is violated.

At every core node, the system maintains a database for all the classes at each output link.
Whenever a burst is scheduled, dropped or preempted, the DTT of the class the burst
belonging to is calculated and the database is updated. Whether to drop an arriving burst or
let it to preempt a scheduled burst depends on the DTTs of the classes to which the
contending bursts belong. The PG burst that is dropped or preempted must belong to the class

with the maximum DTT.

3.2.2 Contention Resolution

As we mentioned before, when a burst arrives at a core node, if there are idle wavelengths
available, the arriving burst is simply scheduled on one of the idle wavelengths. Otherwise,

contention is unavoidable.

3.2.2.1 PG Class Burst Arrival

Figure 3.1 shows the contention scenarios when a PG class burst arrives at an intermediate
node in the RPS scheme. When the PG class burst arrives and all wavelengths are busy, there

are three scenarios as follows:

39



Chapter 3. Per-Hop Absolute QoS Differentiation

1.

Burst Arrival Time Burst Arrival Time

* KRIKRAEXZX) Burst to be scheduled

Burst to be dropped or preempted

|
[—-—O—-FG———l |

Wi 1 + —

| ] 777777774 Burst of the PG class with the
e | maximum DTT

w2 : : >
| |

w3 [ PG ' >

(©)

Figure 3.1 lliustration of RPS Scheme: Contention Scenarios of PG Class Burst Arrival

The PG class burst arrives, and an overlapped PG class burst with the maximum DTT
is found. In this case, the arriving burst will preempt the scheduled PG class burst

with the maximum DTT, as shown in Figure 3.1(a).

When the PG class burst arrives, the burst with the maximum DTT is the arriving
burst itself and there is a scheduled BE class burst that is overlapped (Figure 3.1(b)).

In this case, the arriving burst will preempt the BE class burst.

When the PG class burst arrives, the burst with the maximum DTT is the arriving
burst itself but there are no scheduled BE class bursts overlapped (Figure 3.1(c)). In

this case, the arriving burst will be dropped.
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3.2.2.2 BE Class Burst Arrival

If the arriving burst is of the BE class and all the wavelengths are busy, we have two options:
drop the arriving BE class burst or let the arriving BE class burst preempt an overlapped PG

class burst.

3.2.2.2.1 BE Class Burst Dropping Approach (BED)

If all the wavelengths are busy when a BE class burst arrives, the first option is to drop the
arriving BE class burst. This approach is easy to implement. If the traffic load is heavy and
the loss thresholds of the PG classes are in danger of being violated, dropping the arriving BE
class burst is reasonable. However, when the traffic load is light and the loss rates of the PG
classes are lower than their respective thresholds, simply dropping the arriving BE class burst

induces inefficient bandwidth utilization and makes the loss rate of the BE class higher.

3.2.2.2.2 BE Burst Preempting Approach (BEP)

To address the above problem, we can allow an arriving BE class burst to preempt a burst
belonging to the PG class with the maximum DTT. As shown in Figure 3.2, when a BE class
burst arrives at a core node and all the wavelengths are busy, there are two contention

scenarios:

1. At least one of the overlapped bursts belongs to a PG class whose loss rate threshold
is not violated (DTT>0) (Figure 3.2(a)). In this case, the overlapped burst belonging

to the PG class with the maximum DTT will be preempted.
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Figure 3.2 Illustration of RPS Scheme: Contention Scenarios of BE Class Burst Arrival

2. The DTTs of the PG classes, to which the overlapped bursts belong, equal zero
(Figure 3.2(b)). In other words, the loss threshold of every overlapped PG class is
violated, and thus all the overlapped PG class bursts cannot be preempted. In this
case, the arriving BE class burst will be dropped. Here, note that a BE class burst

never preempt another BE class burst.

Obviously, the BEP approach can provide the BE class traffic more bandwidth than the

BED approach under lower traffic load.

3.2.2.3 Stopping Over-preempting PG class Bursts

In the RPS scheme with BEP approach, a scheduled PG class burst could be preempted by an
arriving burst belonging to the BE class or another PG class whose DTT is smaller. However,
bursts of a PG class should not keep being preempted. Otherwise, the bursts of the PG class

will be over-preempted and the loss rate of the PG class cannot be guaranteed. When is the

PG class bursts supposed to stop being preempted? We have two options here.
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3.2.2.3.1 Stopping Over-preempting PG Class Bursts by a Hard Threshold (SPT)

To prevent a PG class C; from being over-preempted, the simplest approach is to use the loss
threshold as a hard threshold. Suppose a burst arrives and contends for bandwidth with a
scheduled burst of class C;, with the maximum DTT. If the monitored loss rate of class C; is

higher than its loss threshold (i.e., DTT, =0), a burst of class C; will not be preempted and
the arriving burst will be dropped. On the other hand, if DT7T, > Oand the arriving burst is of

the BE class, the scheduled burst will be definitely preempted.

With this approach, bursts of class C; are prevented from being preempted only after the
loss rate has reached or exceeded its threshold ( p. Z:v:l ). As a result, the loss rates of the

PG classes may exceed their thresholds before the SPT mechanism is triggered. Obviously,

this is not desirable.

3.2.2.3.2 Stopping Over-preempting PG Class Bursts Gradually (SPG)

To overcome the drawback of the above approach, we define R. as the

scheduled-burst-preemption (SBP) probability of class C; (i.e., the probability that a burst of
PG class C; is preempted). Whenever a burst of class C; needs to be preempted, a random

number r is generated. Ifr < R. , the burst will be preempted; otherwise, the arriving burst
will be dropped. To defineR., we set a guard space 9, and make the SBP probability

R, decrease linearly as the loss rate of class C; approaches its threshold. Thus,
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Thus, the bursts of an endangered PG class can lower its probability of being preempted
before the loss rate of the PG class reaches its threshold. Therefore, the PG class bursts can
get a higher chance to get through, and thus, the PG class can be prevented from violating its

threshold.

3.3 Analytical Model of RPS Scheme

In this section, we develop an analytical model for the proposed RPS scheme. To make it
simpler, without loss of generality, we assume there are two service classes in the system,

where class Cy is the PG class and class C; is the BE class.

The analytical model is developed using Markov chains. Figure 3.3 is the Markov chain
for the RPS scheme. We suppose that there are w wavelengths on a link. Let x, be the number
of wavelengths reserved by class Cp bursts, and x; be the number of wavelengths occupied
by class C 1' bursts. Thus, the state can be defined as S = {x,,x, }, and the link can be treated as

a continuous time Markov chain. From Figure 3.3, we can get the state transition rates as

follows:
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Figure 3.3 Markov Chain for RPS Scheme
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0 otherwise
V X, +x =w,Xx, >0

(20 x1)(x0-1,x141) = 0

9 (x0,x1)(x0,x1-1) =

otherwise
A Xy+x; =w,x, >0

G (0. x1)(x0+1,x1-1) = 0  otherwise

where 1, and A, are the arrival rates of class Cy and class C; respectively. u is the
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transmission rate on a single wavelength. In addition, v is the rate on which the BE class
bursts preempt the PG class bursts when there are no idle wavelengths available and there is

at least one Cy burst scheduled. It can be defined as follows:
v=7Re . (3.4)

From the above transition rates, the steady state probabilities p(x,,x,) can be solved. A

burst of class Cy (PG class) can be lost in two cases:

1. When the class C burst arrives, all the wavelengths are occupied by other class Cy

bursts. The probability that all wavelengths are occupied by class Cp bursts

is p(w,0).
2. The class Cyburst, which has been scheduled, is preempted by a class C; (BE class)

burst. Here the probability is %-RCO z p,w=i).
i=1

Thus, we can get the loss rate of class Cy by

w

Pe, = PORO)+ - Rey 3 pliaw=0) 65

0 i=1
Similarly, a class C; (BE class) burst can be lost in three cases:

1. When a BE class burst arrives, all the wavelengths are busy with serving other BE

class bursts. In this case, the arriving BE burst has to be dropped. The probability
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is p(0,w).

2. When the BE class burst arrives, the PG class burst with the maximum DTT is
approaching its threshold. In this case, the arriving BE class burst is dropped based

on the DTT of the overlapped PG class. The smaller the maximum DTT, the more BE

bursts we want to drop. We define (1 - RCO)-Z p(i,w—1i) as the probability to drop
i=1
an arriving BE burst in this case.

3. A scheduled BE class burst is preempted by a PG class burst when the PG class burst
arrives and all wavelengths are busy. We want more PG bursts to preempt scheduled
BE bursts when the loss rate of the PG class is approaching its loss threshold. On the
contrary, if the loss rate of the PG class is much lower than the loss threshold, we
want the PG bursts to be dropped instead of preempting the BE bursts, in order to
provide more bandwidth for the BE bursts. Thus, the probability that a BE burst is

A 5

preempted can be expressed as (1- R, )- ) Z pli,w=i).
i=0

Therefore, the loss rate of class C; can be calculated as

w-1

Pe, = p(o,w)+(1—Rco)ip(i,w—i)+(1—RCO)-%-Zp(i,w—i) (3.6)
i=l i=0

3.4 Supporting Multiple PG Classes

In RPS, contentions are resolved based on DTTs. Once the traffic load gets heavy enough, the

47



Chapter 3. Per-Hop Absolute QoS Differentiation

loss rates of all the PG classes may exceed their respective thresholds, and the DTTs of all the
PG classes may become 0. As a result, different PG classes cannot be differentiated according
to DTTs anymore. In this case, we hope that at least the highest-priority class can be satisfied
of its loss requirement if we cannot guarantee the loss rates of all the PG classes at the same

time.

3.4.1 Integrating RPS with Wavelength Grouping Mechanisms

Under heavy traffic load, to make sure that at least the highest-priority class can experience
its guaranteed loss rate, we can integrate the RPS scheme with wavelength grouping

mechanisms and provide each of the PG classes with a minimum number of wavelengths.

According to the Erlang B formula, to guarantee a loss rate p. under load L, a PG class

C; needs to be allocated at least w wavelengths:

i 3.7)

Z;

P, w',L)=

However, when the traffic load gets heavy, the limited number of wavelengths at a link

n—1
cannot meet the requests of all the PG classes (i.e., w <ZW;R , where w 1is the total
i=0

number of wavelengths on the link, w}is the requested number of wavelengths of class C,,

and 7 is the total number of PG classes). In this case, not every PG class can be allocated its
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requested number of wavelengths. A PG class whose allocated number of wavelengths w/

is less than its requested number of wavelengths w’ will suffer from a loss rate higher than
g i g8

its threshold. To make sure the highest priority class experiences its guaranteed loss rate, it
can be allocated the number of wavelengths it requests, while the lower priority PG classes
get the residual wavelengths. Suppose we have n PG classes, and class Cy has the highest

priority, the wavelength allocation mechanism is as follows:

R R
W, WwW>W,
wi =3" ‘; , (3.8)
w wsw,
and
i-1
wi w— Z wih > wk
wi=l i : (3.9)
W—Zwﬁ w—ZwASw,R
m=0 m=

where i=1,..,n—1.

Therefore, the higher priority classes which are allocated their requested number of
wavelengths (i.e.,w/ =w’) are called satisfied classes, and the other PG classes whose
requested number of wavelengths are not satisfied (i.e.,w <w) are called unsatisfied

classes.

There are two wavelength-grouping schemes: static wavelength grouping (SWG) and

dynamic wavelength grouping (DWG).

49



Chapter 3. Per-Hop Absolute QoS Differentiation

3.4.1.1 Integrated Scheme of RPS and SWG (RPS-SWG)
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With SWG, each PG class is allocated a fixed set of wavelengths, and bursts belonging to a
PG class can use only the fixed set of wavelengths that are dedicated to its class. An arriving
PG class burst will be dropped when all the wavelengths allocated to its class are occupied,

even if there are wavelengths that do not belong to its class available.

On the other hand, an arriving BE class burst can reserve any available wavelength. In
addition, the arriving BE class burst can preempt a scheduled burst of a PG class C; according

to its scheduled-burst-preemption probability R, . However, if the BE class burst has been

scheduled on a wavelength that belongs to a PG class, it could be preempted by an arriving
burst of that PG class when there are no free wavelengths available and the loss threshold of

the PG class is in danger of being breached.

As shown in Figure 3.4, suppose we have two PG classes (Cy and C;) and a BE class (C5)
in the system. W1, W2 and W3 are allocated to Cy, and W4 is dedicated to C;. In Figure 3.4(a),
the arriving C burst is scheduled on W1, because W1 is idle and belongs to Co. In Figure
3.4(b), when the C burst arrives, the loss threshold of Cy is breached and W3 is occupied by
a burst of the BE class (C;). Thus, the arriving burst preempts the C; burst on #3. As shown
in Figure 3.4(c), all the wavelengths allocated to class Cy are occupied by bursts of class Co,
the arriving burst has to be dropped even though there is an idle wavelength (W4) which is
allocated to the other PG class (C)). In Figure 3.4(d), the arriving burst of the BE class (C3) is
scheduled on wavelength W1, which is idle. In Figure 3.4(e), suppose the loss threshold of

class C,is not violated (i.e., DTT >0), the C; burst on W4 could be preempted by the

arriving C; burst. However, if the loss thresholds of both Cy and C are violated, the arriving
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C; burst will be dropped, as Figure 3.4(f) shows.

3.4.1.2 Integrated Scheme of RPS and DWG (RPS-DWG)

With DWG, each PG class is allocated a fixed number of wavelengths, but not necessarily a
fixed set of wavelengths. When a burst belonging to a PG class C; arrives, it can be
dynamically scheduled onto any available wavelength as long as the number of wavelengths

occupied by class C;bursts is less than the number of wavelengths allocated to class C; (i.e.,

wl <w?).

With RPS-DWG, just like with RPS-SWG,; an arriving BE class burst can reserve any idle
wavelength. Moreover, when an arriving BE class burst is contending with a scheduled burst

of a PG class C;, the BE class burst can preempt the scheduled burst according to the

scheduled-burst-preemption probability of class C; (R, ).

However, a scheduled BE class burst could be preempted by an arriving burst of PG class

C; if all the following three conditions are satisfied:
1. There are no idle wavelengths available.

2. For class C;, the number of occupied wavelengths is less than the allocated number of

wavelengths (i.e., w’ <w/).

3. The loss threshold of class C; is being violated (i.e., DTT, =0).
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classes, and C; is the BE class. There are 4 wavelengths in total, and w/' =3 and w{“ =1.
In Figure 3.5(a), when the C burst arrives, wl < w;' and W1 is idle, thus the arriving burst
is scheduled on WI. In Figure 3.5(b), because w{ <w; and DTT, =0, the arriving Cp
burst needs to preempt the C; burst on W3. In Figure 3.5(c), the arriving Cy burst is dropped
because w{ = w¢ and all wavelengths are busy. The arriving C, burst reserves the idle
wavelength W3 in Figure 3.5(d). In Figure 3.5(e), no wavelength is available to service the
arriving C; burst, but class C; is not endangered yet (DT7] > 0). Thus, the arriving C, burst
preempts the scheduled C; burst on W3 with a probability R, . In Fig 3-5(f), the arriving C;

burst is dropped because no wavelength is available and all the PG classes are breaching their

thresholds.

Comparing the two integrated schemes, we can observe that the RPS-SWG scheme is
easier to implement, but the RPS-DWG scheme is more flexible since it schedules an arriving
burst based on real-time wavelength status. In RPS-DWG, an arriving burst can have more
candidate wavelengths to choose from and is more likely to be scheduled successfully, thus
the system performance can be improved. This can be verified in Chapter 5 by simulation

results.

3.4.2 Integrating RPS with Extended Wavelength Grouping

Mechanisms

With RPS-SWG and RPS-DWG, as long as a PG class can be allocated the number of
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wavelengths it requests, its loss rate can be guaranteed to be kept below its threshold.

However, when the traffic load is heavy, the limited number of wavelengths cannot meet the

requests of all the classes (i.e.,w<Zw,.R ). Thus, RPS-SWG and RPS-DWG satisfy the

requirements of the higher-priority classes first, and the lower-priority classes suffer from
high loss rates because their requested number of wavelengths cannot be satisfied. At the
same time, while a satisfied PG class is allocated its requested number of wavelengths to
guarantee its loss rate, there is always some spare bandwidth on the wavelengths. This is
because the wavelengths are allocated to the classes in a coarse granularity (wavelength)
level. Unfortunately, the spare bandwidth cannot be utilized by bursts of the unsatisfied PG

classes.

To efficiently utilize the spare bandwidth of the satisfied PG classes and make each of the
unsatisfied PG classes experience a lower loss rate, we can allow the unsatisfied PG classes
to share the wavelengths allocated to the satisfied PG classes. Thus, we have the following
two schemes: integrated scheme of RPS and extended SWG (RPS-ESWGQ) and integrated

scheme of RPS and extended DWG (RPS-EDWG).

3.4.2.1 Integrated Scheme of RPS and Extended SWG (RPS-ESWG)

In this scheme, if there are idle wavelengths available, an arriving burst of a satisfied PG
class can reserve only a wavelength that is dedicated to the class. An arriving burst of an
unsatisfied PG class can reserve not only the wavelengths belonging to its own class, but also

those belonging to the satisfied PG classes. A burst of the BE class can reserve any
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wavelengths.
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When contention occurs, however, an arriving burst of a satisfied PG class can preempt
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an unsatisfied PG class burst or a BE class burst in its own wavelength group if the loss
threshold of the satisfied PG class is endangered. On the other hand, an arriving burst of an
unsatisfied PG class can preempt a BE class burst in its own wavelength group, or, it can

preempt a scheduled burst of a satisfied PG class whose loss threshold is not endangered.

Figure 3.6 illustrates the RPS-ESWG scheme. In Figure 3.6, suppose there are three

classes in the system, where Cj is the satisfied PG class (w; = wl =3), C; is the unsatisfied

PG class (w/' =1 andw =2), and C; is the BE class. W1, W2 and W3 are allocated to class
Co, and W4 is allocated to class Cj. In Figure 3.6(a), when the class Cj burst arrives, an idle
wavelength W1 is available in its wavelength group. Thus, the burst is scheduled in 1. In
Figure 3.6(b), when the C, burst arrives, all wavelengths are busy and class Cp is violating its
threshold. Therefore, the arriving Cy burst can preempt a burst of class C; or C,, which has
been scheduled in one of the wavelengths allocated to class Cy. If all the dedicated
wavelengths are busy with servicing Cj bursts when a Cy burst arrives, the arriving burst is
dropped as shown in Figure 3.6(c). In Figure 3.6(d), when a burst of the unsatisfied PG class
(C)) or the BE class (C,) arrives, the wavelength allocated to class C; is occupied by a C;
burst, and there is a free wavelength W3 that is allocated to Cy. In this case, the arriving burst
can reserve W3. Here, we note that if the arriving burst is of class Cy, it can be scheduled on
the idle wavelength W3, which is allocated to Cy. This is because that C; is an unsatisfied PG
class and its number of occupied wavelengths is less than its requested number of
wavelengths (i.e., w’ <w). In Figure 3.6(¢), when a C; or C; burst arrives, all the
wavelengths are busy, and class Cy is not violating its threshold. Thus, the arriving burst can
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preempt a scheduled Cy burst and reserve wavelength W3, which is allocated to class Cy. In
Figure 3.6(f), all wavelengths are busy, and the loss threshold of class Cy is being violated. In

this case, the arriving C) or C, burst has to be dropped.

3.4.2.2 Integrated Scheme of RPS and Extended DWG (RPS-EDWG)

In RPS-EDWG, when there are idle wavelengths, an arriving PG class burst, no matter
belonging to a satisfied PG class or an unsatisfied PG class, will reserve a wavelength if the

number of wavelengths occupied by the PG class is less than the number of wavelengths

requested by the class (i.e.,w’ < wf). Hence, an unsatisfied PG class C;could reserve more
wavelengths than the number of wavelengths allocated to it (i.e., w’ > w*). A burst of the BE

class can reserve any idle wavelength.

If contention is unavoidable, an arriving burst of a satisfied PG class can preempt a burst
belonging to an unsatisfied PG class or the BE class, as long as the bursts of the satisfied PG

class do not occupy the number of wavelengths allocated to the class (i.e.,w’ < w;*) and the

satisfied PG class is in danger of violating its loss threshold. If overlapping with a scheduled
burst of a satisfied PG class whose loss threshold is not endangered, an arriving burst of an
unsatisfied PG class can preempt the scheduled burst. Otherwise, the arriving unsatisfied PG
class burst will try to preempt a burst of the BE class or a lower-priority PG class. In addition,
an arriving BE class burst can preempt a burst of a satisfied PG class as long as the loss

threshold of the satisfied PG class is not endangered.
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Figure 3.7 lllustration of RPS-EDWG Scheme

Figure 3.7 illustrates the scenarios when a PG burst arrives. Cy is the satisfied PG class
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(ie., wi =w; =3), C; is the unsatisfied PG class (ie., w' <w]), and C; is the BE class. In
Figure 3.7(a), the arriving burst of class Cy (satisfied class) is scheduled in W3, because W3 is
available and wy < w¢' . In Figure 3.7(b), wS < w¢', and the loss rate threshold of Cj is violated
(i.e., DTT, =0). Thus, the arriving Cy burst preempts the C; burst on wavelength W2. In
Figure 3.7(c), because bursts of class Cy have occupied 3 wavelengths (i.e., wi = w{), the
arriving Cy burst is dropped. When the C; or C, burst arrives in Figure 3.7(d), there is an idle
wavelength W3 available, thus the arriving burst will be scheduled on #3. Here, suppose the
arriving burst is of class Cy, it can still reserve W3 even though wlo = w,A =1, because class C;
is an unsatisfied PG class. In Figure 3.7(¢), because all wavelengths are occupied and the
class Cy is not in danger ( DTT; > 0), the arriving burst of the unsatisfied PG class C; or the
BE class C, preempts the Cj burst on wavelength W3. In Figure 3.7(f), because all

wavelengths are occupied and the loss threshold of class Cy is violated, the arriving burst of

class C; or C;is dropped.

3.4.3 Extended RPS (ERPS) Scheme

To support a system with multiple PG classes and make sure that at least the highest-priority
class can guarantee its loss rate, we have proposed some integrated schemes above.
Compared to RPS-ESWG, RPS-EDWG is more flexible and can provide better performance.
At the same time, RPS-EDWG allows bursts of the unsatisfied PG classes to share the spare
bandwidth of the satisfied PG classes. As a result, the loss rate of the unsatisfied PG classes is

reduced.
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However, the integrated schemes need to allocate wavelengths on each link among
different PG classes, and every node needs to keep track of the number of the wavelengths
occupied by each class on every output link. Thus, they are complicated and difficult to
implement. We need a simpler and easier scheme to provide performance that is not worse

than what RPS-EDWG can provide.

In RPS scheme, the reason why all PG classes breaches their loss threshold under heavy
traffic loads is that preemptions depend only on the DTTs of the PG classes. When the traffic
load gets heavy, every PG class starts breaching its loss threshold, bursts of a higher-priority
class cannot preempt bursts of a lower-priority class because the loss threshold of the
lower-priority class is endangered as well. As a result, different PG classes cannot be
differentiated, and all the PG classes can violate their loss thresholds at the same time under

heavy traffic load.

To address this problem, we can extend the RPS scheme and let preemptions depend not
only on the DTTs, but also on the priorities of the contending bursts. In other words, if
contention happens between two bursts of different PG classes and both of the PG classes are
violating their thresholds, we allow the higher-priority burst to preempt the lower-priority
burst. As a result, the loss rate of the higher-priority class can be lowered down, and hopefully,
the loss requirement of the highest-priority class can be satisfied when the traffic load is

heavy.
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Figure 3.8 lllustration of ERPS Scheme

Figure 3.8 shows the PG class bursts arrival scenarios when the loss thresholds of both of
the PG classes are violated (i.e., DTT, = DTT, =0). Here, Cy and C; are PG classes and C is
the BE class. Cy is of the highest priority. When a scheduled burst of the BE class C; is
overlapped, it is preempted by the arriving Cp or C; burst, as shown in Figure 3.8(a).

However, as shown in Figure 3.8(b), when there are no BE bursts overlapped, the arriving

burst of the higher priority class Cy preempts the overlapped burst of the lower priority class
C; even though DTT, =0. In Figure 3.8(c), the arriving C; burst cannot preempt a scheduled

Cy burst and will be dropped, because Cy is of a higher priority.
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The flowchart of the ERPS scheme is shown in Figure 3.9.
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Figure 3.9 Flowchart of ERPS Scheme
3.5 Summary

This chapter is committed to QoS differentiation schemes on a per-hop basis. In this chapter,
we have first presented the Reserve-and-Preempt Scheme (RPS), which provides the BE class
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traffic with as much bandwidth as possible while guaranteeing that each of the PG classes
experience a loss rate under its threshold. An analytical model has been developed based on

Markov chains as well.

When the traffic load is heavy on a link in an OBS network, the limited wavelengths
cannot guarantee the loss requirements of all the PG classes. In order to make sure that at
least the loss rate of the highest priority class can be kept below its threshold, the RPS
scheme is integrated with the wavelength grouping mechanisms, and two integrated schemes
are proposed. These integrated schemes are the integrated scheme of RPS and static
wavelength grouping (RPS-SWG), and the integrated scheme of RPS and dynamic
wavelength grouping (RPS-DWG). To reduce the loss rates of the PG classes whose
requested number of wavelengths is not satisfied, we have extended the proposed RPS-SWG
and RPS-DWG schemes and presented RPS-ESWG and RPS-EDWG schemes, whereby the
unsatisfied PG classes can share the wavelengths allocated to the satisfied PG classes.
Although RPS-EDWG performs better than RPS-ESWG, it is complicated to implement.
Therefore, we finally presented the ERPS scheme, which is simpler and easier to implement

and provides the best performance.

The performance of the proposed schemes will be demonstrated in Chapter 5 by

simulations. The analytical model of the RPS scheme will be validated in Chapter 5 as well.

In the next chapter, we will apply the proposed ERPS scheme over an entire network to
satisfy the E2E loss requirements of different PG classes while minimizing the performance

penalty that the BE class suffers from.
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Chapter 4

End-to-End Absolute QoS Differentiation

4.1 Introduction

In Chapter 3, we have first introduced the Reserve-and-Preempt Scheme (RPS), which is a
per-hop absolute QoS differentiation scheme in OBS networks. Then, we have presented a
variety of QoS differentiation schemes that have been extended from the RPS scheme.
Among the proposed schemes, the ERPS scheme is easy to implement and outperforms the
other schemes. However, our ultimate objective in this thesis is to provide an absolute QoS
differentiation on an E2E basis. In this chapter, to guarantee the E2E loss requirements of the
PG classes while successfully delivering as many BE bursts as possible, we apply the ERPS

scheme over an entire network.
In this chapter, we first introduce the system architecture and the problem formulations.
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After that, we propose two optimized priority-grouping techniques: optimized
priority-grouping with single-class constraint (OPT1-SC) and optimized priority-grouping
without single-class constraint (OPT-NC). Then, we introduce the mechanism to label a burst
at each node along its path from the source to the destination. To cope with the
traffic-fluctuation and the load-unbalance problems, two priority-level adjustment
mechanisms, priority-level upgrading (PLU) and priority-level degrading (PLD), are also
presented. Finally, the two mechanisms are combined into an integrated self-adaptive

algorithm in order to provide better performance in the network.

4.2 System Architecture

In an OBS network, packets are assembled into bursts at the ingress nodes and each of the
bursts is transmitted through the core nodes along its path to the egress node, where the burst

is disassembled into data packets that are delivered to the corresponding clients.

First, we define the term “flow” as traffic of a specific class along a specific path between

a source-destination pair. Suppose a flow (£, ,) of classC; passes through a path of 4 hops

from source node s to destination node d. At intermediate node k (k=1,...,h), the flow

experiences a loss rate pé_,s > which is lower than its per-hop loss threshold pé sa - Therefore,

the E2E loss rate of the flow is 2%, :
h x h —
Pce,z,sed :I"H(l_pc,.,sd)—<—1"H(1"pc,,sd)- (4.1)
k=1 k=1
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max

Let pg%,be the maximum per-hop loss threshold of the flow on the intermediate links

along its path, i.e.,

h
Pe =max{pg, 4} 4.2)
Thus, we have:
P, <1- (- pEs,)’ (43)

ax

Suppose the per-hop loss threshold p. , on every intermediate node is equal to p:%,,

which can be satisfied on a link with the heaviest traffic load along the path:

Pcsa = pg‘:?:d . (4.4)

To guarantee that the E2E loss rate (PS’;,) is lower than the E2E loss threshold (PéZe ) of

class C;, we assume the per-hop loss threshold p. ., on the intermediate nodes satisfy:

P =1-(1-pe.4)". 4.5)

The above equation can be rearranged as:

In(1-PE2 Y/ h
Po g =1=e" 7, (4.6)

Therefore, from the E2E loss rate threshold Pcfl_?‘e , we can obtain a universal per-hop loss
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threshold p. ., . As long as the per-hop loss rate can be kept below the per-hop loss threshold
on every intermediate node along the path (i.e., pghsd S Ppc il Sk<h), the E2E loss
threshold ’;)CE can be guaranteed.

In this chapter, we apply the ERPS scheme on every link to guarantee that the per-hop

loss rate of every flow is kept below its per-hop loss threshold, which is calculated from (4.6)

based on its E2E loss threshold.

4.3 Setting Per-hop Loss Thresholds on Links

To implement E2E absolute QoS differentiation for flow f, , in an OBS network, the first

task is to set the per-hop loss thresholds on every link along its path. In the network, every

link could be shared by multiple paths passing through different hop-distances. Different

flows share the same E2E loss threshold Pc‘fl_ze as long as they are of the same classC,.
However, according to (4.6), flows passing through different hop-distances may have
different per-hop loss threshold ( ;’:,;) even if they are of the same service class. On the
contrary, flows that pass through different paths with the same hop-distances 4 share the same

per-hop loss threshold ;C_h :

Pc,sa = Pc,po ifD, =h, 4.7)

where D,, is the hop-distance between source node s and destination node d. On a per-hop
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basis, we define flows with the same class C; and the same hop-distance 4 as a

“flow-priority-bundle” (FPB) L , . On an intermediate link, an FPB is a group of flows that

are of the same class and pass through the same hop-distance. The flows in an FPB must have
different paths and share the same intermediate link. The flows of the same class could

belong to different FPBs if they have different hop-distances.

To set the per-hop loss thresholds on the intermediate links, the most natural approach is
to treat each FPB separately. We call this FPB-oriented approach. Suppose a link is shared by
paths of different hop-distances, then, flows with different classes or different hop-distances

(i.e., different FPBs) have different per-hop loss thresholds on a link:

pC,.,h, '_'tpcj,hp lf Ci ¢Cj or hl ihz- (48)

Hence, if the maximum hop-distance of the sharing paths on link /, ,is H, ,, there
could be H,  different FPBs for the same service class on the link. Suppose there are N
classes including the BE class, the system needs to handle up to #,, , *(N-1)+1 different FPBs

on the link. This approach provides the optimal performance because the per-hop loss
threshold that is calculated from (4.6) is the exact per-hop loss threshold required to
guarantee the E2E loss rate of the flow. Thus, as long as their per-hop loss requirements can
be satisfied on every link, flows of the PG classes can have their E2E loss requirements
guaranteed, and the BE class traffic can be provided with the maximum spare bandwidth.
However, the drawback of this approach is the scalability problem. In a big network

supporting multiple service classes, every link needs to support a large number of different
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FPBs.

To the other extreme, in order to solve the scalability problem in the FPB-oriented
approach, we can set a common loss threshold for every service class on a link. We call this

approach class-oriented approach. In other words, we assign all the flows of the same class
to the same priority-group and give every group a per-hop loss thresholdp—q , which is shared
by all the flows in the group even if they have different hop-distances. The per-hop loss
threshold E of service class C; on the link is set as the minimum of the per-hop loss

thresholds of class C; flows on the link, and it equals the per-hop loss threshold of the class C;

flow with the maximum hop-distance H,, , :

Hym
= min{pe ,} = pe,u,, 4.9)

Pc,

i

Now we suppose there are N service classes in the system. With this approach, each link
needs to support only N priorities. Hence, it is scalable and easy to implement. However, a

class C; flow with a shorter hop-distance 4 will experience an E2E loss rate much lower than

its E2E loss threshold Pcei28 because the per-hop loss threshold (p—q) is lower than the per-hop

loss threshold of the flow (E ), which is calculated from (4.6) on each intermediate link:

Pc, =P s, <Pcn> ifh<H,,. (4.10)

The unnecessarily low loss rates experienced by the flows passing through shorter

hop-distances lead to unnecessary bandwidth consumption problem. Further, the unnecessary
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bandwidth consumption problem results in higher loss rates of BE class flows, which is not

desirable.

Therefore, we need an approach to achieve a balance between scalability and unnecessary
bandwidth consumption on every link. On each link, we can cluster FPBs into a limited
number of priority-groups and the elements in each of the groups share a common per-hop

loss threshold on the link. We call this priority-grouping approach. In this approach, all the

flow elements in a priority-group G, share a common per-hop loss threshold ;G—

Pe.= min {Pcs (4.11)

{(YG.MILc, 4eG,}

where L., is the FPB of the class C; flows with hop-distance of 4. However, this method

cannot totally avoid the unnecessary bandwidth consumption problem. All we can do is to do

our best to alleviate its effect.
To group the flows on a link, there are two questions:
1. How many priority-groups are there on a link?

2. What is the group combination on each link? In other words, to which group does

each FPB belong?

The priority-group number on a link depends on how many priorities the network can

support. We only consider the second question here.

In [ZHAO4a], a fived priority-grouping (FPG) approach was proposed. Each
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priority-group is composed of flows of the same class. Different flows of the same class
could be clustered into different priority-groups based on the hop-distances of their paths. In
this approach, the same priority-group combination is shared by all the links in the network.
The flow with a specific service class and a specific hop-distance is assigned to the same
priority-group on every intermediate link along its path, no matter how many paths share the

link, and no matter what the traffic load is.

In a network, suppose there are two classes: C, is the PG class and C, is the BE class.

The maximum hop-distance of all the paths is 6, and the network supports 3 priority-levels.

We let C, flows with hop-distances of 4, 5 and 6 in groupG, (G, ={fc, 4> fc, 55 c,63)
C, flows with hop-distances of 1, 2 and 3 in another group Gy (G, = {f¢, ;. fc, 2> fc, 5} )>

and the BE class flows in the third group G, (G, ={f¢ 1»fc 25 c,30 Seas Ferso e 63 )

According to (4.11), the per-hop loss thresholds of the first two groups are set as ;G_O =DPe,s

and ;G—l = p¢,s respectively. This approach arbitrarily clusters the flows on every link.

However, in a network, traffic load distribution of different hop-distances is not always
symmetric on every link. Let us consider the scenario that a link is shared by paths whose.

hop-distances are only 1 or 4. The first two priority-groups expect per-hop loss thresholds of

P,y and pc , respectively. However, their per-hop loss thresholds are set as p. ; and

Pc,s respectively. Because pc > pc,; and pg 4> P e > all the flows of the two
priority-groups will experience unnecessarily low loss rates, which result in unnecessary
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bandwidth consumption problem that is supposed to be alleviated further.

To reduce unnecessary bandwidth consumption, we develop two optimized

priority-grouping (OPG) approaches here.

4.3.1 Optimized Priority-grouping Approach with Single-Class
Constraint (OPG-SC)

To make the priority-grouping easier to implement, this approach makes a constraint as the
class-oriented approach does: all elements in a priority-group must belong to the same class.
We call this single-class constraint (SC). However, in this approach, different links do not
share the same priority-group combination any more. Along its path, a flow could be assigned
to different priority-groups on different links, not only depending on the hop-distance of the
flow, but also depending on the traffic load distribution on the links. Therefore, along a path,
different links can have different priority-group combinations. We assume the flows of each
class can be assigned to u priority-groups on a link. Suppose there are N classes, among

which class Cy to class Cy.;are PG classes and class Cy.; is the BE class. Therefore, there are

u-(N-1)+1 groups in total. The flows of class C; are assigned to priority-groups from G,,

t0G, i The flows of the BE class are all assigned to the priority-group G-

To make the group combinations optimized, ie., to reduce unnecessary bandwidth
consumptions while guaranteeing the E2E loss thresholds of the PG class flows, we need to

assign every flow to a priority-group whose loss threshold satisfies the following conditions:
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1. To guarantee the E2E loss thresholds, the per-hop loss threshold of a priority-group
cannot be greater than the per-hop loss thresholds of each of the elements. For

example, if FPB L, , is assigned to groupG,, the following condition needs to be

satisfied:

P6. S Peps if L. ,€G, . (4.12)

2. To alleviate the unnecessary bandwidth consumption problem, the loss threshold of a

group G, must be the closest to the per-hop loss threshold of each of the elements:

Pes—Pe, = min_ {pcs—re} - (4.13)

{9lpc,n2Ps,)

3. In addition, the loss threshold of a priority-group should be set as the minimum of the

per-hop loss thresholds of its elements, as shown in (4.11).

Therefore, on each intermediate link, we need to sort the per-hop loss thresholds of the
flows into a descending sequence for each class, and then, break the sorted sequence into a
limited number of segments, each of which corresponds to a priority-group. From (4.6), we
know that for the same class, flows with a shorter hop-distance can tolerance a greater

per-hop loss threshold. This can be expressed as:
Pew > Pepys U B <h. (4.14)

Hence, we can just sort the per-hop loss thresholds of the flows based on their

hop-distances as shown in Figure 4.1.
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Figure 4.1 Sorted Per-hop Loss Thresholds of OG-SC on a Link

As Figure 4.1 shows, suppose there are N classes in the network. On link /, ,, the

maximum hop-distance of the sharing paths is H, ,, and the flows of every PG class can be

clustered into u groups. The flows of service class C; with hop-distances from 1to k —1 are
clustered into group G, the flows of service class C; with hop-distances from £, to
k,~1 arein group G, and so on. Here the priority level of the group G, is lower

than that of the group G, ,,,,_, - The loss threshold of the group should be the minimum of the

per-hop thresholds of the elements in the group:

k1

pGu(t+1)— rl};ljlrl{pci’h} = pci’kl'1

ka1 _
pGu(iM)—(j-H) - n{pc h} pc’ k/+l_1 (0 < ‘] < u- 1) : (4'15)
JE— H,,
Pg, = Enklfl{pc 3 =Pc.n,,

To reduce unnecessary bandwidth consumption, we need to find an optimized group

combination that minimizes the unnecessary bandwidth consumption:

U~ 1k1+1"1
z(pc h = PG, ) C +2 Z(pc h pG,,(,+,)_(,+,)) c,n T Z(pc »~ Pg, )ﬂc a (4.10)
=1 h=k, hek, |
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Or,
k u—1 k/+l -1
Z(Pc n = P - 1)ﬂc y "'Z Z (Pc a " Pc, M-I) cnt Z(Pc »n~Pc.u, )ﬂc » (417
h=1 J=1 h=k; a1

So, for service class C;, we need to find the optimized breakpoints &, , &, , ...,k,_,, which

break the sorted descending sequence ( pe 1> Pc, 25+ Pc, i, ) into u groups. This is a discrete

linear programming problem:

Variables:
ki, ky,..., k_
Objective:
u-1 kju-1
MlnlleCZ(Pc n~ P, k- 1)/1c A +; hzk (Pc »Pc kjﬂ—l) cn T hik: (Pc.w = Pc,m, ))“C s (4.18)
Constraints:

O<k <H, -(u-2)
k_ <k <H,-@u-1-i (4.19)
k,,<k,_ <H,,

u

Solving the optimal problem for each service class, we can obtain an optimized group
combination, which can make sure that the unnecessary bandwidth consumption can be

minimized under the single-class constraint.
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4.3.2 Optimized Priority-grouping  without Single-Class
Constraint (OPG-NC)

In the above approach, flows are grouped within a class according to their per-hop loss
thresholds. With OPG-SC, flows belonging to a higher-priority class will definitely be
assigned to a higher priority-group. However, in a system with multiple PG classes, the
per-hop loss threshold of a flow belonging to a lower-priority class with longer hop-distance
could be smaller than that belonging to a higher-priority class with shorter hop-distance. In
this case, assigning the flows of the higher-priority class with shorter hop-distance to a
higher-priority group leads to unnecessary bandwidth consumption. Therefore, the
priority-group combinations given by this approach may not be the optimal one in a system

supporting multiple PG classes. Let us suppose there are two PG classes (Cyp and C/) in a

network, and ;;1 < ;; < Peg < Pc,; onalink. With the single-class constraint, FPB L, |
is assigned to the higher priority-group Gjand L., ¢is assigned to the lower priority-group

G, . As we mentioned before, to alleviate unnecessary bandwidth consumption problem, a
flow need to be assigned to a priority-group whose per-hop loss threshold is the closest to the

per-hop loss threshold of the flow. However, with OPT-SC, L. , is assigned to G, whose

loss threshold is not as close to the per-hop loss threshold of L ,as the loss threshold of G,
(e pc, —E; > Pe,a -—EG—Z). Thus, the flows in L. , will expect a lower loss threshold of

;; , instead of a higher loss threshold;G: .

77



Chapter 4. End-to-End Absolute QoS Differentiation

Therefore, we can relax the single-class constraint. That means, flows of different classes
are allowed to be clustered into the same priority-group. First, we need to calculate the
per-hop loss threshold for each element from (4.6). If there are N-I PG classes and the

maximum hop-distance on link /,, is H,,, there are (N-1)*H,, different per-hop loss

thresholds. Then, we need to sort the per-hop loss thresholds to an ascending sequence

(Pos Pisees Piy-iyens,, -1 ) @8 Figure 4.2 shows. In Figure 4.2, each of the elements in the sorted

sequence corresponds to a per-hop loss threshold, ie., VO<;j<(N-1)-H,, -1,

H0<i<N-1, 1<h<H,,, P,=Dc-

Go G Gv-1

T [ 1

Po P - pkl—l:pk, Pra o Pk2-1; :pkv_I Pr, 1 - Pm

m,n

> greater

Figure 4.2 Sorted Per-hop Loss Thresholds of OG-NC on a Link

Suppose the system can support v priorities, not including the BE class. We need to break
the sorted sequence into v segments, each of which belongs to a priority-group. Now, the

question is how to segment the sorted sequence. To get an optimized group combination, v-/

optimized breakpoints (k,,k,,....k, ;) need to be found. Therefore, we have the following

problem to solve:

Variables:

kiskysk, s
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Objective:

Minimize unnecessary bandwidth consumption

k-1 (N-1)H,,,
Minimize Z(p/ po)lc &t Z(P, Py, )lc aTeet Z(p/ Pr,, )/Ic,.,h (4.20)
J=0 J=k J=kyy
Constraints:
O<k<(WN-DH,, -
ky<k <(N-DH,, -(v-i), 1<i<v-1, Vj,ﬂi,h,pj =P, s (4.21)

k,, <k

v—

4SWN-DH,, -

Solving the above discrete optimal problem, we can get the optimized group combination,
in which each group can be composed of elements of different classes. With the single service
class constraint removed, this OPG-NC approach outperforms the OPG-SC approach in terms

of unnecessary bandwidth consumption.

4.4 Labeling Arrival Bursts

To apply ERPS scheme after the flows have been clustered into different priority-groups on
every link, each arriving burst need to be labeled with the ID of the priority-group it belongs
to. Suppose a network supports v priority-groups on a link, each of which is identified by a
particular label. In the network, every intermediate node maintains a table for each of the
output links. Once the optimized group combination is calculated on a link, the table of the

link is constructed as well. Assume there are N classes in the system and the maximum
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hop-distance of the paths passing through the link is H, the table for the link has N-H
tuples, and each tuple has three attributes: service class, hop-distance, and label. Different

labels correspond to different priority-groups.

In the network, the arriving bursts need to be labeled as different priority-groups. When
the BHP of a burst arrives at a node, the node first extracts information of the output link, the
service class and the hop-distance of the burst, then queries the table of the output link for its
label based on the service class and the hop-distance. Finally, the node tries to schedule the
burst based on the label (i.e., its priority-group) using the ERPS scheme. (Note that in
Chapter 3, the ERPS scheme schedules bursts based on their classes.) If the burst is scheduled
successfully, the node will keep its label as well as its start time, end time and ID on the link,
in order to determine whether the burst needs to be preempted when another arriving burst
overlaps with it later. For example, the BHP of a burst of service class Cy arrives at
intermediate node 3, its hop-distance from the source to the destination is 4, and the next
node it is heading for is node 8. When the BHP of the burst arrives at the intermediate node 3,

the node first extracts the output link I, , from the control packet, and then checks the table of
the link /, . According to the service class and the hop-distance information extracted from

the control packet, a label can be obtained from the table. Based on the label, the arriving
burst could reserve bandwidth, preempt a scheduled burst or be dropped according to the
ERPS scheme we have presented in Chapter 3. What we need to point out here is that along
the path of the burst, it could have different labels on different links, because a priority-group

combination is not shared among all the links in the network. Therefore, the label of the burst
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needs to be swapped at the intermediate nodes.

4.5 Self-Adaptive Algorithm

The optimized priority-grouping approaches assume that every link along the path of a flow
is in “wuncritical situation”, i.e., the per-hop loss threshold on every intermediate link of the
flow can be satisfied. For the flow, as long as the per-hop loss threshold of its priority-group

is not violated on every intermediate link, the E2E loss rate can be guaranteed.

However, this assumption does not reflect the nature of a real network. First, in a real
network, the traffic load changes from time to time. Second, usually the traffic load is not
balanced on the links along a path in the network. In other words, while the bottleneck links

are in critical situation, the other links can be in uncritical situation.

When the traffic load gets heavy on a bottleneck link, the loss rate of a flow can exceed
the per-hop loss threshold of the priority-group that the flow belongs to, or even exceed the
per-hop loss threshold of the flow. As a result, its E2E loss threshold could be violated, and

the flow is called unsatisfied flow.

On the other hand, sometimes the traffic load gets lighter after the flow has been assigned

to a relatively higher priority-group just in order to guarantee its E2E loss threshold. Of

course, its E2E loss threshold can still be satisfied under the lighter traffic load. However, the
higher priority-group makes the E2E loss rate of the flow unnecessarily low and leads to

unnecessary bandwidth consumption problem.
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While trying to save bandwidth for BE class flows, our first goal is to make sure that
flows of the PG classes could be satisfied of their E2E loss thresholds. When the traffic load
is heavy in a network, it is impossible for every flow to be guaranteed of its E2E loss
threshold. In this case, we need a mechanism to reduce the number of the unsatisfied flows
whose E2E loss thresholds are violated. On the other hand, the other goal is to deliver as
many BE class bursts as possible over the network. When the traffic load is light, we need a
mechanism to reduce the unnecessary bandwidth consumptions, and therefore, save more

bandwidth for the unsatisfied PG flows and the BE class flows.

To meet the above requirements, a self-adaptive algorithm is needed to have every core
node adjust the priority-group combinations on its output links according to the traffic loads

of the sharing flows.

How does the self-adaptive algorithm work to handle the traffic-fluctuation and the
load-unbalance problems in order to reduce the number of unsatisfied flows while alleviating
the unnecessary bandwidth consumption problem? The self-adaptive algorithm should
include two mechanisms: priority-level upgrading (PLU) mechanism and priority-level
degrading (PLD) mechanism. Periodically, the system monitors the E2E loss rate of every
flow, and the per-hop loss rate of each priority-group is monitored on every link as well. The
PLU mechanism and the PLD mechanism, respectively, upgrade the priority-levels of the
unsatisfied flows and degrade the priority-levels of the satisfied flows on each link along their
paths at the end of each time-cycle. Hence, the E2E loss rates of the unsatisfied flows are

lowered down, and some of them become satisfied. At the same time, the loss rates of the
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satisfied flows increase towards their thresholds. As a result, the unnecessary bandwidth

consumed by the satisfied flow can be reduced, and the saved bandwidth can be utilized by

the BE class traffic.

4.5.1 Priority-Level Upgrading (PLU) Mechanism

When the traffic load is heavy in a network, the per-hop loss thresholds of some or all of the
priority-groups in a bottleneck link could be violated. We say the link is a critical link to the
priority-groups and their element flows. On the contrary, if the per-hop loss rate of a flow is
lower than the per-hop loss threshold of its priority-group on a link, the link is an uncritical
link to the flow. If one or more of its intermediate links are critical to a flow, the E2E loss
threshold of the flow could be violated even if the other intermediate links are uncritical to

the flow.

In a network, the end users do not care about what the overall loss rates are. Instead, what
they are concerned about is if their applications can be satisfied of their loss requirements.
Hence, we need to try our best to make as many flows as possible become satisfied, and the
E2E loss rate of every unsatisfied flow needs to be lowered down towards its E2E loss
threshold. In this case, the E2E loss rate of an unsatisfied flow can be reduced by upgrading
its priority-levels on the links along its path, because flows in a higher priority-group

experience lower loss rate.

To implement the PLU mechanism on an unsatisfied flow, first, every intermediate link
along the path needs to be searched for an eligible higher priority-group. After that, the tables
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on the links are updated in order to assign the flow to the eligible higher priority-group.

Suppose flow f. ,is an unsatisfied flow. The hop-distance from the source node s to

the destination node d is/. We want the E2E loss rate of the flow to be made lower than its

E2E loss threshold PéZe by upgrading its priority-levels on as few links as possible. Hence,

we start from finding the link where the flow suffers from the maximum per-hop loss rate

among all the links along its path.

To reduce the E2E loss rate of the flow, the candidate priority-groups on an ‘intermediate
link must be of higher priorities than the current priority-group of the flow. The loss threshold

of the eligible priority-group G, must be lower than that of the current priority-group G,

(i.e.,;)G_j,<p—Gl_). In an OPG-NC-based network, suppose an unsatisfied flow f. , is

currently of priority-group G, on link/, ,, the candidate priority-groups are from G, to G,.

On the other hand, in an OPG-SC-based network, the candidate priority-groups are only the
priority-groups belonging to the service class of the unsatisfied flow. Without loss of

generality, in the following sections, we only consider networks with OPG-NC scheme.

To implement the PLU mechanism, candidate priority-group G, needs to be

experiencing a loss rate that is lower than its own loss threshold ( P, < Pg, ), i.e., there is

room to accommodate the flow £ , in the priority-group. Otherwise, the performance of the

flows belonging to the priority-group would be deteriorated further after the new flow is

added into the priority-group. To lessen the probability that the loss rate of a priority-group
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exceeds its threshold after a flow is switched to the priority-group, we set a load-increase

safety constant ¢ . Thus, a candidate priority-group G, must satisfy:

Pg, <&'pg,» 0<&<I (4.22)

Moreover, no other flows are supposed to be added to a priority-group G, before the new

flow is added in the same time-cycle. If multiple flows are added to the same priority-group

in the same time-cycle, it will be more likely that the loss threshold of the priority-group
(E) be endangered. To avoid this case, whenever a flow is added to a priority-group, we

set a flag for the priority-group on the link. We use j' to keep the label of the new
priority-group. If an eligible priority-group is found on the link, j' is set as the label of the
group. Otherwise, j'= j, where jis the label of the original priority-group. After the higher

priority-level searching procedure, the flow is switched to the new priority-group G,.

Figure 4.3 shows the priority-level upgrading procedure in a network with the OPG-NC
scheme, we start searching for an eligible higher priority-group from the link where the flow
suffers from the maximum loss rate. Sometimes, no candidate priority-groups are available
on that link (i.e. (4.22) cannot be satisfied). Or, updating the priority-level of the flow on the

link does not make the expected E2E loss rate (P'e<,) of the flow below its E2E loss

(e

threshold Pg’Ze . In this case, we need to search for an eligible group on the next link where

the flow experiences the next maximum loss rate. This procedure repeats until all

intermediate links are searched or the expected E2E loss rate becomes lower than the E2E
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loss threshold:

ele e2e
P s, (4.23)
)
=

Step 1

Gj-1 Gj-1
=

Gv-1 Gv-1 Gv-1
link 7% link 1% link 1%

Step 2

K k K
DC sa 2 PCsa 22 Pl sa

Current priority group [:: Candidate priority group

Step 1: Search for an eligible higher priority-group on a link.
Step 2: Repeat the searching procedure link by link from the link where the flow suffers from the
highest loss rate to the link where the flow experiences the lowest loss rate.

Figure 4.3 lllustration of Priority-level Upgrading Mechanism

Along the path of the flow, there could be multiple links where its priority-levels are
upgraded. Thus, the expected E2E loss rate of the flow after priority-level upgrading is

calculated as:

h
PE=1-TI0-p't, ) (4.24)
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where p"gi,x . 18 the expected per-hop loss rate on the 4th hop along the path. Therefore,

Py=1= T (1-p'&,), (4.25)

{mmeta}

wmn

where p'?", is the expected per-hop loss rate of the flow f,,, onlink /, .

Further, the expected per-hop loss rate of the flow f ,onalink /, where no eligible
group is found is equal to current group loss rate of the flow on the link ( p(’;":' ), and it is

expected to be the per-hop loss threshold of the flow (p. ,, ) on each of the links where an

eligible new group is available:

mn, i T
w2 v I (4.26)
Pc, sas if 0<)'<j
Therefore, the expected E2E loss rate of the flow can be calculated as:
P, =1~ T (1-pg) T (I-pe.)- 4.27)
(=7} 77 L0g5<}

Once the expected E2E loss rate of the flow is satisfied or all the links along the path has
been searched, the higher priority-group searching procedure is finished. Then, the flow is
switched to the eligible priority-group on each of the intermediate links where the eligible
priority-groups are found. In other words, the table on each intermediate link is updated so
that the bursts of the flow are given a new label that corresponds to the new priority-group.
Therefore, the flow is assigned to the new higher priority-groups and the arriving bursts of
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the flow will be attached a label corresponding to the new group in the next time-cycle.

Figure 4.4 shows the flowchart of the priority-level upgrading mechanism for an

unsatisfied flow f,. ,.

4.5.2 Priority-Level Degrading (PLD) Mechanism

In the PLU mechanism, the priority-levels of the unsatisfied flows are upgraded in every
time-cycle. Thus, the number of unsatisfied PG flows decreased gradually. However, the PLU
mechanism makes the PG classes consume more and more bandwidth, and thus bursts of the
BE class will get less and less bandwidth. As a result, the loss rate of the BE class traffic gets
higher and higher. To reduce the expense of the BE class, we propose another mechanism,

which is called priority-level degrading (PLD) mechanism.

In a network, a satisfied PG flow may experience an E2E loss rate that is much lower than
its E2E loss threshold. In this case, we say it consumes more bandwidth than necessary. To
save bandwidth for the BE class traffic, the E2E loss rates of the satisfied PG flows can be
increased towards their E2E loss thresholds by degrading their priority-levels on their
intermediate links. In this way, the bandwidth consumed by the satisfied PG flows can be

reduced. As a result, the BE traffic can get more bandwidth and its loss rate can be reduced.

Similar to the procedure of PLU, in order to degrade the priority-levels of a satisfied PG
flow, we need to find eligible priority-groups on the intermediate links before switching the

flow to the new groups on the links. Here, we search the intermediate links for lower
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priority-groups instead of higher priority-groups. If the E2E loss rate of a satisfied flow is too

close to its E2E loss threshold, we will not degrade its priority-levels. Otherwise, it will be
more likely to become an unsatisfied flow. To avoid this scenario, we can set a degrade safety

constant A, which controls when a satistied flow can be degraded. A flow f, , cannot be

degraded unless it satisfies:

P4 SARZ (0<A<D) (4.28)
. Step 1 :
Go-3
Gv-2 Gv-2 Gv-2
Gv-1 Gv-1 Gv-1
link /% link 1% link It

Step 2

v

kl kZ kq
P, sa S PCsa S SPpc

Current priority-group :: Candidate priority-group

Step 1: Search for an eligible lower priority-group on a link.
Step 2: Repeat the searching procedure link by link from the link where the flow experiences
from the lowest loss rate to the link where the flow suffers from the highest loss rate.

Figure 4.5 lllustration of Priority-Level Degrading Mechanism

Figure 4.5 illustrates the eligible lower priority-group searching procedure. This
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procedure starts from a link where the satisfied flow experiences the lowest per-hop loss rate,
which is lower than its per-hop loss threshold. In addition, the candidate priority-levels on a
link must be lower than the current priority-level of the flow. Suppose the flow belongs to

group G, and the system supports v priority-levels on a link, the candidate groups should be
from G,, to G, , (Group G, dedicates to flows of the BE class). On a specific link,

searching for the eligible lower priority-level starts from the lowest priority-group G, , and

ends at groupG ., .

Moreover, the searching proéedure goes through the links in an ascending order of the
per-hop loss rates experienced by the satisfied flow. On each link, the searching procedure
ends once the expected E2E loss rate of the flow is lower than its E2E loss threshold or all the
candidate groups have been searched. Here, the expected E2E loss rate can be estimated
using (4.25). Figure 4.6 shows the flowchart of priority-level degrading for a satisfied

flow Jeosa
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4.5.3 Integrated Self-adaptive Algorithm
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Figure 4.7 Flowchart of Self-adaptive Algorithm

As we discussed in the above sections, the PLU mechanism can reduce the number of
unsatisfied flows in a network with the expense of the loss rate of the BE class. On the
contrary, the PLD mechanism can lower down the loss rate of the BE class traffic. To
combine the advantages of the PLU and PLD mechanisms, we can integrate the two

mechanisms into a self-adaptive algorithm, which is run at every core node periodically. In
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this algorithm, the PLD mechanism is implemented first, and then the PLU mechanism is
implemented. In this way, the satisfied PG flows degrade their priority-levels first and make
room for the unsatisfied PG flows to upgrade their priority-levels. What we need to mention
is that the self-adaptive algorithm induces extra computation costs. At each core node, the
PLD and PLU mechanisms need to be run periodically. During every time cycle, the core
node needs to search for an eligible lower priority-level for every satisfied PG flow, and at
the same time, it needs to search for an eligible higher priority-level for every unsatisfied PG

flow.

The flowchart of the integrated algorithm is shown in Figure 4.7.

4.6 Summary

This chapter is dedicated to the absolute QoS differentiation on an E2E basis. We apply the

ERPS scheme over an entire network to provide an absolute E2E QoS differentiation.

In this chapter, we have first presented system architecture. To guarantee the E2E loss
requirement of a flow, which is defined as the traffic of a specific class between a specific
source-destination pair, we need first to set a per-hop loss threshold on each intermediate link

along its path. In order to set the per-hop loss threshold on each intermediate link, and at the

same time, to achieve a balance of scalability and unnecessary bandwidth consumption, we
have proposed two optimized priority-grouping techniques: the optimized priority-grouping
with single-class constraint (OPG-SC) and the optimized priority-grouping without

single-class constraint (OPG-NC).
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In the OPG-SC technique, each priority-group is composed of flows of the same service
class. In addition, the priority-groups belonging to the same service class are next to each
other in the sequence of the priority-groups. Thus, the priority-groups of a higher class can be
sure to have a higher priority than those of a lower class. However, it makes PG classes
consume more bandwidth unnecessarily. On the contrary, in the OPG-NC technique, each
priority-group can be composed of flows belonging to different classes. This technique
minimizes the unnecessary bandwidth consumption and makes the BE class traffic

experience lower loss rate.

To cope with traffic-fluctuation and load-unbalance in networks, we have proposed the
priority-level upgrading (PLU) mechanism and the priority-level degrading (PLD)
mechanism. The PLU mechanism can reduce the number of unsatisfied flows (the flows that
suffer from E2E loss rates higher than their respective E2E loss thresholds) in the network by
upgrading the priority-levels of every unsatisfied flow on its intermediate links. However,
upgrading the priority-levels makes the PG class flows consume more bandwidth. As a result,
the loss rate of the BE class is increased. On the contrary, by degrading the priority-levels of
the satisfied flows whose E2E loss rates are much lower than their E2E loss threshold, the
PLD mechanism tries to increase the E2E loss rates of the satisfied flows while keeping them
lower than their E2F loss thresholds. Therefore, it makes room to accommodate bursts of the
unsatisfied flows or the BE class traffic. Finally, we have presented an integrated
self-adaptive algorithm, which integrated the PLU mechanism and the PLD mechanism. The
integrated algorithm can reduce the number of unsatisfied flows with the minimum expense

on the loss rate of the BE class traffic.
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In the next chapter, we will present the numerical examples and results to compare the
performance of the proposed priority-level grouping techniques to that of the existing
priority-level grouping technique. Also, the performance of the self-adaptive algorithm will

be compared to that of the pure PLU and PLD mechanisms.
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Simulation Results and Analysis

5.1 Introduction

In Chapter 3, we have proposed the RPS scheme to provide a per-hop absolute QoS
differentiation. An analytical model has also been presented. Then, a variety of RPS-based
schemes were presented: RPS-SWG, RPS-DWG, RPS-ESWG, RPS-EDWG and ERPS. In this
chapter, we validate the proposed RPS models and demonstrate its bandwidth utilization
efficiency compared to the existing EDS and EDS-DWG schemes. We also compare the

proposed BED and BEP mechanisms in the RPS scheme. The proposed SPT and SPG

mechanisms are compared as well. In addition, we compare the performance of the

RPS-based schemes via simulations.
In Chapter 4, we have presented two optimized priority-grouping (OPG) techniques,
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OPG-SC and OPG-NC, for setting the per-hop loss thresholds along the path of each flow.
Also, to cope with the problems of traffic-fluctuation and load-unbalance, we have also
proposed the integrated self-adaptive algorithm, which integrates the PLU and PLD
mechanisms. In this chapter, we describe the simulation models, followed by simulation
results and performance analysis. We first compare the performance of OPG-SC and
OPG-NC. Then, the integrated self-adaptive algorithm is compared to PLU and PLD in an
OPG-SC-based network and an OPG-NC-based network respectively. Finally, the
performance of the self-adaptive algorithm in the OPG-SC-based network is compared to that

in the OPG-NC-based network. The simulation programs are written in JAVA language.

5.2 Per-hop QoS Differentiation Schemes

5.2.1 Simulation Setup

The simulations are conducted on a link between two core nodes in an OBS network. The

basic simulation assumptions are as follows:
e There are 16 wavelengths on the link.
e The transmission rate on a wavelength is 10Gb/s.
e Bursts arrive at the link following a Poisson distribution with rate A.
e Burst size is exponentially distributed with an average size 0of10° bits.

o The core node has full wavelength conversion capability.
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o There is no buffering at the core nodes.

In this section, we conduct simulations in a 3-class network with 2 PG classes (Cp and C))
and a BE class (C3), and a 2-class network with a PG class (Cy) and a BE class (C)). In the
3-class network, the bursts of class Cy, C; and C, comprise 10%, 30% and 60% of the traffic
respectively. In addition, we assume that the loss thresholds of class Cy and C; are 0.002 and
0.005 respectively. In the 2-class network, 30% of the traffic is from class Cy and 70% of the

traffic is from class C;, and the loss threshold of class Cy is 0.001.

5.2.2 RPS Model

In this section, we validate the proposed RPS model and demonstrate its bandwidth
utilization efficiency compared to EDS and EDS-DWG. In addition, the proposed RPS-based

schemes are compared to each other via simulations.

5.2.2.1 Performance Comparison of RPS, EDS and EDS-DWG

We first compare the performance of the proposed RPS to the existing EDS and EDS-DWG

schemes in a 2-class system.

Figure 5.1(a) and Figure 5.1(b) show the burst loss rates of class Cy and C; versus load
respectively. We can observe from Figure 5.1(a) that all the schemes can make the loss rate of
class Cy close to its loss threshold (0.001). The loss rate of class Cy is closer to the loss
threshold with the RPS scheme, while the EDS scheme makes the lowest loss rate. However,

the loss rate of class Cyin the RPS scheme exceeds the threshold occasionally.
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In Figure 5.1(b), we can observe distinct differences of C; loss rate with the different
schemes. When the load is higher than 0.4, class C; experiences the lowest loss rate with RPS.
Also, the difference gets bigger when the load gets heavier. This is because of the fact that the
early-drop mechanism is triggered in the EDS and the EDS-DWG schemes when the load is
higher than 0.4 and C, bursts are dropped intentionally in order to reduce the chance of
contention with Cp bursts. On the other hand, in the RPS scheme, with its
reserve-and-preempt mechanism, the C; bursts are not dropped before contentions occur.
Instead, they can reserve as much bandwidth as they can as long as the loss rate of class Cp is

not exceeding its loss threshold.

Figure 5.1(c) shows a plot for the bandwidth utilization versus load. We can observe that
RPS utilizes the bandwidth most efficiently. Before the load reaches 0.4, all the 3 schemes
have the same linear increasing bandwidth utilization. However, when the load is higher than
0.4, RPS performs much better than the other two schemes and its bandwidth utilization
keeps increasing. When the load is 1.0, the bandwidth utilization of RPS is 0.83, while the
bandwidth utilizations of EDS and EDS-DWG are only 0.4 and 0.48 respectively. After the
load exceeds 0.4, EDS keeps the bandwidth utilization at 0.4, because the early-drop
mechanism is triggered and Cp bursts keep being dropped. In addition, the bandwidth
utilization of EDS-DWG increases until the load is increased to 0.7, where it reaches the
maximum value 0.5. After that, the bandwidth utilization of EDS-DWG deceases slowly to
0.48 when the load reaches 0.9. The reason for the variation is that when the load is between
0.4 and 0.7, the EDS-DWG scheme allows treating some C; bursts as class Cy bursts and lets

them to share the bandwidth in the wavelength group of class Cy. After the load reaches 0.7,
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fewer and fewer C; bursts are treated as Cy bursts. Thus, EDS-DWG bandwidth utilization

drops to 0.48 when the load is 1.0.

o
o
T
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Loss Rate (CO)
Loss Rate (C1}

0.4

0.2

Bandwidth Utilization

Figure 5.1 Performance Comparison of RPS, EDS and EDS-DWG

5.2.2.2 Performance Comparison of BED and BEP

Figure 5.2 and Figure 5.3 show the performance comparison of the BED and BEP
mechanisms in a 2-class system and a 3-class system respectively. In Figure 5.2(a), when the

load is lower than 0.45, the Cy loss rate with BEP is higher than that with the BED approach.
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As a result, the C; loss rate with BEP is lower than that with BED when the load is lower than
0.45, as shown in Figure 5.2(b). After the load exceeds 0.45, both of BED and BEP keep the

Cy loss rate close to its threshold (Figure 5.2(a)), and the C; traffic experiences the same loss

rate with both BED and BEP approaches (Figure 5.2(b)).

Similarly, in Figure 5.3 (a), when the load is lower than 0.5, BEP makes the loss rates of
both of the PG classes (Cy and Cy) higher than BED does. After the load exceeds 0.5, both
BED and BEP keep the loss rates of the PG classes close to their loss thresholds (0.002 and
0.005). Correspondingly, in Figure 5.3(b), the BE class (C3) experiences lower loss rate in the

BEP approach than in the BED approach when the load is not heavy.
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Figure 5.2 Performance Comparison of BED and BEP in a 2-Class System

The reason for the performance difference of BED and BEP is that when the load is low,
BEP allows the arriving BE bursts to preempt the scheduled PG class bursts that are not in
danger of violating their thresholds. As a result, the BEP approach makes the loss rate of each

PG class higher. Therefore, it also makes the loss rate of the BE class lower than the BED
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approach does.
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Figure 5.3 Performance Comparison of BED and BEP in a 3-Class System

5.2.2.3 Performance Comparison of SPT and SPG

To compare the performance of the SPT mechanism and the SPG mechanism, we conduct
simulations in a 2-class system and a 3-class system, in both of which the loss rates of

different classes are plotted versus load and time.

Figure 5.4 and Figure 5.5 show the loss rates of the 2 classes versus load and time
respectively. In Figure 5.4(a), we observe that in the SPT mechanism, the loss rate of class Cy
exceeds its threshold from time to time, while in the SPG mechanism with guard-space
6=0.0002 and 6=0.0005, its loss rate is kept under its threshold. Moreover, the greater the
guard-space, the lower the loss rate. This is because with a greater guard-space, bursts of the
PG class (Cp) are kept from being over-preempted by bursts of the BE class before the loss
threshold of class Cj is breached. In Figure 5.4(b), we can observe that the two mechanisms

provide similar loss rates to the BE class (C)).
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Figure 5.4 Performance Comparison of SPT and SPG in a 2-class System: Loss Rate vs. Load
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Figure 5.5 Performance Comparison of SPT and SPG in a 2-class System: Loss Rate vs. Time

From Figure 5.5 (a), we can observe that in time scale, the loss rate of class Cy in the SPT
mechanism breaches its threshold (0.0001) occasionally. However, with guard-space
6=0.0002 and 6=0.0005, its loss rate is around 0.0000987 and 0.000968 respectively. The loss

rate of the BE class (C;) in the SPG mechanism is similar to that in the SPT mechanism.
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Figure 5.6 Performance Comparison of SPT and SPG in a 3-class System: Loss Rate vs. Load
Figure 5.6 (a), (b) and (c) show the loss rates of the two PG classes (Cp and C;) and the
BE class (C;) versus load respectively. From Figure 5.6 (a) and (b), we observe that with the
SPT mechanism, the loss rates of both Cy and C; violate their respective loss threshold
(0.0002 and 0.0005) occasionally. However, with the SPG, they are all kept under their loss

thresholds. Figure 5.6(c) shows that the loss rate of the BE class (C;) with the SPG

mechanism is similar to that with the SPT mechanism.
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Figure 5.7 Performance Comparison of SPT and SPG in a 3-class System: Loss Rate vs. Time

Figure 5.7 shows the loss rates of the 3 classes versus time. In Figure 5.7 (a) and (b),
similar to Figure 5.5, with SPG, the loss rates of the PG classes are guaranteed, and the
greater the guard-space, the lower the loss rates of the PG classes. In Figure 5.7(c), we
observe that the loss rates are similar, but the loss rate of C; in the SPT mechanism is a little
lower than those in the SPG mechanism with 6=0.0002 and 6=0.0005. The SPG with
6=0.0005 suffers from the highest C, loss rate. This is the tradeoff of lowering down the loss

rates of the PG classes.
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5.2.2.4 Validation of Analytical Model
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Figure 5.8 Analysis Model of RPS

Figure 5.8(a) and (b) compare the analytical results with the simulation results for the RPS

scheme in a 2-class system. The analytical model is based on the mechanisms of SPG and

BEP, and we set 8=0.0005. We can see that the simulation results match closely with the

analytical results. This proves the correctness of the analytical model.
5.2.3 Performance of RPS-based Schemes

5.2.3.1RPS-SWG and RPS-DWG

Figure 5.9 shows the loss rates of the 2 PG classes versus load in a 3-class system. We can
observe that when the load exceeds 1.25, the loss rates of both of the PG classes cannot be
guaranteed. To make sure that the highest priority class can experience a guaranteed loss rate,

we have integrated the RPS scheme and the wavelength grouping schemes, and proposed the
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RPS-SWG scheme and the RPS-DWG scheme in Chapter 3.
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Figure 5.10 Performance Comparison of RPS, RPS-SWG and RPS-DWG
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Figure 5.10 compares the performance of RPS-SWG and RPS-DWG to that of the pure
RPS scheme. We can see that with RPS-SWG or RPS-DWG, the loss rate of Cy is guaranteed
even when the load is heavy (as shown in Figure 5.10(a)). However, the integrated schemes
sacrifice the performance of C;. While the RPS scheme keeps the loss rate of C; below its
threshold until the load reaches 1.25, RPS-SWG or RPS-DWG cannot guarantee the loss rate
of C; once the load exceeds 0.75 (Figure 5.10(b)). From Figure 5.10(c), we can observe that
the BE class (C>) experiences lower loss rate with RPS-DWG or RPS-SWG than that with the
pure RPS scheme when the load is heavy. This is because with the wavelength grouping
mechanisms, the spare bandwidth in the wavelength group of class Cycan only be shared by
class C, bursts. In addition, we can observe that with RPS-DWG, class C, experiences the
lowest loss rate. With the dynamic wavelength grouping mechanism, the scheduled BE bursts
have fewer chances to be preempted by the arriving PG bursts because of the flexibility for
the arriving PG bursts to choose wavelengths. Moreover, as shown in Figure 5.10(a), (b) and
(c), when the load is not heavy, RPS-SWG makes every class experience the highest loss rate
among the three schemes. This is because each arriving burst that belongs to a PG class can
only be scheduled on the wavelengths dedicated to the PG class, thus each PG class (C; or C)
suffers from higher loss rate (see Figure 5.10(a) and (b)). As a result, there is a higher chance
for the PG class bursts to preempt the scheduled BE class bursts. Therefore, the loss rate of
the BE class (C,) suffers from high loss rate as well (see Figure 5.10(c)). From Figure 5.10(d),
we can observe that the RPS-SWG scheme utilizes bandwidth not as efficiently as the RPS

scheme or the RPS-DWG scheme.
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5.2.3.2 RPS-ESWG and RPS-EDWG

Because RPS-SWG and RPS-DWG cannot guarantee the loss rate of the lower-priority PG

class C; when the load is heavy, we have extended RPS-SWG and RPS-DWG and proposed

the schemes of RPS-ESWG and RPS-EDWG in Chapter 3.
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Figure 5.11 Performance Comparison of RPS-SWG, RPS-DWG, RPS-ESWG and RPS-EDWG
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Figure 5.11(a) depicts the loss rate of class Cp with the two integrated schemes

(RPS-SWG and RPS-DWG) and the two extended schemes (RPS-ESWG and RPS-EDWG).

We can observe that the extended schemes can guarantee the loss rate of class Cy as well. In
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Figure 5.11(b), the loss rate of class C, is reduced with the extended schemes under heavy
load. With RPS-SWG or RPS-DWG, the loss rate of class C; cannot be guaranteed once the
load exceeds 0.75. However, RPS-DSWG and RPS-EDWG can guarantee the loss rate of
class C; until the load reaches 0.9 and 1.15 respectively. Figure 5.11(c) compares the class C,
loss rate of the four schemes. When the load is light, RPS-DWG and RPS-EDWG perform
better because the PG classes (Cp and C)) experience lower loss rates (see Figure 5.11(a) and
(b)), and thus the PG bursts have a lower chance to preempt the scheduled BE (C;) bursts.
However, when the load is heavy, class C; suffers from higher loss rate with the extended
schemes because more bandwidth is utilized by the class C; bursts. From Figure 5.11 (d), we

can see that RPS-DWG and RPD-EDWG utilize the bandwidth more efficiently.

In summary, the RPS-EDWG scheme outperforms the other 3 schemes in terms of loss

rates and bandwidth utilization.

5.2.3.3 ERPS

Although the RPS-EDWG scheme outperforms the other schemes, it is complicated to
implement because the system needs to allocate a certain number of wavelengths to each PG
class and keep track the number of occupied wavelengths for each PG class. Therefore, the

ERPS scheme has been proposed in Chapter 3.

Figure 5.12 depicts the performance of the ERPS scheme compared to that of the
RPS-EDWG scheme. Both of the two schemes can guarantee the loss rate of C (Figure
5.12(a)), and the loss rate of C; can be kept below its threshold when the load is not too
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heavy (Figure 5.12(b)). In addition, the two schemes make the BE class (C;) experience
almost the same loss rate as shown in Figure 5.12 (c). Also, they provide the same bandwidth
utilization (Figure 5.12 (d)). The only difference between the two schemes is that the PG
classes (Cyp and C;) experience lower loss rates with ERPS when the load is light. The reason
is that the ERPS scheme does not restrict the number of wavelengths that each PG class can
occupy and the bursts of each PG class can occupy more wavelengths when the load is light.
As a result, the ERPS scheme makes the loss rate of each PG class lower than the

RPS-EDWG scheme does.
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Figure 5.12 Performance Comparison of RPS-EDWG and ERPS
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Figure 5.13 compares the performance of all of the proposed per-hop QoS differentiation
schemes. In Figure 5.13(a), only the pure RPS scheme cannot guarantee the loss rate of C
even when the load is heavy. In Figure 5.13(b), the loss rate of C; can be guaranteed until the
load reaches 0.75 with RPS-SWG or RPS-DWG. The loss rate of C; can be improved with
the extended schemes RPS-ESWG and RPS-EDWG. With RPS-ESWG, the loss rate of C; is
guaranteed until the load reaches 0.9. RPS-EDWG and ERPS can guarantee the loss rate of
C; before the load exceeds 1.2. In Figure 5.13(c), the loss rate of the BE class (C;)
experiences lower loss rate with RPS-ESWG, RPS-EDWG or ERPS under light traffic load.
However, when the traffic load becomes heavy, the loss rate of C, is the highest with
RPS-EDWG or ERPS. This is the tradeoff to lower down the loss rate of C; while
guaranteeing the loss rate of Cj under heavy traffic load. Figure 5.13(d) depicts the
bandwidth utilization of all the proposed schemes. When the traffic load is heavier, the
bandwidth utilization of RPS-SWG is a little lower than those of the other schemes, which

are close to each other.

In conclusion, the ERPS scheme outperforms the other proposed schemes. We will apply
the ERPS scheme to every core node of an OBS network to achieve E2E QoS differentiation

in the following section.
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Figure 5.13 Performance Comparison of all of the proposed schemes

5.3 End-to-End QoS Differentiation

5.3.1 Simulation Setup

To apply ERPS to the core nodes in an OBS network, we conduct simulations over the entire
network. The simulations are conducted for the NSF 14-node OBS network as shown in

Figure 5.14.
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Figure 5.14 NSF 14-node Network

The basic simulation assumptions are as follows:

e There are 8 wavelengths on every link.

e The transmission rate on a wavelength is 10Gb/s.

e Bursts arrive at the edge nodes following a Poisson distribution with rate A.
o The traffic is uniformly distributed among all of the source-destination pairs.
¢ Fixed shortest-path routing is used.

e Burst size is exponentially distributed with average size of10° bits.

e The core nodes have full wavelength conversion capability.

e There is no buffering at the core node.

e There are 3 service classes in the network, where Cy and C; are the PG classes and C,

is the BE class.
e Bursts of classes Cp, C; and C, comprise 20%, 30% and 50% of the traffic

respectively.
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o The E2E loss thresholds of class Cy and C; are 0.05 and 0.1 respectively.

» The system supports 5 priority-levels on each node, including a BE level. |

3.3.2 Performance of Priority Grouping Techniques

To evaluate the performance of the proposed OPG-SC and OPG-NC schemes, we compare
their performance to that of the existing fixed priority-grouping (FPG) scheme, both over the

entire network and on bottleneck link 7 ,. The simulations on the FPG scheme are conducted

in two priority-group combinations. In the first combination {5, (1, 2, 3, 4)}, flows with
hop-distance 5 are assigned to a higher-priority group and those with hop-distances 1-4 are
assigned to a lower-priority group. In the second combination {(3, 4, 5), (1, 2)}, flows with
hop-distances 3, 4, and 5 are assigned to a higher-priority group and flows with hop-distances

1 and 2 are assigned to a lower-priority group.

Figure 5.15 compares OPG-SC and OPG-NC with the existing FPG scheme over the
entire OBS network. We can observe from Figure 5.15 (a) and (b) that the proposed OPG
schemes provide higher loss rates for class Cy and class C; than FPG does while all of the
schemes can keep the overall loss rate of each PG class below its E2E threshold. With
OPG-NC, the PG classes experience the highest E2E loss rates. Figure 5.15 (c) shows that the
BE class experiences the lowest loss rates with OPG-NC and suffers from high loss rates with
the existing FPG scheme. The reason is that OPG-NC reduces the bandwidth consumed by

the PG classes and the saved bandwidth is utilized by the BE class.
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Figure 5.15 Overall Performance Comparison of OPG-SC and OPG-NC

Since the traffic is uniformly distributed among all source-destination pairs, we also study
the performance of OPG-SC and OPG-NC on the bottleneck link /, ;. Figure 5.16 depicts the
comparison of the proposed OPG schemes and the existing FPG scheme on link / ;. In

Figure 5.16(a), class Cy experiences the highest loss rate with OPG-NC, and the FPG scheme
with combination {5, (1, 2, 3, 4)} provides the lowest loss rate to Cy. In Figure 5.16 (b), when
the load is not heavy, class C; experiences the highest loss rate with OPG-NC, and the FPG

scheme with different priority group combinations provides the lowest loss rates to C;.
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However, when the load is heavy, OPG-NC provides the lowest loss rate to C; and the FPG
scheme makes C; experience high loss rate, since OPG-NC makes Cy suffer from high loss

rate. We also notice that in Figure 5.16 (a), the Cy loss rate increases fast with the OPG-NC

scheme when the load is heavy, because the OPG-NC scheme does not necessarily assign the
flows of class Cy to the high priority-groups. In Figure 5.16(c), we observe that both of the
OPG schemes provide lower loss rate for the BE class (C5) than the FPG scheme. As we

expect, OPG-NC makes class C; experience a loss rate lower than OPG-SC does.
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Although OPG-NC provides the BE class with lower loss rates than OPG-SC does, it
makes more flows of Cy class unsatisfied than the OPG-SC scheme, as shown in Figure 5.17.
This is because that OPG-NC assigns some Cy flows to lower priority groups while some C,;

flows are assigned to higher priority groups.

5.3.3 Performance of Self-Adaptive Algorithm

Simulations are conducted to evaluate the performance of the proposed self-adaptive
algorithm, which integrates the mechanisms of PLU and PLD. We conduct simulations to
demonstrate how the integrated self-adaptive algorithm outperforms PLU and PLD to cope
with load-unbalance problem. Also, we demonstrate how the integrated algorithm response to
traffic-fluctuation. The simulations are conducted in both an OPG-SC-based system and an
OPG-NC-based system, in order to evaluate the performance of the self-adaptive algorithm in

the two systems respectively.
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5.3.3.1 Performance of PLU, PLD and Integrated Self-Adaptive
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Figure 5.18 Performance of PLU, PLD and Integrated Algorithm in an OPG-SC-Based System
Figure 5.18 compares PLD, PLU and the integrated self-adaptive algorithm based in an
OPG-SC-based system. We can observe that the PLU mechanism lowers the loss rates of
class Cy (Figure 5.18 (a)) and class C; (Figure 5.18 (b)) and increases the loss rate of the BE
class (Figure 5.18 (c)). As a result, as shown in Figure 5.18(d), the PLU mechanism makes

fewer unsatisfied flows of the PG classes (Cy and C;). The PLD mechanism makes the loss
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rates of class Cy and class C;increased and lowers the loss rate of the BE class C,. Therefore,
the numbers of unsatisfied flows of class Cy and class C; increase. The integrated algorithm
combines the advantages of the two mechanisms. In Figure 5.18(a) and (b), the loss rates of
Co and C; are lowered down with the integrated algorithm, but not as low as that with the
pure PLU mechanism. Thus, as shown in Figure 5.18(d), the unsatisfied flow number of each
PG class is reduced as the pure PLU mechanism does. As a tradeoff, the loss rate of the BE
class is increased in Figure 5.18 (c), but the integrated algorithm does not make the loss rate
of the BE class as high as the pure PLU mechanism does. Therefore, the integrated algorithm
achieves a balance of reducing the number of unsatisfied PG flows and keeping the loss rate

of the BE class as low as possible.

Figure 5.19 shows the comparison of PLD, PLU and the integrated self-adaptive
algorithm in an OPG-NC-based system. Similar to that in Figure 5.18, PLU reduces the loss
rates (in Figure 5.19(a) and (b)) and the numbers of unsatisfied flows (Figure 5.19 (d)) of the
PG classes and increases the loss rate of the BE class traffic (Figure 5.19 (c)). On the contrary,
PLD increases the loss rates (in Figure 5.19(a) and (b)) and the numbers of unsatisfied PG
flows (Figure 5.19 (d)) while reducing the loss rate of the BE class traffic (Figure 5.19 (c)).
The integrated algorithm lowered down the loss rates of the PG classes (in Figure 5.19(a) and
(b)), and thus, reduces the number of unsatisfied PG flows (Figure 5.19 (d)). The loss rate of

the BE class is increased, but it is lower than that with the pure PLU mechanism (Figure 5.19

(c)).
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Figure 5.19 Performance of PLU, PLD and Integrated Algorithm in an OPG-NC-Based System

5.3.3.2 Self-Adaptive Algorithm Response to Traffic Fluctuation

To demonstrate that the integrated self-adaptive algorithm can handle traffic fluctuation, we
conduct simulations based on both the OPG-SC and the OPG-NC schemes. We assume that
the load is 80 erlang during the first 60 seconds, and then it jumps to 90 erlang at the 60"
second. At the 120™ second, the load drops down to 70 erlang. After that, the load is kept at

70 erlang to the end of the simulations.
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Figure 5.20 Self-Adaptive Algorithm Response to Traffic Fluctuation in an OPG-SC-Based System

60 120° 180

Figure 5.20 shows the performance of the self-adaptive algorithm based on the OPG-SC
scheme. We observe that the loss rate of each class changes as the traffic load changes. When
the simulation begins, the loss rate of each PG class decreases to a stable level (Figure 5.20
(a)), and the number of unsatisfied flows of each PG class reduces to a stable level too
(Figure 5.20 (c)). The reason is that at the beginning of the simulation, the integrated
self-adaptive algorithm tries to handle the load-unbalance problem in the OBS network,

which cannot be handled by either of the OPG schemes. If the priority-level of an unsatisfied
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flow cannot be upgraded on bottleneck links, the PLU mechanism can take effect on some
light-loaded links, and thus the E2E loss rate of the unsatisfied flow can be reduced, and
some of the unsatisfied flows could become satisfied flows. What we need to point out is that
when the load is increased from 80 erlang to 90 erlang at the 60™ second, the loss rate and the
number of unsatisfied flows of each PG class jump up first, and then slowly decline to stable
levels (Figure 5.20 (a) and (c¢)). This is because before the load increases, some PG flows
were assigned to lower priority groups, which result in a higher loss rates and more
unsatisfied PG flows. Then the integrated self-adaptive algorithm makes the loss rate and the
number of the unsatisfied flows of each PG class to lower down. On the contrary, when the
load dropped from 90 erlang to 70 erlang, the loss rate (shown in Figure 5.20 (a)) and the
number of the unsatisfied flows (shown in Figure 5.20 (c)) of each PG class drop to very low
levels and then increase to stable levels respectively. The reason is that when the load is
decreased from 90 erlang to 70 erlang, the flows of the PG classes are in higher priority
groups that make their loss rates and the number of unsatisfied flows relatively low. Then the
PLD mechanism works and makes them to be stable on higher levels. In Figure 5.20(b), we

can see that the loss rate of the BE class changes with the traffic load as well.

Figure 5.21 shows the performance of the integrated algorithm based on the OPG-NC
scheme. Similar to Figure 5.20, at the beginning of the simulation, the loss rate and the
number of the unsatisfied flows of each PG classes (Cyp and C;) are decreased. When the load
jumps from 80 erlang to 90 erlang at the 60" second, the loss rates and the number of the
unsatisfied flows of the PG classes jump to higher levels and then slowly drop down. Finally,

when the load changes from 90 erlang to 70 erlang, they drop to low levels and then slowly
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increase to stable levels. Figure 5.21 (b) shows that the loss rate of the BE class C; changes

with the load as well.
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Figure 5.21 Self-Adaptive Algorithm Response to Traffic Fluctuation in an OPG-NC-Based System
Figure 5.22 compares the performance of the integrated self-adaptive algorithm based on
OPG-SC to that based on OPG-NC. When the traffic load is not heavy (from the 120™ second
to the 180" second, at 70 erlang), the OPG-NC provides lower loss rates for the PG classes
Cy and C; (as shown in Figure 5.22(a)), and it provides the BE class with a loss rate that is a

little higher than what provided by the OPG-SC (Figure 5.22 (b)). Accordingly, when the load
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is 70 erlang, the OPG-NC makes fewer unsatisfied flows of the PG classes, as shown in
Figure 5.22(c). The reason is that in an OPG-NC-based system, when the load is not heavy,
an unsatisfied flow has more candidate priority-groups to choose than in an OPG-SC-based
system. When the load is 80 erlang (during the first 60s period), we can see that the two OPG
schemes provide similar performance in terms of loss rate and number of unsatisfied flows.
When the load is 90 erlang (from the 60" second to the 120 second), OPG-NC provides a
higher loss rate for class Cy and a lower loss rate for class C; (Figure 5.22(a) and (b)). As a
result, OPG-NC makes more flows of class Cy unsatisfied. However, fewer C; flows are
unsatisfied with OPG-NC. This is because when the load is heavy, there are fewer chances for
the unsatisfied flows to have their priority-levels upgraded successfully, and the OPG-NC
scheme cannot guarantee that the flows of Cy get higher priorities over the flows of C;. When
the load is heavy (load >70 erlang), the two OPG scheme provides similar loss rate for the

BE class C; (Figure 5.22 (b)).

We have observed that the integrated self-algorithm based on both the two OPG schemes
provides similar loss rates for the BE class. Moreover, making as many flows as possible be
satisfied of their E2E loss requirements is the first goal of this thesis. Hence, in a network
with the integrated self-adaptive algorithm, the OPG-NC scheme is more desirable when the
load is not heavy. On the contrary, when the load gets heavy, the OPG-SC scheme provides

better performance in terms of the number of unsatisfied flows.
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Figure 5.22 Performance Comparison of Self-Adaptive Algorithm in an OPG-SC-Based

System and an OPG-NC-Based System

5.4 Summary

In this chapter, simulations have been conducted to study the QoS differentiation techniques,

which we have proposed in Chapters 3 and 4, on a per-hop basis and an E2E basis

respectively.

We have verified the analytical model of our proposed RPS scheme via simulation.
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Simulation results have also shown that the proposed RPS scheme outperforms the existing
EDS and EDS-DWG schemes in terms of BE class loss rate and bandwidth utilization. We
have also compared the proposed BED and BEP mechanisms in the RPS scheme. When the
load is not heavy, BEP can reduce the loss rate of the BE class considerably. Furthermore, the
proposed SPT and SPG mechanisms are compared as well. From the simulation results, we
have observed that SPG can keep the loss rate of each PG class under its threshold with a

proper guard-space.

Simulations also have been conducted in a network supporting multiple PG classes in
order to validate the proposed per-hop schemes extended from RPS. We have found that
RPS-SWG and RPS-DWG overcome the drawback of RPS and can satisfy the loss
requirement of the highest priority class. Further, RSP-ESWG and RPS-EDWG can reduce
‘the loss rate of the lower-priority PG class. We have noticed that RPS-DWG and RPS-EDWG
outperformed their respective counterparts, RPS-SWG and RPS-ESWG, in terms of loss rates,
because of their flexibility on wavelength reservation. Moreover, the ERPS scheme can

provide the best performance with easier implementation.

Also, simulations have been carried out over an entire network to validate the proposed
optimized priority-grouping schemes and the self-adaptive algorithm. We have first compared
the performance of OPG-SC and OPG-NC to that of the existing FPG approach. As we
expected, OPG-SC and OPG-NC outperforms FPG in terms of the loss rate of BE class. In
addition, OPG-NC can provide lower loss rate for the BE class. However, it makes more

unsatisfied flows than OPG-SC does.
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The self-adaptive algorithm, which integrates PLU and PLD, can handle the
load-unbalance and the traffic-fluctuation problems in networks. In this chapter, we have
conducted simulations and compared the performance of the integrated self-adaptive
algorithm with that of the pure PLU and the pure PLD mechanisms in both an OPG-SC-based
network and an OPG-NC-based network. We have found that in both networks, the integrated
self-adaptive algorithm can combine the advantages of PLU and PLD and reduce the number
of unsatisfied flows of each PG class while not sacrificing the loss rate of the BE class as
much as the pure PLU mechanism does. In addition, we have compared the performance of
the integrated self-adaptive algorithm in an OPG-NC-based network to that in an
OPG-SC-based network. We have observed that the integrated algorithm can guarantee more
flows of their loss rates when the load is not heavy in the OPG-NC-based network; however,
when the load is heavy, the OPG-SC-based network performs better in terms of number of

unsatisfied flows.
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Conclusions and Future Work

6.1 Conclusions

This Thesis aims at providing absolute QoS differentiation in OBS networks. While
providing loss rate guarantees to PG class flows, we aim at providing the BE class traffic a

loss rate that is as low as possible.

We have first presented a per-hop QoS differentiation scheme, which is called
Reserve-and-Preempt Scheme (RPS). An analytical model of the RPS scheme has been
presented. In order to satisfy the loss requirements of the highest-priority classes when the
traffic load is too heavy for the system to provide loss rate guarantees for all of the PG classes,
the RPS scheme has been integrated with static wavelength grouping (SWG) scheme and

dynamic wavelength grouping (DWG) scheme respectively, and we have proposed the
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schemes of RPS-SWG and RPS-DWG. Further, to lower the loss rates of the lower-priority
PG classes, we have extended the RPS-SWG and the RPS-DWG schemes, and presented the
RPS-ESWG and the RPS-EDWG schemes, in which the lower-priority PG classes are
allowed to share the spare bandwidth in the wavelength groups assigned to the higher-priority
PG classes. RPS-EDWG outperforms RPS-ESWG because of its flexibility on wavelength
reservation. Finally, the Extended Reserve-and-Preempt Scheme (ERPS) has been proposed,

which is easier to implement and can provide the best performance.

To provide E2E QoS differentiation, we have applied the ERPS scheme over an entire
OBE network. Based on linear programming, we have presented two novel priority-grouping
techniques — Optimized Priority Grouping with Single-Class Constraint (OPG-SC) and
Optimized Priority Grouping without Single-Class Constraint (OPT-NC). While keeping the
loss rates of the PG classes below their loss thresholds, the two proposed techniques aim at

reducing the bandwidth consumed by the PG class flows, and thus, the saved bandwidth can

be utilized by the BE class traffic. Moreover , we have presented a self-adaptive algorithm,

which integrated two mechanisms: Priority-Level Upgrading (PLU) and Priority-Level
Degrading (PLD). By upgrading the priority-levels of the unsatisfied PG flows, the PLU
mechanism can reduce their loss rates and make them become satisfied PG flows. On the
contrary, by degrading the priority-level of the satisfied PG flows whose E2E loss rate are
much lower than their E2E loss thresholds, the PLD mechanism can reduce the bandwidth
consumption of the satisfied PG flows and the saved bandwidth can be utilized by the the BE
class traffic.
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We have conducted a simulation study to verify the analytical model of the RPS scheme.
The numerical results have shown the correctness of our analytical model. We have also
compared the performance of the RPS scheme to that of EDS and EDS-DWG, which are
existing per-hop QoS schemes. Simulation results have shown that the proposed RPS scheme
considerably outperforms EDS and EDS-DWG in terms of BE class loss rate and bandwidth
utilization. We have also compared the proposed schemes of RPS, RPS-SWG, RPS-DWG,
RPS-ESWG, RPS-EDWG and ERPS. We have found that RPS-SWG and RPS-DWG can
guarantee the loss rate of the highest-priority PG class even when the traffic load is heavy.
With RPS-ESWG and RPS-EDWG, the loss rate of the lower-priority PG class can be
reduced under heavy load while the highest-priority class is guaranteed its loss rate. We have
also found that RPS-EDWG outperforms RPS-ESWG because of the flexibility of dynamic
wavelength grouping. Further, the ERPS scheme can provide the best performance with

simpler implementation.

Regarding E2E QoS differentiation, we have compared the proposed optimized priority
grouping schemes. Simulation results have shown that OPT-NC outperforms OPT-SC in
terms of the loss rate of the BE class. However, OPT-SC can make more flows be satisfied
than OPT-NC. The self-adaptive algorithm has been studied comprehensively as well. We
have found that the PLU mechanism can reduce the number of unsatisfied flows in an OBS
network at the expense of the loss rate of the BE class traffic. On the contrary, the PLD
mechanism reduces the loss rate of the BE class, but the number of unsatisfied PG flows is
increased. By integrating the PLU and the PLD, the self-adaptive algorithm can make the

number of unsatisfied flows reduced without much expense on the loss rate of BE class. We
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have also observed that the integrated self-adaptive algorithm can guarantee the loss rates of
more flows when the load is not heavy in the OPG-NC based network; however, when the
load is heavy, the OPG-SC based network performs better in terms of the number of

unsatisfied flows of the high-priority class.

6.2 Future Work

The ultimate goal of this thesis is to provide E2E QoS differentiation over an entire OBS
network. To implement E2E QoS differentiation, we have applied the proposed ERPS scheme
on every core node. At every core node, flows are assigned to different priority-groups
according to their per-hop loss thresholds, which are determined not only by their E2E loss
requirements, but also by their hop-distances. Therefore, suppose there are two flows
belonging to the same service class, the flow with longer hop-distance will be assigned to a
higher priority-group than another flow with shorter hop-distance. In addition, with the ERPS
scheme, the loss requirements of the higher priority-groups can be guaranteed at the expense
of the lower priority-groups when the load is too heavy to satisfy the loss requirements of all
priority-groups. Therefore, flows with shorter hop-distances suffer from higher loss rates than
those with longer hop-distances. As a result, more flows with shorter hop-distances cannot be
satisfied of their E2E loss requirements. This results in unfairness problem. How to solve the

unfairness problem is an important research area in the future.

Moreover, QoS differentiation metrics in networks include loss rate, delay, jitter, and so

on. This thesis studied only loss rate guarantee, which mainly concerns the core nodes in
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OBS networks. In the future, we need to study delay and jitter, which are important
parameters for applications such as VoIP and Video Teleconferencing. In most OBS networks,
there are no buffers in the core nodes and data are transferred through the core nodes
transparently. As a result, in the core nodes, the delay between a source-destination pair is
only the propagation delay, which is determined by the physical distance between the source
and the destination. Therefore, delay in OBS networks mainly concerns edge nodes. To study
delay and jitter in OBS networks, we need to study assembling mechanisms and offset-time

setup at the edge nodes in detail.
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Appendix A:

Confidence Intervals

When we run a simulation program, we may get a different result each time because the
simulation results ( X,,...,X,,) vary depending on the random number seeds used in different
runs. We can use the sample mean to be an estimate of the true mean (population

mean) £(X) . The sample mean estimator M, provide us with a single value for the estimate

of E(X)= u,namely,

n

M =

n

X, . (A1)

1
- 14
nig

However, we are not only interested in finding the estimate for the mean, but also

determining how accurate the estimate provided by M, is. For a particular sample of

observations X =(X,...,X,), we can have the sample variance, which is the average
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dispersion about M, :
1 n
V=2 (X - M, (A2)
h—=1.q

If ¥ is small, then the observation are tightly clustered about M, , and we can be confident
that M, is close to E(X). However, if ¥ is large, the samples are widely dispersed about

M, and we cannot be confident that M, is close to E(X).

Instead of seeking a single value to be the “estimate” of the parameter of interest, we can
have a different way to approach the question with confidence interval, which is an interval
of values that is highly likely to contain the true value of the parameter. Confidence interval
can be used to judge the accuracy of an estimate. Suppose we are given a probabilityl -« ,

and need to find an interval [L(X),U(X)] such that
PIL(X)susUX)]=1-«a, (A3)

that is, the interval contains the true value of the parameter with probability 1-« . We say
that this interval is a (1-a)x100% confidence interval, and 1-« is called confidence
level. The width of a confidence interval is a measure of accuracy with which we can
pinpoint the estimate of a parameter. The confidence level provides us a degree of confidence,
with which the interval contains the desired parameter. The narrower the confidence interval,

the more accurately we can specify the estimate for a parameter.
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Suppose X, ’s are Gaussian random variables with unknown mean g and known
standard deviationo, M, is then a Gaussian random variable with mean uand variance

o?. In this case, a (1-a)x100% confidence interval is given by

M, -z,,,6/Nn,M,+z,,06/n). (A.4)

When we do a simulation, we know that the simulation results are independent from each
other and follow a normal distribution. However, we do not know the standard deviation
o of the simulation results. The use of ¥, toreplace o is not that accurate. The smaller the
sample size the worse the approximation will be. Hence, we can expect that some adjustment
will be made based on the sample size. The adjustment we make is that we do not use the
normal curve for this approximation. Instead, we use the Student’s t-distribution that is based
on the sample size. The Student’s t-distribution looks like the normal distribution, but as the
sample size decreases, it spreads out. For a large sample size 2, it nearly matches the normal
distribution. We say that the distribution has »n-1 degrees of freedom. To calculate

confidence interval, we proceed as before, but we change the table for the value of z,,,that

we use. The (1-a)x100% confidence interval for the mean wuis given by

(Mn _Za/2,n—1Vn /‘\/;’Mn + Za/2,n-—1Vn /\/_’;) . (AS)

The values of z,,,,, for calculating confidence intervals are shown in Table A.1.
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Table A.1. Values of Zz, /2,01 for Calculating Confidence Intervals

Freedom Degree Confidence Level (1— )

e 0.90 0.95 0.99
1 6.314 12.706 63.657

2 2.920 4.303 9.925

3 2.353 3.182 5.841

4 2.132 2.776 4.604

S 2.015 2.571 4.032

6 1.943 2.447 3.707

7 1.895 2.365 3.499

8 1.860 2.306 3.355

9 1.833 2.262 3.250

10 1.812 2.228 3.169
15 1.753 2.131 2.947
20 1.725 2.086 2.845
30 1.697 2.042 2.750
40 1.684 2.021 2.704
60 1.671 2.000 2.660
o0 1.645 1.960 2.576

Table A.2 shows an example of how the confidence intervals are calculated. The example
is based on the loss rate of the BE class traffic in a RPS-based OBS network. It has been
plotted in Figure 5.2(b). In this example, the 95% confidence intervals are calculated based
on 5 independent runs. From the 5 simulation results (X;, X», ..., X5), we can get the sample

mean M, and the sample standard deviation ¥, using (A.1) and (A.2) respectively. From
Table A.1, we know that the value of z,,,,, is 2.776, because the confidence level is 95%

and the freedom degree is 4. Therefore, we can calculate the lower bound L(X) and the upper

bound U(X) of the confidence interval using (A.5).

In this thesis, each per-hop QoS differentiation simulation has been run 5 times, and each

E2E QoS differentiation simulation has been run 10 times. We have calculated the 95%
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confidence interval on each of the simulations. Since the confidence intervals are too small,

we have not plotted them in the figures in Chapter 5.

Table A.2 Example of Confidence Interval Calculations

Load

Simulation Results

X

X>

X;

Xy

X;

M,

Va

LX)

ux

0.3

0

0

1.4E-06

1.4E-06

1.4E-06

8.6E-07

7.8E-07

-1E-07

1.8E-06

0.35

3.0E-05

3.9E-05

3.3E-05

2.0E-05

2.4E-05

2.9E-05

7.2E-06

2E-05

3.8E-05

0.4

5.7E-04

5.9E-04

4.9E-04

5.0E-04

5.6E-04

0.00054

4.6E-05

0.00048

0.0006

0.45

0.00216

0.00211

0.00221

0.00235

0.00211

0.00219

0.0001

0.00206

0.00231

0.5

0.00568

0.0057

0.00612

0.00608

0.00591

0.0059

0.00021

0.00564

0.00616

0.55

0.01291

0.01291

0.01289

0.01295

0.0129

0.01291

2.3E-05

0.01288

0.01294

0.6

0.02387

0.024

0.02395

0.02405

0.02406

0.02398

7.7E-05

0.02389

0.02408

0.65

0.04007

0.03992

0.03993

0.04035

0.03983

0.04002

0.0002

0.03977

0.04027

0.7

0.06063

0.06042

0.06006

0.06107

0.06069

0.06057

0.00037

0.06012

0.06103

0.75

0.08551

0.08603

0.08683

0.08613

0.08497

0.08589

0.0007

0.08503

0.08676

0.8

0.11424

0.1138

0.11367

0.11544

0.11494

0.11442

0.00076

0.11348

0.11536

0.85

0.14669

0.14647

0.14605

0.1479

0.14625

0.14667

0.00073

0.14577

0.14757

0.9

0.17984

0.17998

0.17886

0.18082

0.17978

0.17986

0.0007

0.17899

0.18072

0.95

0.21424

0.21483

0.21387

0.21556

0.21471

0.21464

0.00064

0.21385

0.21544

0.25055

0.25012

0.24927

0.252

0.25052

0.25049

0.00099

0.24926

0.25172
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