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Abstract

For many real-time applications (e.g. VoIP), some absolute quality o f service (QoS) 

requirements must be satisfied. In this thesis, we propose a novel dynamic proportional 

control framework (DPCF) for the scalable support of absolute end-to-end QoS in 

differentiated service (DiffServ) networks. Different from all other dynamic congestion 

control approaches, our DPCF builds on the fact that each internal node of a network can 

support proportional relative DiffServ quite easily. Our first contribution is to extend the 

proportional relative DiffServ of each node to an end-to-end relative DiffServ. This 

allows us to achieve the end-to-end absolute DiffServ by simply measuring the QoS o f a 

base class at egress node and regulating the base class traffic at ingress node with the 

feedback from the egress node. One of the key benefits of our DPCF solution is its 

tolerance to dynamic path changes as long as all internal nodes maintain the same relative 

QoS among different classes. No per-flow state needs to be maintained at each internal 

node. In order to support the framework better, we propose a unified scheduler, the 

Dynamic Deficit Round Robin (DDRR) scheduler, which combines Generalized 

Processor Sharing (GPS) with relative DiffServ in the internal nodes of a network. The 

single-node simulations have shown that the DDRR scheduler is able to maintain the 

desired DVP ratios under different link utilizations and load distributions. The multi-node 

simulations have shown that the specified absolute end-to-end DVP requirements can be 

achieved effectively under the DPCF. The relative end-to-end DVP results are consistent 

with our analytical bound.
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Chapter 1

Introduction

1.1 Background

The current Internet provides only best-effort service with unpredictable 

performance. Traffic is processed as quickly as possible. However, the commercialization 

o f the Internet has given rise to new real-time applications such as video streaming. 

These applications have traffic characteristics and performance requirements that are 

quite different from the existing data-oriented applications [1]. Consequently, the best- 

effort service is not sufficient for many of such applications.

To satisfy a diverse set of Quality of Service (QoS) requirements [2][3], IETF has 

proposed two architectures: Integrated Services (IntServ) [4] and Differentiated Services 

(DiffServ) [5]. IntServ approach tries to ensure end-to-end absolute performance 

guarantees on a per-flow basis [6][7]. The strength of IntServ lies in its per-flow 

reservation using Resource reSerVation Protocol (RSVP) [8] and its per-flow QoS 

guarantee. However, the per-flow QoS guarantee is not scalable due to the per-flow state 

management in internal routers where there are millions of flows traversing the network 

simultaneously. This leads to a network state explosion. Therefore, IntServ can not scale 

well in the Internet.
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On the other hand, the goal of DiffServ is to provide the benefits of different 

levels of QoS while avoiding the limitations of the IntServ model. It aggregates traffic 

with similar QoS requirements into classes. Instead of achieving per-flow QoS, class 

based QoS metrics are guaranteed. A network core implements simple but highly scalable 

scheduling behaviors for traffic classes on a Per Hop Behavior (PHB) [9] basis. This 

makes the DiffServ model more feasible and scalable.

The DiffServ model has two approaches: absolute and relative differentiated 

services. The absolute DiffServ aims at providing IntServ type of end-to-end absolute 

performance at a granularity of class level [10] [11] [12]. It achieves this goal through a 

combination of conservative traffic engineering, aggressive traffic shaping at edges, and 

class-based traffic treatment at each internal node. On the other hand, the relative 

DiffServ aims at providing relative services [13] [14] in the network internal nodes at a 

per-hop and per-class granularity. The relative DiffServ model assures that the 

performance of the higher class will be better than the performance of the lower classes. 

In this model, the performance of a higher priority class is better than those of a lower 

priority class. Let the local performance metric of class i be denoted by q:, the relative

differentiation between class i and class j  can be expressed as a ratio q-Jqj = r .

Many real-time applications such as Voice over IP (VoIP) require that a packet is 

delivered within a predefined end-to-end deadline. Packets delivered beyond these end- 

to-end deadlines are considered useless. In order to have an end-to-end delay guarantee, 

real-time applications rely on absolute differentiated services. The challenge for DiffServ

- 2 -
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to provide absolute end-to-end service is to develop solutions that can deliver suitable 

network control mechanisms with scalable and efficient network state management.

In this thesis, we propose a dynamic proportional control framework (DPCF) in 

order to provide absolute end-to-end differentiated services. The framework is the 

combination of relative DiffServ mechanism in the network internal nodes and traffic 

regulation at edges. With dynamic measurement-based feedback control and traffic 

shaping at edges, the proposed DPCF implements quantitative per-class deadline 

violation probability (DVP) guarantee. The relative DiffServ in the internal nodes of a 

network makes our approach different from other work, in which we can provide QoS 

performance guarantee for all classes of traffic by maintaining only one or several 

classes’ state information. This reduces overhead at edges and leaves the network internal 

nodes as simple as possible. Our approach is simple but effective in implementation. In 

order to support the DPCF efficiently, we also introduce a unified scheduler, the 

Dynamic Deficit Round Robin (DDRR) scheduler, which combines Generalized 

Processor Sharing (GPS) with relative differentiated services. The DDRR scheduler 

achieves relative DVP among different classes at each internal node for satisfying real

time application requirements. Based on the single node result, a bound for the end-to- 

end proportional DVP ratio is developed.

The relative differentiation model can only offer the relative service among 

different classes on a per-node base. Most works so far end with studying the single node 

case [14][15][16]. This is clearly not enough from the users’ point o f view. The extension 

from a single node to an end-to-end path is definitely necessary but certainly more

- 3 -
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challengeable. In the following chapters, we show that some kind of end-to-end relative 

QoS can be guaranteed if  each node of a network supports the relative QoS on a per-node 

base. However, for some specific applications, especially for those value-added business 

customers, the end-to-end relative QoS is still not good enough. An end-to-end absolute 

QoS is required in order to meet the stringent delay and loss requirements [17] [18]. In 

[19] and [20], users have to adjust dynamically the class o f a flow in order to match its 

end-to-end absolute QoS requirements. Nevertheless, under heavy load condition of any 

flow, the absolute performance of all classes will become worse simultaneously even 

they are still proportional. When users with the smallest delay requirements are 

unsatisfied in the highest class, both approaches could not provide a satisfactory solution. 

Furthermore, changing the class of a traffic flow can introduce out of order packets.

To satisfy end-to-end absolute QoS requirements for real time applications, we 

need traffic engineering and traffic shaping. Traffic engineering is a difficult task due to 

the dynamic nature o f Internet traffic [21]. Some examples are the range-based model 

[22] and the hose model [23]. From these models we can see that, to make the problem 

tractable, intentional over-provisioning is typical in real practice to guarantee a certain 

level of QoS. In [24], in order to support absolute delay bounds, traffic aggregates of each 

class are dimensioned at edges by a distributed control mechanism that employ statistics 

of the entire traffic present in the network. In practice, full knowledge of the traffic 

traversing a network is generally not available and at the same time control derived from 

unrealistic model M/M/l/K can lead to poor performance. The approach presented in [25] 

maintains the control states of internal routers by a complex bandwidth broker algorithm

- 4 -
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and perform admission control for the whole network. It can support strict QoS guarantee 

but also lead to more complexity in the control plane.

Our approach, with measurement-based traffic control at edges and relative 

DiffServ algorithm inside the network, bears similarity to the work in [24] but differs in 

that we provide traffic regulation only for one class rather than all classes discussed in 

[24]. The QoS requirements for the other classes can be automatically achieved by the 

end-to-end relative differentiation maintained in our DPCF without complex centralized 

core algorithms as in [24]. This allows high utilization can be achieved without the cost 

of traffic engineering.

Some schedulers have been proposed for realizing relative differentiation of 

delay, loss and DVP in literature. Link sharing schedulers dynamically change the service 

rates allocated to classes, such as BPR [14] for relative delay and JoBS [16] for relative 

loss. Alternatively, priority-based schedulers schedule packets according to their priority, 

such as WTP [14] and MDP [19] for relative delay, PLR [26] for relative loss, and 

WEDD [15] for relative DVP.

An important advantage of the link sharing over the priority-based schedulers is to 

guarantee some minimum bandwidth for each class so that they are not completely 

distorted by some badly behaved classes. Suppose one real-time traffic class is extremely 

overloaded under no traffic engineering condition. All other real-time classes under the 

priority-based scheduler such as WEDD maybe affected so much that they receive too 

little bandwidth to be useful while trying to maintain certain relative QoS. In the extreme 

case, some kind of starvation may happen. In this thesis, we propose DDRR, a link

-5 -
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sharing scheduler for the network internal nodes. It can provide real time traffic with the 

proportional DVP differentiation and guarantee a minimum bandwidth for each class. 

Although BPR and JoBS can satisfy a minimum bandwidth requirement, they are trying 

to achieve relative ratios of mean delay, not our relative DVP differentiation. We will 

describe our algorithm in more detail in chapter III.

1.2 Contributions

The contributions of this research are briefly summarized in the following:

• To propose a Dynamic Proportional Control Framework (DPCF) to meet absolute 

end-to-end differentiated services requirements. With dynamic measurement- 

based feedback control and traffic shaping at edges and the relative DiffServ in 

the network internal nodes, the proposed DPCF can satisfy quantitative per-class 

Deadline Violation Probability (DVP) guarantee. By maintaining only one or 

several classes’ state information, the approach reduces overhead at edges and 

leaves the network internal nodes as simple as possible.

• In order to support the DPCF efficiently, a novel Dynamic Deficit Round Robin 

(DDRR) scheduling algorithm is developed to achieve proportional DVP 

differentiation among different traffic classes at a single node. The GPS-based 

scheduler DDRR provides the isolation among the different classes of DiffServ 

and guarantees the minimum bandwidth for each class, which is not the case for 

other DVP schedulers such as WEDD.

- 6 -
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• Based on the relative DVP of a single node, a bound for the end-to-end 

proportional DVP ratio is developed, which can provide a general idea to 

configure the relative DVP of a single node for network administrators. We 

simulate the end-to-end proportional DVP ratio for the real time traffic streams. 

We compare analytical results with simulation results and show the agreements.

1.3 Organization

The remaining chapters of the thesis are organized as follows.

Chapter 2: Reviews some related topics on DiffServ network including QoS 

definitions, the proportional differentiation model, the related scheduling algorithms and 

traffic engineering methods. Chapter 3: Introduces the proposed scheduler, Dynamic 

Deficit Round Robin (DDRR). Develops a bound for the end-to-end relative DVP based 

on the relative DVP of a single node. At last, proposes the DPCF for converting relative 

DVP to absolute DVP. Chapter 4: Presents the simulation results under different 

topologies: the single node topology and the multi-node topologies. Chapter 5: Presents 

conclusions and recommendations for future research.

-7 -
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Chapter 2

Differentiated Services Network

DiffServ mechanisms allow network providers to allocate different levels of 

service to different users. In the DiffServ architecture, the complex traffic engineering is 

treated at the edges and class-based traffic processing is done at each internal node. More 

specifically, the edges in a DiffServ model are responsible for marking packets by setting 

the value of DiffServ Code Point (DSCP) [27] based on the Service Level Agreement 

(SLA) [28]. In DiffServ, the first six bits of the 8-bit Type of Service (ToS, or DS) fields 

in the IPv4 header contains the DSCP. By using DSCP, packets within the network 

internal nodes can be subjected to specific per-hop behavior (PHB), such as queueing or 

scheduling behavior. Each Behavior Aggregate (BA) is identified by a single DSCP. 

Service differentiation is provided by implementing different per-hop behaviors.

The Internet can support a wide variety of applications and thus needs to satisfy 

diverse QoS requirements. In this chapter, we first introduce some basic QoS definitions 

related to IP networks and the QoS metrics of interest. The proportional differentiation 

model is then introduced. We also review some existing scheduling algorithms providing 

relative services guarantees in the network internal nodes at a per-hop and per-class basis 

and some traffic engineering methods that can be applied to DiffServ networks at the 

edges.
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2.1 QoS Definitions

Quality of Service (QoS) refers to the capability of a network to provide better 

services to selected network traffic over various technologies. The objective of network 

QoS is to quantify the treatment that a particular packet can expect as it transits a network.

In this thesis, QoS is described by a set of measurable parameters [29], such as 

delay, jitter, and loss rate etc., which have been widely used in network research and 

operations. The delay of a packet experiences at a node has four major components: 

queuing delay, handling delay, transmission delay, and propagation delay. It can be 

considered either in an end-to-end manner or with regard to a particular node element. 

The delay requirement can be specified as the average delay or worst-case delay. In 

general, the most complicated and interesting component of the node delay is the queuing 

delay. Unlike the other delays, the queuing delay can vary from packet to packet 

(Transmission delay can also vary because of varying packet length, but less variance). 

The delay variation must be bounded or minimized if adequate real-time service is to be 

achieved.

The traffic characteristics and performance requirements of real-time applications 

are quite different from data-oriented applications [1]. In a real-time application, the total 

delay for each packet across the network is bounded by the specific maximum delay (i.e. 

delay bound), resulting in a deadline being associated with each packet. In [30], ITU 

specifies that for good voice quality, no more than 150 ms of one-way, end-to-end delay 

should be tolerated. End-to-end delays between 150 and 400 milliseconds can be
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acceptable but are not ideal; and delays exceeding 400 milliseconds can seriously hinder 

the interactivity in voice conversations [18][31], If a packet arrives at the destination after 

its deadline has expired, which is called deadline violation, it may become useless.

The delay bound guarantees could be either deterministic or statistical. 

Deterministic delay guarantees promise an absolute end-to-end delay bound for each 

packet. On the other hand, statistical guarantees aim in providing the probability of 

deadline violation to the end-to-end delay bound [18].

• Deterministic delay guarantee

pk _D k < pk _ Dnm for all packets (2.1)

where p k_ D k is the end-to-end delay experienced by the k-th packet between its 

injection into the network and its arrival at its destination, pk  _ Dnlilx is the end-to- 

end delay bound specified by the network administrator.

• Statistical delay guarantee

Prob ( p k _ D k < p k _ D ^ ) > ! 3  (2.2)

where p k _ D k and p k _ Dnax are defined as the same in deterministic delay 

guarantee and ft is the lower bound of the deadline violation probability (DVP), 

which is specified by the network administrator.

Deterministic services provide a simple model to the applications; but they are 

excessively conservative in the use of the network resources. They account for the worst-
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case scenarios, even though such worst cases may occur with very low probability. As the 

real time applications are resilient to infrequent deadline violation (e.g. the tolerable loss 

rates for high-quality audio is five percent for speech and ten percent for music [32]), 

statistical services greatly increase the efficiency of the network by statistical 

multiplexing.

2.2 Proportional Differentiation Model

For relative differentiated services, the traffic is grouped into N  classes of service. 

The service provided to class i will be better than class (i-J) for 1 < / < N , in terms of 

local forwarding metrics. An application selects an appropriate class based on its QoS 

requirements such as end-to-end delay or throughput.

In relative differentiation networks, a better service will be provided to the higher 

classes. There are several ways to provide the relative differentiation. We briefly discuss 

four existing approaches [33],

• Strict Prioritization

In this service model, the highest backlogged class is always serviced first. If higher 

classes have heavy load, lower classes can experience service starvation. Moreover, 

the network operator has no means to control the QoS differentiation between classes.

• Capacity Differentiation
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In this approach, the network operator allocates more resources per unit load to higher 

classes traffic. For example, if the load of class i is /,. and the weight is vv; at node n,

then the allocated bandwidth satisfies w” //"  > w" H" fo r  i > j .

• Additive Differentiation

The basic idea in this model is to differentiate the class service level by using additive 

property, e.g. the delay of class i at node n is larger than that of class (i+1) by a 

certain constant, d " = d nM + A , where d- is the delay of class i at node n and A is

the constant.

• Proportional Differentiation

This model provides that the performance metric of each class is proportional to 

certain differentiation parameters. For example, the delays of class i and j  satisfy the 

relationshipd ” jd "  = f - ' / f " , where d" is the delay of class i at node n and f "  is

the differentiation parameter at node n set by the network operator.

As a further refinement of the relative differentiation services, the proportional 

differentiation model has generated much interest in the research community. In this 

model [13] [14] [26], QoS parameters discussed above such as delay, loss rate or jitter are 

proportional to certain differentiation parameters set by the network administrator. In 

DiffServ networks, the traffic is grouped into N classes of service. For each class i, the 

service provided to class i will be better (or at least no worse) than the service provided 

to class (i-1), where 1 < i < N , in terms o f  queuing delay and packet losses [13].
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Considering N  classes of traffic and as a performance measure for class i at

node n, the proportional differentiation model imposes constraints of the following form 

between classes,

q‘ -  1 < i , j < N  (2.3)
_  it _  n

Q j  j

where a," < a" <•■■< a nN are the quality differentiation parameters at node n. When the

class loads vary in the actual network, the QoS performance ratio between classes 

remains fixed and controlled by the network administrator. In real time applications, the 

performance depends much on the probability that the end-to-end delay exceeds the delay 

bound, not on the average delay. In this thesis, we focus on deadline violation probability 

(DVP) differentiation only and apply it to the proportional differentiation model. 

Specifically, if  p f  is the long-term average DVP of the class i traffic at node n, then the 

proportional DVP differentiation model states that

p n V
-  1 < i , j < N  (2.4)

p". 8 n
*  j  j

The parameter S" is referred to as DVP differentiation parameter (DDP) at node n. The 

higher classes with larger i have better quality, so 8" >8^ >••■> 8 nN.

With the proportional differentiation model, the network administrator could 

adjust the QoS performance ratio between classes, independent of the class loads; this
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cannot be achieved by the other relative differentiation models. The (relative) 

proportional differentiation model can provide,

• Predictability: the differentiation between different classes should be consistent 

with differentiation parameters, independent of the class loads distribution.

• Controllability: the differentiation parameters set by the network administrator 

can be adjusted between classes based on pricing and policy requirements.

2.3 Traffic engineering

Traffic engineering is concerned with the performance optimization of existing 

network resources and includes the application of principles to the measurement, 

characterization, and control o f traffic. It addresses the problem of efficiently allocating 

resources in the network so that user constraints are met and operator benefit is 

maximized. In this thesis, we briefly review some major traffic engineering approaches 

and do not address issues not directly related to our topic, for instance, the issues of 

routing and the interaction of domains.

Services with different traffic characteristics may have different QoS 

requirements, for example, deterministic QoS is appropriate for intolerant and rigid 

applications while statistical QoS is suitable for some real-time applications. To satisfy 

the diversified QoS, there are numerous traffic engineering mechanisms proposed in the 

literature. They can be classified into two major types in the controlled QoS context [34].
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2.3.1 Guaranteed Service

The first class is guaranteed service. This approach can provide guaranteed QoS 

performance in the form of packet delay, jitter or loss rate experienced at the receiving 

end of the packet transportation. When a specified share o f bandwidth for each source is 

assigned appropriately and the traffic sources conform to certain stochastic properties, the 

guaranteed service is met by using a proper scheduling method. Some typical algorithms 

are WFQ [35] PGPS [36][37], Delay-EDD[38] and Jitter-EDD[39]. These scheduling 

algorithms have been designed mainly to provide isolation between flows with the 

specified bandwidth. The specified bandwidth is derived from calculating the worst-cast 

behavior using a priori characterizations of sources. The worst-case guaranteed bounds 

delivered by these algorithms are appropriated for intolerant and rigid applications, since 

they need deterministic QoS assurances about the service they receive.

However, the actual traffic may neither be stationary nor have an accurate 

stochastic description model. Hence, such static bandwidth allocation for each flow in 

guaranteed service may be inefficient due to bandwidth over-provisioning resulting in 

low network utilization. Therefore, instead of worst-case guarantee, statistic QoS 

provisioning is preferred both to maintain high network efficiency and to ensure the QoS 

requirement for real-time applications

2.3.2 Effective Bandwidth

To overcome the problem of inefficiency in guaranteed service, the second class, 

Effective Bandwidth, is proposed to guarantee a bound on a specified QoS parameter
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such as loss or late packets based on statistical characterization of the traffic [40] [41] [42]. 

The theory of effective bandwidth is designed to accurately estimate resources that a 

traffic flow requires to satisfy given QoS requirements. In this approach, each flow is 

allotted an effective bandwidth that is larger than its average rate but less than its peak 

rate. The effective bandwidth is computed for a steady-state o f the network based on 

statistical characterization o f traffic in most cases. By independent and additive property 

of effective bandwidth, we can compare the sum of the effective bandwidth of individual 

flows in a collection to the link bandwidth to determine whether the QoS requirements 

can be satisfied.

However, the estimation of the effective bandwidth through a priori 

characterization o f flows is difficult to provide accurate and tight statistical models for 

each individual flow. In DiffServ network, it is desirable to estimate the bandwidth 

requirements of an internal link based on edge nodes computations. The current effective 

bandwidth methods may turn out to provide conservative estimation for the class-based 

DiffServ traffic in the network. Therefore, effective bandwidth solutions for DiffServ will 

miss significant potential statistical multiplexing gain and result in low network 

utilization.

The above two classes of static traffic engineering approaches are inefficient 

when traffic is bursty, resulting in dissatisfied QoS requirements. Higher network 

utilization can be achieved by dynamic bandwidth provisioning. In dynamic bandwidth 

provisioning, the network can take into account the recent traffic load change when
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estimating the kind of service it can deliver reliably. The bandwidth assigned to a flow is 

adaptively adjusted based on the flow’s current condition and its QoS requirement.

We can further group dynamic traffic engineering mechanisms into two sets: 

proactive control and reactive control based on how to react to congestion.

2.3.3 Proactive Congestion Control

In the proactive approach [22][23][43]-[47], the traffic engineering process 

continuously optimizes network parameters by taking preventive action, such as Call 

Admission Control (CAC) [43] [44] [45]. This approach can protect the network from 

overload situations due to applications misbehavior and system malfunctions.

CAC can be further classified into two categories: (a) admission control using a 

priori traffic descriptors [43], (b) Measurement based admission control (MBAC) 

[44][45]. For the first approach, admission control is based on the assumption that it has 

perfect knowledge of each type of traffic source and current number of connected 

services. Hence, it will only accept a new service request if  the minimum amount of 

bandwidth required by the total number of connected services, including the new one, is 

less than the available service capacity. However, since no traffic measurements are taken 

into consideration, if the provided traffic descriptors do not depict the actual behavior of 

sources or the appropriate traffic descriptors are not known a priori, the performance of 

such admission control schemes would be very low. Instead of explicitly specifying 

traffic descriptors, MBAC approaches use real time measurements to characterize those 

existing flows. When traffic from different flows is multiplexed, the QoS experienced

- 17 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



depends often on their aggregate behavior. At the same time, MBAC relies on 

measurements, and source behavior is generally not static. Hence, MBAC can deliver 

significant gain in utilization only when there is a high degree of statistical multiplexing.

CAC is an open loop control system. Although effective, using open-loop control 

to achieve a given target QoS for DiffServ is difficult due to the lack of explicit 

relationship between the predicted traffic rate and the target QoS. The unrealistic 

assumption about the stochastic distribution of the traffic load in many situations also 

makes the actual QoS deviated from the desired level.

In the last few years, a Bandwidth Broker (BB) architecture has been proposed for 

admission control and resource provisioning in each network domain [25][46][47]. The 

BB architecture decouples QoS control from internal routers. Internal routers do not 

maintain any reservation state; all reservation states are stored in, and managed by, 

bandwidth brokers. Due to the requirement of end-to-end QoS through different networks, 

the concept of Bandwidth Broker has gained in popularity. However, while the internal 

routers in the BB architecture are freed from performing admission control decisions, the 

Bandwidth Broker needs to maintain the overall network domain and to store information 

about all elements, flows and paths, which introduce scalability concerns. Moreover, all 

edge routers sending requests to the broker would lead to high overhead on the links 

leading to the broker node.

In addition to CAC and BB, hose model [23] and range-based model [22] are 

alternative TE approaches in efficient resource allocation and load balancing. These
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models, which is applicable to both IP based networks and Virtual Private Network 

services (VPN), fall into the category of the proactive approach.

In the hose model, instead of a traffic matrix containing point-to-point demands 

for each node pair, the characterization of user traffic is expressed as per-node aggregate 

ingress and egress traffic volumes. There is no need for a complete traffic matrix, but 

only the total amount of traffic which a node injects into the network and the total amount 

o f traffic which it receives from the network shall be specified. Comparing with the 

traditional pipe model, the hose model improves the traditional pipe model over

provisioning of the resources in the network internal nodes. Similarly, in the range-based 

model, the characterization of user traffic is expressed as a range of quantitative values 

for the services required. Range-based model deploys automated provisioning systems 

that are able to logically partition the capacity at the edge and the internal routers to 

various classes, where a class here refers to a guaranteed bound specified as a bandwidth 

bound. Range-based model provides the customer with a choice among multiple groups 

of bandwidth guarantees. With the hose model and the range-based model, resource 

provision is easier to specify and users have the flexibility to allocate bandwidth. 

Therefore, both models take advantage of the statistical multiplexing gains from the 

aggregation of flows in the network internal nodes.

However, the hose model and the range-based model increase the complexity of 

the already difficult problem of resource management to support QoS. Various suitable 

policies and algorithms are needed to dynamically provision and allocate resources at the 

edges. We also need to configure the interior nodes of a transit network to meet the 

assurances offered at the boundaries of the network, but dynamic and frequent
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reconfigurations of an interior device are not desired. This leads to scalability problem 

and also defeats the purpose of the DiffServ architecture that suggests moving all 

complexities towards the edges. In addition, resource provisioning in both approaches 

lack explicit relationship with the QoS metric of interest. Therefore, both approaches as 

open-loop control mechanisms are difficult to directly apply to DiffServ network.

2.3.4 Reactive Congestion Control

In the reactive approach, or closed-loop control [24][48]-[60], the control system 

responds adaptively to events that have already occurred in the network, in which the 

QoS performance parameters are regularly monitored to provide the feedback to adjust 

the allocated bandwidth. This approach regulates traffic flows in order to avoid network 

overload and to obtain a high network throughput. It can further be classified as host- 

based and router-based mechanisms. In host-based scheme, the congestion controls are 

usually implemented in the end-hosts, such as the sources and destinations, which also 

called end-to-end flow control. On the other hand, router-based scheme relies on the 

routers participating in congestion control and resources management.

Most of the control approaches to closed-loop congestion control have appeared 

in the ATM community, motivated by the Available Bit Rate (ABR) [48] [49]. ABR 

service supports applications with vague requirements for throughput and delay which 

can be expressed as ranges of acceptable value. The goal of ABR is, given the limited 

bandwidth available to set the sending rate of sources so that the bandwidth is fully 

utilized and without congestion happening causing severe queueing delay and packet 

loss. The source is connected with the destination via a number of switches (in Figure
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Figure 2.1 Basic configuration for rate-based congestion control in ABR connections

2.1 only two switches are shown). The switches monitor traffic load and compute the 

available bandwidth, dividing it fairly among active flows. The feedbacks from the 

switches to the sources are indicated in resource management (RM) cells which are 

generated by the source forward RM (FRM) and turned around by the destination 

backward RM (BRM) in Figure 2.1. The sources adjust their allowed cell rates based on 

the feedbacks received in BRMs.

The different schemes of feedback, either sending Explicit Forwarding 

Congestion Indication (EFCI) or sending an explicit rate directly in RM, have been 

proposed in ATM history. The rate based scheme can allow the rate of a source to adapt 

more rapidly and to oscillate less widely than EFCI. The congestion control approach in 

ABR is mainly about bandwidth control. The object being controlled is the sending rate 

o f the sources.

Although the ABR service is potentially useful for a wide variety o f applications, 

the main motivation for its development has been the support of data traffic. It does not 

support different QoS requirements for each connection except for a guaranteed 

minimum bandwidth. In ATM service, the congestion control provides qualitative QoS 

only for ABR traffic. While in DiffServ network, the diversified QoS requirements for 

different classes such as delay, loss, and jitter not only on local nodes but also on the end-
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to-end basis need to be satisfied for the aggregated class-based traffic. DiffServ can 

support bother types o f services, services with absolute guarantees and services with 

relative differentiation.

The end-to-end Transmission Control Protocol (TCP) has been widely used in the 

current Internet to offer congestion control. The basic idea is that the sources should 

decrease their sending rates by reducing their sending window size upon detection of 

congestion. The TCP sender maintains its congestion window and can inject new packets 

into the network up to the congestion window without receipt of acknowledgements. As a 

congestion control mechanism, the TCP sender dynamically increases or decreases the 

window size according to the degree of the network congestion. The congestion level is 

estimated via packet losses. TCP relies on almost no help from individual routers. The 

essential operations of TCP include the following congestion control algorithms: slow 

start, congestion avoidance, fast retransmit and fast recovery. The most popular end-to- 

end flow control schemes in the Internet are various versions o f TCP protocols, such as 

Tahoe TCP [50], Reno TCP [51], New-Reno TCP [52], and Selective Acknowledgments 

(SACK) TCP [53].

The advantage of TCP congestion control is that it is a simple end-to-end 

mechanism and it requires very little participation from routers. This allows it to be used 

for heterogeneous networks. Although TCP mechanisms work fairly well in practice, 

they still have some weaknesses. First, because there is no bandwidth guarantee in TCP 

congestion control, it is unable to provide good QoS control, which is necessary for real

time applications such as video conferencing. This also causes TCP not able to enforce 

fairness very well, allowing one connection to use a large portion of the bandwidth and
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causing jitter for all other connections. Further, the requirement for accurate timeout in 

order to maintain the congestion control rate is a burden when implementing TCP on 

some platforms. These disadvantages make TCP congestion control unsuitable for real

time applications and class-based DiffServ networks.

In reactive congestion control, the control systems rely heavily on feedback to 

detect congestion. There are two kinds of feedbacks: implicit/indirect feedback and 

explicit/direct feedback. In implicit/indirect feedback, the sources do not receive the 

needed feedback information from the network directly; instead they rely on a certain 

mapping relationship between the measurement and the interested QoS. By monitoring 

the most commonly used implicit signals such as delay, loss etc, the state of the network 

(congestion or not) can be inferred. On the other hand, in direct/explicit feedback, the 

network sends explicit feedback information to the sources, in the form of either 

congestion notification or rate indication. Explicit Congestion Control (ECN) scheme is 

proposed for TCP/IP network, in which the source is responsible for adjusting the 

sending window upon receiving the congestion acknowledgment packet. EFCI scheme in 

ATM performs the similar function as ECN, but in EFCI the sources adjust their sending 

rates directly. Explicit rate notification has also been used in ATM networks, in which 

the feedback information is the sending rate that is calculated by the switches in the path.

As the Internet expands rapidly, it is no longer possible to exclusively rely on end 

hosts to perform end-to-end congestion control. Therefore, the router-based mechanisms 

for congestion control have become unavoidable. Generally, the router-based 

mechanisms can be divided into two categories: scheduling and queue management.
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The role of queue management is to control the length of queue by selecting 

which packet to drop and determining when such operation is appropriate. The prominent 

and widely studied active queue management schemes are: Early Random Drop (RED) 

[54], BLUE [55], FRED [56] etc. However, in this thesis we focus only on scheduling 

schemes to perform the required QoS; and we will review the scheduling schemes in 

more details in the next separate section.

Recently, several real-time QoS assurance solutions such as INSIGNIA [57], 

SWAN [58], and NPDD [59] have been proposed for wireless networks.

INSIGNIA [57] is a resource signaling protocol to support end-to-end adaptive 

services in mobile ad hoc networks (MANET). It depends on in-band signaling and soft- 

state bandwidth reservation to set up certain bandwidth guarantees for traffic flows along 

the path. In INSIGNIA, each IP packet carries the maximum and minimum bandwidth 

requests o f a flow; routers along the path mark the packet header to indicate whether the 

requests can be guaranteed, and reserve the corresponding bandwidth with soft-state.

The advantages of INSIGNIA are that it can provide fast, per-flow bandwidth 

reservation, and it reacts quickly to route changes by in-band signaling. Hence, it is 

quickly responsive to bandwidth variation and network topology changes in MANET. 

The difficulty with INSIGNIA is its flow-based resource reservation in the intermediate 

nodes. As the available bandwidth for each node varies with time, it is hard for an 

intermediate node to perform admission control, resource reservation and flow-based soft 

state maintenance. When millions of flows traverse the network, INSIGNIA will have the 

scalability problem as the RSVP protocol.
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SWAN [58] is a distributed and stateless network model using feedback-based 

control mechanisms to support service differentiation for best-effort and real-time traffic 

in MANET. In SWAN, rate control (shaper) is used for best-effort traffic and sender- 

based admission control for real-time traffic. Before sending a real-time flow, the sender 

must probe the path to see how much bandwidth is left at the intermediate routers, after 

that the sender uses the probed rate as the flow’s sending rate. When a real-time flow can 

no longer be supported, it re-establishes its rate by probing the path again. Each node in 

MANET independently regulates best-effort traffic based on feedback of the packet delay; 

hence, real-time traffic is guaranteed having minimum delay at each node.

One limitation of SWAN is that it only supports the differentiated service for two 

classes of traffic. But usually, there are more than two classes o f traffic traversing in 

DiffServ networks. In addition, in order to alleviate congestion, SWAN recommends 

randomly marking a subset of the real-time flows to stop sending traffic; as a result, no 

fairness can be guaranteed among flows. Furthermore, although SWAN works well by 

locally degrading a certain portion of the traffic at each node; there still exist fairness 

issues among nodes to solve congestion.

NPDD [59] provides QoS assurance through class selection and proportional 

differentiation in wireless networks. In the NPDD model, while the core network assures 

consistent proportional delay differentiation at all times for several service classes using 

waiting time proportional scheduler, the absolute class delays vary according to the 

traffic class distribution. To satisfy the absolute end-to-end delay requirement, 

applications monitor QoS periodically and dynamically adjust their service classes using
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Dynamic Class Selection (DCS). If all applications follow the DCS rules and if the 

network can satisfy all the QoS requirements, the existence and feasibility of a QoS 

satisfying solution can be guaranteed.

One serious drawback in NPDD is that there is no traffic regulation scheme in the 

model. Under heavy load conditions, applications try to achieve their desired QoS and 

adjust the service classes of their flows to higher ones. It is possible that even after the 

applications set their flows to the highest class, the achieved QoS are still unsatisfactory. 

In addition, changing the class of a traffic flow can introduce out of order packets, which 

are highly undesirable for many real-time applications.

The services proposed in [24] [60] further explore the design space of class-based 

DiffServ architecture under the reactive control mechanism. The Dynamic Core 

Provisioning service [24] supports absolute delay bound and qualitative loss, but not 

proportional differentiation. The dynamic capacity provisioning architecture illustrated in 

Figure 2.2 comprises dynamic core provisioning module and dynamic node provisioning 

module. Dynamic core provisioning sets appropriate ingress traffic conditioners located 

at access routers by utilizing a core traffic load matrix to apply rate-adjusting. The 

mechanism used in dynamic node provisioning provides service guarantees by 

dynamically adjusting scheduler service weights and packet dropping thresholds in core 

routers. Persistent service level violations are reported to the core provisioning algorithm, 

which dimensions traffic aggregates at the network ingress edge.

Unfortunately, the core provisioning algorithm uses knowledge of the entire 

traffic present in the network. In practice, full knowledge of the traffic traversing a
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network is generally not available; the algorithm has to approximate the traffic when it is 

deployed in a large network. Furthermore, the measurement accuracy of traffic 

distributions of the ingress aggregate traffic over all links is also questionable. The 

computation complexity will increase greatly with the number of nodes in the network.

In [60] the authors propose an intra-domain monitoring system for the DiffServ 

network. The monitoring system includes (a) Node monitor: responsible for node-related 

measurements and there exists one node monitor per router. It is able to perform active 

measurements at the path or hop level, (b) Network monitor: responsible for network

wide post-processing of measurement data using a library of statistical functions. 

Although the Scalable Monitoring System provides the measurement accuracy and 

scalability, it has the drawback that node monitors need to collect information on all 

classes of traffic at the PHB level and routers in DiffServ network.
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In this thesis, we propose a new dynamic proportional control framework (DPCF) 

to implement the absolute end-to-end QoS in DiffServ network. Since the above 

proactive control algorithms do not provide fast mechanisms that are capable of reacting 

to sudden traffic pattern changes for satisfied QoS, we choose the reactive control as 

congestion control method in our approach. Each internal node dynamically adjusts the 

service rate for each class to achieve the proportional differentiation among all classes of 

traffic. The volume o f traffic at the network ingress is controlled by sending 

measurement-based feedback from the destinations to traffic sources. We can choose to 

send feedback information only from one class because the relative service differentiation 

scheme maintains the QoS performance for other classes in the network internal nodes. 

Our dynamic proportional control is capable o f quickly restoring service differentiation 

under severely congestion and device failures. In contrast to the other reactive control 

algorithms presented above, our DPCF differs from ABR by providing quantitative QoS 

guarantees for multi-class traffic except only for ABR class in ATM network. In addition, 

our approach supports different quantitative QoS requirements contrary to qualitative 

service in ABR. By monitoring feedback information for one class not all ABR flows, 

this results in reducing the processing and bandwidth overheads in the network. Our 

DPCF differs from INSIGNIA in providing scalable class-based QoS guarantee instead 

of flow-based resource reservation. In SWAN, the service differentiation supports only 

for two traffic classes; while our DPCF can support multi-class traffic differentiation. At 

the same time, instead of guaranteeing the mean delay as in SWAN and NPDD, DPCF 

supports the absolute DVP QoS metric, which is more critical for real-time applications. 

The advantage o f DPCF over NPDD is that DPCF provide absolute QoS guarantee with
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traffic regulation at the edge; in contrast, under heavy loaded networks, NPDD can not 

satisfy QoS requirements, because it has no traffic regulation support. Our approach also 

bears similarity to the work in [24] but differs in that we provide traffic control only for 

one class rather than all classes discussed in [24]. The QoS requirements for the other 

classes can be implemented by relative differentiation in the network internal nodes 

without complex centralized core algorithms in [24]. Without using the full knowledge of 

the entire traffic in the network [24] and information on all classes of traffic in [60], our 

approach is more scalable to large systems. We will describe our proposed DPCF in more 

detail in chapter 3.

2.4 Scheduling algorithms

The scheduling of resources is a key to provide performance guarantees to 

applications that require QoS support from the network. A scheduler (server) determines 

the order of the classes in which it serves packets. The service order has an impact on the 

delay suffered by packets waiting in the queue. The server can allocate bandwidth to 

packets from a class by serving a certain number of packets within a time interval.

In the last several years, Generalized Processor Sharing (GPS) schedulers and 

the priority-based schedulers have emerged as among the most popular packet 

scheduling schemes to satisfy the QoS guarantees for real-time communication 

services. The packetized version of the GPS scheduler (PGPS) can guarantee the 

minimum throughput and delay bound with flow isolation [36] [37]. The priority-based
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scheduler has the ability to minimize the maximum lateness or deadline of packets 

depending on the related control variables [61].

2.4.1 Priority-based schedulers

Based on Time Dependent Priority (TDP) algorithm [62], priority-based 

schedulers are developed by controlling the corresponding QoS metric. We will first 

describe the TDP scheduling.

In general, TDP is a non-preemptive packet scheduling algorithm that services 

N  classes o f traffic. If a server is ready to transmit a packet at time t, it only needs to 

consider the priority o f the packet at the head o f the queue for each class, since for the 

same queue the earlier arrival packets always have a higher priority than the later 

arrival packets. Let q ” (t) be defined as the priority of the packet at the head of class i 

at node n, the scheduler chooses a packet from class /*

*•*(/) = arg max {?,"(0} (2.5)
i= \ ,2 - N

Ties for the highest priority can be broken by serving the packet with the 

longest waiting time in the system. The different methods to define the priority o f the 

packets and rules to break the ties result in the following different schedulers.

2.4.1.1 Priority queueing

Priority queueing scheduler is a special case of the priority-based schedulers. A 

simple way to provide differential treatment to classes is to assign different classes
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with associated priorities. If there are packets backlogged in both higher and lower 

priority queues, the scheduler will serve packets from the lower priority queue until it 

finishes serving the higher priority queue. The highest priority queue has the least 

delay, highest throughput and lowest loss.

Priority queueing is simple from an implementation point of view, as it needs to 

maintain only a few states per queue. However, this scheme has the potential starvation 

problem of lower classes under heavy load conditions. Moreover, a priority queueing is 

not controllable in function of QoS requirements; the relative differentiation between 

classes is very dependent on the load and the load distribution.

2.4.1.2 Waiting-Time Priority scheduler (WTP)

In WTP scheduler [13], the priority of a packet increases proportionally with its 

waiting-time in the queue. By controlling the ratios of individual packet's delay, the 

WTP scheduler can achieve the desired long-term average delays between different 

classes of traffic. Specifically, the priority of a packet in class i at node n at time t is,

?;(0 =<wv; (2.6)

where a" (/) is the waiting time of the class i packet at node n at time t, f "  is the

differentiation parameter, which is constant for class i denoted by the network 

administrator. The load of a class in the recent past is reflected on the waiting-time of 

the packet at the head of that queue. When the server is ready to send packet, the 

scheduler calculates the priority of each class according to equation 2.6 and chooses 

the packet with the highest priority.

- 31 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Based on the priority-based scheduler, WTP cannot provide the minimum 

bandwidth guarantee. The overloading of one class will result in the starvation of the 

other classes. Also, it is designed to provide mean delay differentiation, which is not 

our desired DVP metric used for real time applications.

2.4.1.3 Earliest Due Date (EDD) scheduler

The EDD scheduler [63] , also known as Earliest Deadline First (EDF), is a 

deadline-based priority scheduler, which requires a packet to be transmitted before its 

deadline. It is a mechanism to provide absolute delay differentiation. Each class i is 

associated with a delay bound y* at node n. When the Ath packet of class / arrives at 

time tnk i , it receives a timestamp tnk . + y. representing its deadline. The scheduler 

serves the packets of all classes of traffic in increasing order of their deadline.

A characteristic of the EDD scheduler is that the probabilities of deadline 

violations due to congestion are equal in all classes. This property holds independent of 

the total load and load ratio of different classes. At the same time, it is uncontrollable 

when the network administrator demands performance differentiation between classes.

2.4.1.4 Weighted Earliest Due Date (WEDD) scheduler

The WEDD [15] scheduler is a modified version of the EDD. It enhances EDD 

by providing not only different deadlines but also different deadline violation 

probabilities. The deadline violation probabilities p" of class i at node n are 

constrained by
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where 5" is the parameter set by the network administrator to control the 

performances of different classes. The basic operation of WEDD is the same as EDD,

i.e. setting packets’ deadlines tki + y* on arrival at t nki and scheduling packets in 

increasing order o f their deadlines. When there is more than one traffic class being 

backlogged with the head packet's deadline tki + y" <t (t defined as the current 

system time), the system is in "congestion mode”. In congestion mode, we timestamp 

each backlogged class with g ”

=lk ( 2 ’ 8 )

where E"(t) is the current measured deadline violation probability of class i. The 

scheduler serves the packet with the lowest congestion stamp g " .

Though WEDD is able to provide the relative DVP probability for real time 

traffic, the priority-based scheduler cannot provide certain isolation among different 

traffic classes. Some badly behaved classes may impact negatively the performance of 

other classes when no other traffic engineering mechanisms are used.

2.4.2 GPS schedulers

Generalized Processor Sharing (GPS) has gained much popularity in recent years 

as a simple and effective scheduling mechanism for the provisioning of QoS. GPS is an
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idealized fluid work-conserving scheme. It assumes that each class (each flow) is kept in 

a separate logical queue and serves an infinitesimal amount o f data from each nonempty 

queue in a finite time interval. Each queue can have an associated weight and can be 

served in proportion to its weight.

Let us assume that there are K  classes to be served in a GPS scheduler and class i 

at node n has a weight of w ". The service rate for the i-th class in interval [z,t] is 

represented as R"(z,t)  . For any backlogged class i and class j  in interval [z,t] , the 

following equation holds,

(2.9)
w-

Since serving an infinitesimal amount of data cannot be implemented in practice, we 

discuss next some variations of the GPS.

2.4.2.1 Deficit Round Robin

A simple implementation of GPS is the round robin (RR) scheduling where the 

servicing is done packet by packet. The round robin scheduler maintains one queue for 

each class. The queues are served in a round robin fashion, taking one packet from each 

nonempty queue in turn. Empty queues are skipped over. Instead of serving a single 

packet from a queue per turn, weighted round robin (WRR) [64] serves ni packets, which 

is calculated from the weight wi and the link capacity C, i.e. ni =wt *C / pksize. The 

WRR works well with fixed size packets.
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Deficit round robin (DRR) [65] improves WRR by being able to serve variable- 

length packets without knowing the average packet size. The algorithm works as follows: 

initially a variable quantum is initialized to represent the number of bits to be served from 

each queue. The scheduler starts serving each nonempty queue. If the packet size is less 

than or equal to the quantum, the packet is served. However, if  the packet is bigger than 

the quantum size, the packet has to wait for another round. In this case, a deficit counter 

is initialized for this queue. If a packet can’t be served in a round, its deficit counter is 

incremented by the size of the quantum. The disadvantage of DRR is that the delay of a 

packet can be long and it depends on the number o f queues. Suppose a packet just misses 

its scheduling turn, it has to wait until its next round. However, since class-based 

DiffServ usually only has several classes at the internal nodes, this problem is not a big 

issue in DiffServ networks. DRR scheme achieves fairness in terms of throughput for 

each queue, and is simple enough to implement in hardware.

2.4.2.2 Weighted Fair Queueing

Weighted Fair Queueing (WFQ) [36][35][66], which is also known as Packet 

Generalized Processor Sharing (PGPS), is another well-known algorithm based on the 

GPS scheduler. By introducing the concept of virtual time, which measures the work 

progress in the ideal GPS system, WFQ determines the packet service order according to 

the packet virtual finish time. The following equation is used to calculate the virtual 

finish time,

PP(k\
F ” (k) = max {F" (k -1), V ” (*)} + (2.10)

w,
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where F" (k) is the virtual finish time of the kth packet in class i at node n. V” (k) is the 

virtual time of the k-th packet arrival, w" is the weight o f class i and P" ([k) is the packet 

size. Max{F” (k - 1), V” (&)} can be considered as the virtual start time of the kth packet. 

As shown in equation 2.10, ifw" is large, F" (k) is small and the packet will be served 

earlier. Let C be the link capacity and N  be the total number of classes being served. 

When all classes o f the traffic are greedy sources, the guaranteed minimum service rate 

can be achieved for each class. The guaranteed service rate o f class i at node n can be 

expressed as g " ,

g ? = = ^ * C  (2 .11)
L m wj

In comparison with DRR, WFQ is more complex. When a class joins or leaves the 

competition, the virtual time has to be updated. This makes the implementation more 

complex and more processing intensive.

Using DRR or WFQ, we can guarantee the better performance of a class with 

respect to DVP by assigning a larger weight to that class. Due to the dynamic nature of 

the Internet traffic [21], it is a complex task to find the appropriate values of the weights 

according to the proportional DVP differentiation requirement. When the load 

distribution is non-stationary, or the load distribution varies quickly due to traffic 

burstiness, the resulting DVP differentiation can be dramatically different. A solution is 

to dynamically adjust the weights based on the current class loads. This idea results in the 

following scheduler.
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2.4.2.3 Backlog Proportional Rate (BPR)

Based on GPS, the basic idea in BPR scheduler [13] is to adjust the class service 

rates dynamically so that they are divided proportionally to the corresponding ratios of 

measured class loads. The relation between the class loads is reflected on the relation of 

the class backlogs. Specifically, let R" be the service rate that assigned to queue i at

node n at time t. If queue / is empty at time t, then R" (0  = 0. For two backlogged queues 

i and j ,  the service rate allocation in BPR satisfies the proportional constraint.

R n(t) a" B n(t)
- i A 2  = - !— (2. 12)
R"j(t) a" B"(t)

where B"(t)  is the backlog o f queue i at node n at time t, and a ” is a set o f control

variables. The actual service rate o f  each class during a busy period can be calculated 

from the work-conservation constraint.

i > , ’ ( 0  = C  (2.13)
i= 1

where C  is the link capacity.

Although the BPR scheduler can guarantee the minimum bandwidth requirement, 

it is designed to achieve only the proportional delay differentiation and is only applicable 

to delay-sensitive applications. However, the performance of real-time applications such 

as IP telephony and video-conferencing will not so much depend on mean delays but on 

the probability that the end-to-end delay exceeds a certain threshold. Hence, we are more
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interested in the DVP QoS metric and choose it as our object of study. In this thesis, 

provide the service differentiation in terms of DVP in DiffServ networks.
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Chapter 3 

From Relative Differentiation to 

Absolute QoS

In this chapter, we first describe the proposed dynamic proportional control 

framework DPCF to guarantee the end-to-end absolute DVP, and then develop a bound 

for the end-to-end relative DVP based on per-node relative DVP, and at last present 

deficit round robin (DDRR) scheduler that provides the relative DVP among all classes 

of traffic at single node.

3.1 The proposed framework: DPCF

In this section, we describe the architecture and basic operation of the DPCF.

3.1.1 Framework architecture

To give different packets different treatment, the network infrastructure must be 

capable of distinguishing between packets through means of classification, enqueueing 

packets separately as a result of the classification, scheduling packet queues to implement
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differential treatments, as well as providing means for measuring, monitoring and 

conditioning packet streams to meet requirements of different QoS levels.

If there is no traffic engineering and traffic shaping, a network with relative 

differentiation cannot provide absolute QoS guarantees. Figure 3.1 illustrates the 

proposed DPCF structure.

In the DPCF, the main objective is to provide the end-to-end absolute deadline 

violation probability (DVP) guarantee for each class in DiffServ networks. We 

implement this goal by combining relative DiffServ at the network internal nodes and 

traffic policing/shaping at edges. The DPCF is consistent with DiffServ architecture in 

terms of keeping complexity at edges and leaving the network internal nodes as simple as 

possible. The edge and internal nodes provide the following functions respectively:

Edge nodes: we implement the measurement of the end-to-end absolute DVP for

Traff

Measure DVP
<=3 Measure DVP

Measure DVPMeasure DVP

Edge node Core node

Figure 3.1 The proposed dynamic proportional control framework DPCF structure
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base class at egress nodes. Traffic conditioners perform traffic shaping at ingress nodes. 

In the DPCF, we use leaky buckets at ingress nodes for traffic shaping.

Internal nodes: we implement the relative differentiation by the relative DiffServ 

schedulers at internal nodes. We choose the proposed DDRR scheduler to provide the 

relative DVP differentiation in the DPCF.

Assume that the end-to-end absolute DVP requirements for class 1 and class 2 are 

A and B respectively. We can assign a relative DVP ratio r - B !  A to each internal node. 

According to the theorem 2 in Chapter 3.2, if  we configure each node with equal relative 

DVP ratio, the end-to-end relative DVP will be the same as each internal node. Hence, by 

maintaining the end-to-end absolute DVP requirement A for class 1, the requirement B 

for class 2 can be guaranteed automated by relative differentiation between class 1 and 

class 2.

One key issue for any DVP based algorithms is the setting of the delay deadline 

for each class at each internal node. If a path consists of only a single hop, it is obvious 

how to choose the delay deadline. However, for a multi-hop real network, it is not so 

trivial. The issue of how to split an end-to-end delay deadline into delay deadlines at each 

hop is an interesting and complex problem. Here we assume a simple and conservative 

approach.

We assume that a packet can satisfy its end-to-end delay bound only if it satisfies 

its per-hop delay bound. This assumption is more conservative than necessary. A packet 

could exceed its delay bound at one hop and be serviced earlier at another hop and still 

meet its end-to-end delay bound. However modeling such general scenario is not simple.
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, hop deadline

i +1

end-to-end deadline

Figure 3.2 End-to-End deadline vs. hop-deadline

Hence, we make the conservative assumption that a packet missed its hop deadline will 

violate its end-to-end deadline. Violated packets at each node are marked and continue to 

be transmitted to egress nodes. Figure 3.2 illustrates our conservative approach which 

actually assumes an additive property. The sum of all deadlines at individual hops is 

equal to the deadline of the end-to-end path.

3.1.2 Basic Operation

The basic operation performed in our proposed DPCF is as the following steps:

1. Divide delay budget at the internal nodes of a network. We split the end-to-end 

delay deadline into hop deadline with equal splitting in this thesis. For a node with 

multi-path, we can choose the stringent deadline as the hop deadline.

2. Configure the relative DVP ratio at the internal nodes of a network. According 

to the QoS requirements of different classes, we allot the relative DVP ratios 

among classes at each internal node. We configure the same class i and class j  with 

the same ratio, and then the end-to-end relative DVP between class i and class j  can 

be achieved with a very similar value based on the theorem 2 in Chapter 3.2.

- 4 2 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3. Implement relative differentiation at the internal nodes of a network. The

proposed DDRR scheduler implements the relative DVP differentiation among 

classes at each internal node. The scheduler only needs to maintain local 

measurement for each class and local state management.

4. Measure the end-to-end absolute DVP at egress nodes. We measure the number 

of marked packets at egress nodes and calculate the end-to-end absolute DVP by a 

ratio of marked packets to the total packets. We do not need to measure QoS 

performance for all classes of traffic. Instead, we choose a class as a base class and 

only measure the end-to-end absolute DVP for the base class. It should be noted 

that the path that carries the feedback information does not need to be the same as 

the forwarding path because each internal does not need the feedback information.

5. Feed back the results to ingress nodes. The measured end-to-end absolute DVP

results of the base class traffic at egress nodes are fed back to the ingress nodes. At 

each ingress node, we add the destination-based leaky bucket shaper for the base 

class.

6. Shape the traffic at ingress nodes. We adjust the token rate of the leaky bucket

for the base class traffic based on the feedback of the achieved end-to-end absolute

DVP of the base class traffic, until the end-to-end absolute DVP of the base class 

meets its target DVP. Because a relative end-to-end QoS can be achieved among 

different classes under our configuration , if the base class can meet its target 

absolute DVP, all other classes can meet their targets as well, as long as the ratios 

are designed based on the ratios of their absolute QoS.
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It is important to note that typically we do not need shaping all traffic classes for 

meeting QoS requirements under our proposed DPCF. We can choose adjusting token 

rates of either one (typically the base class) or several traffic classes (typically with lower 

priorities) depending on whether the target absolute DVP for the base class is easy to 

achieve or not. Shaping lower traffic class is a good choice because it has the minimum 

impact on revenue. Usually there is a large mount of lower class traffic in the network. 

Achieving absolute QoS by shaping only the lower priority traffic is one of the benefits 

of our proposed framework.

Choosing the base class and measuring its absolute end-to-end DVP is the critical 

part of our proposed framework. The traffic of the base class should travel the same path 

as other classes in order to maintain the relative QoS as indicated in the last section. If the 

traffic of various classes at an ingress node travels to different destinations (or egress 

nodes), a base class flow for each destination is necessary. In the worst case, a mesh of all 

ingress nodes to all egress nodes may be necessary. This seems to raise a scalability 

issue. However we argue that this is not a big problem for the following reasons:

1. We periodically measure the absolute end-to-end DVP at egress nodes and perform 

traffic regulation at ingress nodes in a DiffServ network. At each ingress node, 

destination-based shaper is provided only for the base class. This edge-to-edge 

distributed solution greatly decreases the complexity from 0 (n 2) inside the

network to 0(n  ) at edges. The intelligent measurement and shaping at edges allow

it to scale well to large networks and hence achieve the scalability.

2. Our measurements are only conducted for the base class traffic. We can choose the
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base class to be the lowest traffic class to minimize the impact on the QoS seen by 

end users. If no such low priority traffic flow exists for a particular path, we can 

inject a small amount of low traffic into the path that we are interested in simply for 

the measurement purpose. This certainly can cause a little bit overhead in terms of 

utilization. But in comparison with the over-provisioning of the traditional traffic 

engineering approach, this overhead is a very small cost to pay simply because the 

overhead is a low priority class.

Whether we use low priority user traffic or injected low priority test traffic as the base 

class, the measurement results at the egress nodes need to be sent back to the 

corresponding ingress nodes. The ingress nodes then make decisions on how to shape 

ingress traffic to maintain absolute end-to-end QoS.

3.2 End-to-end relative DVP bound analysis

Assume that two flows from class j  and k  enter a network and they traverse the 

same path I. Let p 1:' denote the absolute DVP of class j  traffic at node i on path I, r ‘k

denote the relative DVP ratio of class k  to class j  at node i, so r'jk = p[''/ p 1/  ;

P j,nand Rj"k are the corresponding end-to-end values on path / with n nodes

and Rj"k = Pk ” jp \ 'n . Assuming p k‘ < p l:‘ and 0 < r jk < 1, we say that class k  has higher 

priority than class j .  The relative DVP ratios at different nodes may be different. In the 

following paragraphs, we address the issue that, given the relative DVP ratio rj k at node

i, where how to calculate the end-to-end relative DVP ratio Rj"k.
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Theorem 1: Assume the events of delay deadline violation are independent across 

a network. Given two flows from class j  and k  traversing the same path I, the end-to-end 

relative DVP ratio R lf k of the specific path / with n nodes is bounded by

n n n

i ,</=! i >d 1
i > d  > m

Proof: Given the relative DVP rj k at each node, Theorem 1 gives the upper and

lower bound of the end-to-end relative DVP for an end-to-end path. To prove these 

results, we first try to get the expression of the end-to-end absolute DVP of each class; 

then deduce the end-to-end relative DVP from the end-to-end absolute DVP.

Given that all deadline violation events are independent across a network, since 

the end-to-end absolute DVP Pj’n can be expressed as the complement of the end-to-end 

probability without deadline violation, and since the end-to-end probability without 

deadline violation 1- Pj'n can be calculated by the multiplicative of each node’s

probability without deadline violation, i.e. 11, (1 -  p'j' ) , the end-to-end absolute DVP of 

class j  traffic Pj'" with n nodes on path I can be expressed as,

p l n (3.2)

Equation 3.2 makes no assumption about topology or traffic pattern of the given network.

Therefore it is quite general.
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Without loss o f generality, here we consider only two classes of traffic: class j  and 

class k  traversing a network following the same path /. Figure 3.3 shows an example path 

with two nodes. Assume class k  has higher priority than class j ,  i.e.

In the following we will use mathematical induction approach.

For a path with one node, it is obvious that the node relative DVP is equal to the 

end-to-end relative DVP ratio. Therefore Theorem 1 is true.

Suppose Theorem 1 is true with n-1 nodes, let be the end-to-end relative 

DVP ratio for n-1 nodes, we have

PkJ < P1/  and 0 < rjjk < 1 •

i ,d =1 
i > d

/, d , m=l 
i > d  >m

C lass k

C la s s j

Pi Pi

*•

*•

Figure 3.3 The model for the end-to-end relative DVP analysis
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Then for n nodes, we can treat the path as a two-node path, i.e. the first n-1 nodes 

as node A with Rj"k~l = r Ak and the n-th node as node B r jk = r Bk. By Equation 3.2, the

end-to-end relative DVP ratio on path / for the two-node network is,

pi, 2
n / , 2  _  r k

„ I , A  . I,B
_ P k  +  P k

„ l , A  l,B
■Pk P k

P J
I.A , „ 1 ,B  I,A „1 ,B

+  P j  ~ P j  P j

" U p ? ■rA r B nhAn l'B rj , krj , k P j  P j

P j
I, A i „ I , B  I,A _ / , f l

+  P j  ~ P j  P j

Ttk I p )l'B + r B^  j , k ip)A- nA r Bj ,k j,k

i/P) B + i/Py - i

Let a = \ /p lf  ,b  = \ j p j A, then 1 < a,b < oo.

T) l ,2 a r ? , k + b r l k ~ r j AA k

R u =  T T T i -------
(3.4)

= rj,k +
b(rj . k - rjA,k) + rjA,k(l-rf,k)

a + b — 1
(3.5)

rj,k + ■
-y,k)+rik(i-ru)J,k' ' j ,k.

a + b - 1
(3.6)

Considering r Bk > r Ak, r Bk = r Ak ,and r Bk < r Ak three different cases, and the

condition 0 < r Ak, r Bk < 1,
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1) If r fk > r fk, from equation (3.5), the second term is larger than 0. When

a = oo and b oo, we can get Min (R'j^ ) = r *k. When a = 1 and b - 1, we can get 

Max {R'jl ) = r*k + r*k -  r f^ .

2) If r fk = r fk , from equation (3.5), the second term is larger than 0. When

a = oo or b = oo, we can get Min {R'j*k) = r fk. When a = 1 and b = 1, we can get 

Max (7?j’j  ) = r fk + Vjk -  rfikr *k.

3) If rf<k < r *k, from equation (3.6), the second term is larger than 0. When

b = oo and a *  oo, we can get Min (R j2k) = r *k. When a = 1 and b = 1, we can get 

Max (R jl)  = r*k + r fk - r fkr fk .

From above three conditions, we can get

M in(rjAk, r ?k) <  <r*  + r * - r ^ r *  (3.7)

Equation (3.7) can be rewritten as the following,

Min ( * ' f , r lk) < R% < R j f  + ^  (3.8)

From (3.3) and (3.8), the end-to-end relative DVP Rj"k is larger than the 

minimum relative DVP r'j k among all the nodes across the path, which is the left side of 

equation (3.1). The right side of (3.8) can be further rewritten as,

Rj l  <R'j\kl *^~r'j,k) + rj,k (3.9)
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Because r jk is a configuration value andO < r jk < 1, and R lf f i  satisfies Equation (3.3), 

when Rj"k~l is the upper bound o f Equation (3.3), R lj''k can be the upper bound too. 

Substituting the upper bound of R lj"k~] into the right side o f Equation (3.9), we can get the 

right side o f the equation (3.1). Hence we prove theorem 1. ■

The assumption in Theorem 1 is reasonable. It is pointed out in [67] that the single 

hop delays incurred by a packet are independent random variables, particularly when 

link utilizations are high, with ON/OFF traffic sources traversing 5 hops in length. 

Similarly, the independence assumption on the link delays in an end-to-end path has been 

referred in [68]. In general, with the occurrence of events of deadline violation, the 

network will have relatively heavy traffic. Hence, the above conclusion can be applied to 

end-to-end relative DVP.

From Theorem 1, we have the following observation: The end-to-end relative 

DVP ratio R lf k for an end-to-end path is dependent on the relative DVP ratios r ‘j k of all

nodes on the path. After configuring each single node DVP ratio rj>(t, we can derive the 

bound on the end-to-end DVP ratio R l:"k. If traffic traverses the network through different

paths, the bounds on the end-to-end relative DVP are different based on Theorem 1. 

Hence, Theorem 1 depends on path in general.

Figure 3.4 shows the case that the relative DVP ratio of node 1 is set to 0.5 and 

the relative DVP ratio o f node 2 changes from 0 to 1. The difference between upper and 

lower bounds is the smallest when the two DVP ratios are equal. This conclusion is not 

difficult to see intuitively.
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0.9

Upper bound

Lower bound
?  0 .3

0.2 0.3 0.4  0.5 0.6  0.7 0 .8  0.9

The node relatvie DVP ratio

Figure 3.4 The end-to-end relative DVP vs. the node relative DVP: node 2 relative DVP ratio is 

set to vary with r jk e (0,1) and node 1 relative DVP ratio is set to rJ k = 0.5

The results derived from Theorem 1 are hardly impressive especially when the 

number of nodes is large. Different paths also result in different end-to-end bounds. 

Hence, it is hard to apply Theorem 1 directly to the real network. We study some special 

cases of Theorem 1 and try to find much tighter bound on the end-to-end DVP analysis.

Figure 3.5 shows the end-to-end relative DVP bounds for paths with 2, 3 and 4 

nodes respectively where all nodes are configured with the same relative DVP ratios. As 

is increased n, the bounds seem to become looser.

An interesting and very useful special case is that, if  we configure all rj k for the 

same class j  and k to be the same across all nodes in the network, the actual values are 

typically very close to the lower bound, i.e. Rlj"k « r'j k.
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0.9

0.8

Upper bound

2! 0.5

6  0.4

Lower bound n=2,3,4
® 0.3

0.2

0.2 0.3 0.4 0.5 0.6 0.7 0 .8  0.9
The relative DVP ratio of each  node

Figure 3.5 The end-to-end relative DVP bounds for paths with 2 .3  and 4 nodes respectively 

under the equal node relative DVP ratios r \ = r and 1 < i < 4/•ft

Theorem 2: Assume a and b » 1  in equation (3.4), if  all rjtk for the same class j  

and k  across all nodes on path I are the same, i.e. r ‘k = r , then the end-to-end relative 

DVP ratio R lj ”k of the specific path / is Rj"k « r ‘jk = r .

Proof: Consider an example path with two nodes (more general case can be 

proved using induction), from equation (3.4), we have

nt2 ar + b r - r * r  r ( \ - r )
R , l = ------------------ = r + -v.* a + b - 1 a + b - 1

(3.10)

The absolute error from the lower bound will be,

A . * " - , . - d I z d .
J'k a + b - 1

(3.11)
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We define variables a and b as the reciprocals o f the absolute DVP. Typically, the 

absolute DVP is much smaller than 1, so we have a and b » 1  , also 0 < r < 1, then the

absolute error A «  r . Therefore, we have j  «  r'jA = r . ■

For example, assume that the absolute DVP p 1:' of each node is 10% and 

a = b = 10 then rc e (0,0.013) as shown in Figure 3.6.

Theorem 2 with the configuration of equal relative ratio for all nodes is important 

and complementary to Theorem 1. The results derived from Theorem 2 are much tighter 

compared with equation 1 in Theorem 1 even when the number of hops is large.

0.9

The node absolute DVP is 105!
0.8

0.7
Upper bound

S 0.5

0.2

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
The node relative DVP ratio

Figure 3.6 The special case of the end-to-end relative DVP for path with 2 nodes under the 

equal node relative DVP ratios rjk = rjk e  (0 ,1 ) and p ‘:x = p 1* = 10%
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The advantage of Theorem 2 over Theorem 1 is that Theorem 2 is not dependable 

on path. Based on Theorem 2, when we configure all nodes with equal node relative 

ratios, we can have the same end-to-end relative value across the same network. Hence, 

we can apply the Theorem 2 directly to the real networks. Therefore we recommend the

ratios r ljk  for the same class j  and k be set to the same value across a network wherever it

is feasible.

3.3 The proposed scheduler: Dynamic Deficit 

Round Robin (DDRR)

The main reasons for choosing DDRR in our work are its simplicity and its ease 

of implementation in hardware in comparison with other GPS based schedulers, such as 

WFQ scheduler. It also can guarantee the minimum bandwidth for each class. In GPS, the 

weight for each queue is static; DDRR is the extension of GPS, in which the weight can 

be adjusted dynamically to achieve the target. The novelty of our DDRR is that we apply 

it to maintain the DVP to satisfy real-time application QoS requirements.

A workable scheduler must provide means for specifying performance objectives 

for different classes of traffic as well as a means of delivering on those performance 

objectives. Generally, a scheduler cannot create additional bandwidth; thus, when some 

packets get better treatment, other packets will get worse treatment. The performance
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objective in the thesis is to ensure that the DVP p i  experienced by class i at node n 

satisfy the following constraint,

4  = § 7  = 0., I * . ', . /£ « •  (3-12)
P j  S j

where 8 is DVP differentiation parameter (DDP) o f class i at node n and rJi is the target 

DVP ratio between class i and class j. The higher classes are o f better quality i.e. lower 

DVPs, so<5,” >81 >••■> 8 nN. For the further discussion in the thesis, we can use the

n

concept of normalized DVP p i  = - L- ; then the equation 3.12 can be rewritten as the
81

following,

i s u s a t  (3.i3)
° i  ° j

Equation 3.13 means the normalized DVPs should be equal for all classes of traffic, i.e. 

the DVP is proportional to its DVP differentiation parameter set by the network 

administrator.

3.3.1 System architecture

Our goal is to provide a proportional DVP among classes in a single node. The 

scheduler works in a work-conserving, loss-less, and non-preemptive mode. The work- 

conserving mechanism means that scheduler is never idle if  there are backlogged packets 

in some (or all) classes. The loss-less assumption requires there are enough buffers for
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those backlogged packets. The non-preemptive assumption implies that the transmission 

of a packet cannot be interrupted. Figure 3.7 shows system architecture.

Traffic flows from different sources are classified into a set of classes by a 

classifier according to their contracts. In our model, we assume that the buffer of each 

class is infinite in a router and therefore packet dropping due to a full queue is not 

considered. We further assume that packets are marked due to delay deadline violation. 

For simplicity, we do not consider processing delay in this case. If sum of queueing delay 

and transmission delay of a packet is larger than the delay bound, the packet is considered 

to have a deadline violation.

The DVP measurement process first estimates the absolute DVP of each class 

based on the number of departures and the number of departures with deadline violation 

and then calculate the relative DVP ratios between classes. The weight adjustment 

process adjusts the weight of each class based on DVP measurement results. The DDRR 

scheduler schedules packets using deficit round robin algorithm after obtaining the

Traffic Sources 

 ^

'Class 1

DDRR
Scheduler

Classifier ■►Class 2

Departures

Class n

W eight
adjustment

DVP
measurement

Figure 3.7 DDRR system architecture
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weight o f each class. We will describe the DDRR scheduler, the DVP measurement 

algorithm and the weight adjustment algorithm in more detail in following subsections.

3.3.2 DDRR scheduler

We start with the deficit round robin (DRR) scheduler. The goal of DRR 

scheduler is to choose next packet to be served. In DRR, queues are served in a round 

robin fashion, taking packets from each nonempty queue in turn. The number of bits of 

each queue to be served in one round is calculated from the weight (quantum) of this 

queue. If  a packet size is larger than the quantum size, the packet has to wait for another 

round. In this case, a deficit counter is incremented by a size of the quantum and can be 

used by next round.

In our proposed DDRR, the weight o f each class is adjusted dynamically based on 

measurement results. The round number R  in DRR is used as the DVP measurement 

interval and the weight adjustment interval i.e. we measure the DVP and make an 

adjustment of weight every R rounds.

3.3.3 DVP measurement algorithm

There are different ways to measure the absolute DVP of each class. Here we employ 

an exponential averaging algorithm as shown in Figure 3.8. Assuming DI[i] is the

absolute DVP value of class i in a measurement interval, DTB[i] is the averaged

exponential averaging DVP value of class i of the history and the current measurement 

interval, we have,
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Algorithm 1: exponential averaging algorithm

p  : the configuration parameter.
I : the set o f  all c la sse s
BI[i] : counter o f  packets w ith deadline violation from class i in m easurem ent interval.
AI[i] : counter o f  packets from  c la ss  i in  m easurem ent interval.
•®[0 : counter o f  packets departed w ith deadline vio lation  from  class i on the history
4[»] : counter o f  packets departed from  class i on the history.
DI[i] : the  D V P  o f  class i in m easurem ent interval.
DTB[i] : the D V P  o f  class i on the history before the m easurem ent interval.
DT[i\ '• the  ach iev ed  D V P  o f  c lass i based on the history and the m easurem ent interval.

At the end of each measurement interval:
for ( i e  1 )

A[i] + = AI[i]
B[i] + = BI[i]

/*  to  ca lcu late  the D V P  in m easurem ent interval *1  

DI[i] = BI[i]/ AI[i]

/*  exponential averaging */

DT\i] =  (1 -p ) *  DTB[i] + p* DI[i]

/*  to  ca lcu late  the history D V P  value for the next tim e exponential averaging  */ 
DTB[i] = B\i]iA\i] 

endL oop

Figure 3.8 DVP exponential averaging measurement algorithm of DDRR

DT\i] = (1 - p )* D T B [ i ] + p  * DI[i] (3.14)

where p  is the weight of the measurement interval DVP value in DVP calculation. As p

is increased, it will make the averaging process more adaptive to load changes and as p 

is decreased, it will give a smoother average by keeping a longer history.

In order to estimate the DVP of class i in the measurement interval, the scheduler 

maintains two counters,

• BI[i] is used to count the number of packets departed with deadline violation

from class i in the measurement interval.

- 5 8 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



• AI[i\ is used to count the number of packets departed from class i in the 

measurement interval.

The estimated DVP for the current measurement interval for class i is given by the ratio 

o f the current values o f two counters.

3.3.4 Weight adjustment algorithm

After obtaining the absolute DVP of all classes, the scheduler dynamically adjusts 

the weight of each class based on the difference of the achieved DVP ratio and the target 

DVP ratio. Figure 3.9 illustrates the weight adjustment algorithm in more detail.

Algorithm 2: Weight adjustment algorithm_____________________________

a  : th e  configuration parameter.
I : the set o f  all c la sses
DI[i] : the D V P  o f  c la ss i in m easurem ent interval.
DT[i\ : the ach iev ed  D V P  o f  c la ss i based on the history and the m easurem ent interval, 

k : the first c lass num ber w h ich  DI[k] i=  o in m easurem ent interval as base class  
w eight [ i ] : the w eigh t o f  c lass i in D D R R  at next m easurem ent interval.

At the end of eagi measurement Interval:

i f  (£ > /[ /]  = =  0 , i e l  )

/*  no D V P s in  m easurem ent interval, keep  the w eights */ 
e ls e i f

/♦adjust w eight tow ard target ratio */ 
for ( i e  I )

/*  th e  D V P  ratio is  larger than the target ratio, increase the w eight o f  c lass i */ 
i f ( £ > r [ / ] / £ > r [ * ]  >  target)  

w e ig h t[ i]  =  w eight [i] * (1  + a )  

e ls e if
/*  the D V P  ratio is  sm aller than the target ratio, decrease the w eight o f  c la ss i */ 
w eight [i] =  w eight [i] * (1 - a  ) 

en d if  
endL oop  

e n d if

Figure 3.9 Weight adjustment algorithm of DDRR
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The scheduler first chooses the lowest class with non-zero DVP in the 

measurement interval as a base class. Then it compares all the other classes with the base 

class to get achieved DVP ratios. The weight of each class is adjusted in turn. If the 

achieved DVP ratio of class i to the base class is larger than the target DVP ratio, the 

scheduler increases the weight of class i proportionally by a ratio a  , 

weight[i] = weight[i] * (1 + a) (3.15)

If the achieved DVP ratio is smaller than the target DVP ratio, it decreases the weight of 

class i proportionally by a ratio a ,

weight[i] = weight[i] * (1 -  a)  (3.16)

where a  is a configuration parameter (between 0 and 1) and controls how much the 

weight is adjusted each time.

The round number R in DRR is the weight adjustment interval. A larger R will 

keep the weight steadier and make DVP ratio less synchronized with the target ratio. 

Weight is updated more frequently given a smaller R, and this will increase complexity. 

By always keeping DVP ratios of traffic contract as weights updating goal, the scheduler 

would achieve proportional deadline violation probability gradually.

These parameters a , p  and R are configuration parameters. For simplicity, we 

set the DVP measurement interval and the weight adjustment interval using same round 

number R parameter in the scheduler. The method of choosing these parameters is a 

design issue. We will study the effect o f these parameters on performance o f the 

scheduler and set them through a set of empirical study in next chapter.
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In addition to the algorithms described in Figure 3.8 and 3.9, we can also 

configure each class or some classes with the minimum bandwidth guarantee. When the 

adjustment o f the DDRR algorithm reach a point that one of the guaranteed class is 

receiving bandwidth less than or equal to the guaranteed minimum bandwidth, the 

adjustment stops.

The computational complexity of DDRR depends on the number of traffic classes. 

In DiffServ networks, traffic flows have been grouped to a very limited number of 

classes. So the complexity of DDRR is not a real issue.
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Chapter 4

Performance Evaluation

In this chapter, we start with evaluating the effectiveness of the proposed DDRR 

scheduler in providing proportional DVP differentiation for a single node network. After 

applying it to a multi-node network, we illustrate the achieved end-to-end relative DVP 

results and compare them with analytical bounds. The efficiency of the proposed DPCF, 

in terms of the end-to-end absolute DVP, is then assessed. Three different topologies 

have been employed in our simulations for the evaluation of a single node case and a 

multi-node network respectively. All simulations are executed on the OPNET 8.0 

platform.

4.1 DDRR scheduler at the single node

We present simulation results of DDRR, with respect to its controllability and 

predictability, in various load conditions. Its sensitivities to some configuration 

parameters, such as the weight of the interval DVP in the DVP calculation, the weight 

adjustment interval and the weight adjustment ratio, are examined. Also we simply 

discuss feasibility issues on this model and give an example of its infeasibility. At last, 

we compare the proposed DDRR algorithm with WEDD algorithm.
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4.1.1 Simulation setup

The simulated topology adopted for a single node is shown in Figure 4.1. The 

traffic sources in our simulation are ON/OFF model. Each user has exponential ON and 

OFF periods. The average durations of ON period is 100 ms and OFF period is 158 ms 

respectively. The packet size distribution is a Poisson distribution with the mean packet 

size 1024 bits.

Two groups of users (source 1 and source 2) generate packets corresponding to 

class 1 and class 2 of traffic respectively. At both sources, each user adopts the ON/OFF 

traffic model to generate packets streams. Let *Sj be the number o f users in source 1 and 

S2 be the number of users in source 2. Hence, by adjusting value of S t and S 2 or the 

sending rate o f traffic source during ON periods, we can obtain different traffic load 

conditions, such as different utilizations and different traffic load distributions. We 

assume that class 1 has a lower priority i.e. higher DVP, and class 2 has a higher priority.

Source 1

155 M bps

Scheduler Sink

Source 2

Nn

Nn

N2

N2

Figure 4.1 The single node network topology
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The packets in each class are characterized by a delay bound based on configuration 

parameters. Here, we set the delay bound for both classes of traffic to 10 ms. the link 

speed is set to OC-3 155 Mbps.

In the following two sections, we investigate two requirements for the 

proportional differentiation model in DDRR implementation: predictability and 

controllability. Predictability means that the relative differentiated service between 

different classes should be consistent with their DVP differentiation parameters. 

Controllability means that the network administrator should be able to adjust the quality 

spacing between two classes. When it is feasible, such controllability should be valid 

regardless of traffic characteristics.

4.1.2 Effect of link utilization

We first investigate two requirements presented above under different link 

utilizations, with two classes of traffic. The goal of this simulation is to evaluate the 

consistency of achieved DVP ratios r2, with the target DVP ratios r2, in long timescales

and also under different target DVP ratios r2, = 2,8,16 respectively.

We varied link utilization by adjusting the sending rate during ON periods. The 

utilization is set from 65% to 100%. The traffic load ratio of source 1 to source 2 is 1:1 

and we set S', = S 2 = 20 users. Through an empirical study as shown in section 4.1.4, the 

configuration parameters are set as follows: i?=1600, a = 0.1 and p ranges from 0.01 to

0.00001 as utilization changes from 100% to 65%.
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Figure 4.2 Achieved DVP ratios vs. link utilization under different DVP target ratios

r2, = 2,8,16 with 95% Cl

The simulation results are summarized in Figure 4.2 in which the x-axis is the link 

utilization and the y-axis is the achieved DVP ratio between class 1 and class 2. 

Figure 4.3 shows the detailed scheduler working process at utilization 75%. From 

Figure 4.2 and 4.3, we make the following observations:

1. DDRR scheduler satisfies the predictability and the controllability requirements: the 

achieved DVP ratios are consistent with the target DVP differentiation parameters 

and the differentiation parameters can be adjusted to the different quality 2, 8 and 16 

respectively.

2. In Figure 4.3, when the DVP ratio is higher than the target ratio 2 in time periods tx 

and t2 , t3 and t4, the weight of class 1 traffic is increased, thus decreasing the 

achieved DVP ratio. Between t2 and t3, tA and ts time periods, the DVP ratio is
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(a) Instant weight a ssigned  to c lass 1 traffic under
utilization 75%  and target ratio 2  in DDRR

1.000

2 5 0

5 S 1 0  8T im e
(b) Instant weight assigned  to c lass 2  traffic under

utilization 75%  and target ratio 2  in DDRR

o

2

5 S 1 5 STime

(c) Achieved DVP ratio of c lass 1 over c la ss  2  under 
utilization 75%  and target ratio 2 in DDRR

Figure 4.3 A sample path of the achieved DVP ratio at utilization 75% and the target ratio 2

lower than the target ratio, the weight of class 2 traffic is increased. DDRR converges 

faster at lower DVP target ratio or with heavy load condition. Because we set the load 

ratio between two classes of traffic is 1:1, it is easier to adjust the weight to meet the 

lower target ratio. When a network is underutilized, there are not enough packets to 

exceed the deadline. The work-conserving mechanism of schedulers is never idle if 

there are backlogged packets in classes. Hence, the underutilized condition will make
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the scheduler take a longer time to achieve the desired DVP differentiation. However, 

in an underutilized network, the network does not suffer congestion and the packets 

experience very low DVP. For example, in this scenario, the DVP value can be in the 

order of about 10-s at utilization 65%; therefore DVP differentiation is not really 

necessary in this case. DiffServ is designed to classify and prioritize traffic such that 

when congestion occurs, higher priority traffic will be forwarded and lower priority 

traffic will suffer as necessary.

4.1.3 Effect of traffic load distribution

In this section, we continue to investigate the predictability and controllability of 

the DDRR scheduler under different traffic load distributions with two classes of traffic. 

The goal o f the simulation is to achieve the target DVP ratios (set to 2, 4, and 8 

respectively) as close as possible.

The total link utilization is set at 90%, with the total number of users S, and S 2 

set to 40. The distributions of two classes are varied by changing the number of users S } 

and S ',. The other parameters are the same as the preceding scenario using different link 

utilizations with Z?=1600, a  = 0.1 and p = 0.01.

Figure 4.4 depicts the performance of DVP ratios under the condition that the 

traffic load distribution of class 2 is varied from 10% to 90%. The x-axis is the 

percentage o f class 2 in the total traffic and the y-axis is the achieved DVP ratios between 

class 1 and class 2. From Figure 4.4, we make the following observations:
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1. The achieved DVP ratios with the DDRR scheduler closely approximate 

different target DVP ratios between two classes under different load distributions. 

Both predictability and controllability can be satisfied under this scenario.

2. The achieved DVP ratios do not much depend on traffic load distributions if the 

proportional DVP model is feasible. From 10% to 90% of percentage of class 2 

traffic, the achieved DVP ratios are very similar. The feasibility issues of 

proportional DVP differentiation model will be discussed in more detail in 

section 4.1.5.

c lass  1 /  c lass  2 = 2 
c lass  1 /  c la ss  2  = 4 
c lass  1 /  c lass  2  = 8

O
2
£O
■o0)
>0)

100
Percen tage of c lass  2 traffic (%)

Figure 4.4 Achieved DVP ratios vs. traffic load distribution under different DVP target ratios

r2 , = 2, 4, 8 with 95% Cl
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4.1.4 Sensitivity of performance to configuration parameters

There are some configuration parameters such as the weight p  o f the interval 

DVP in the DVP calculation, the weight adjustment interval R, the weight adjustment 

ratio a  in the DDRR scheduler. How to choose these parameters is an important design 

issue. An appropriate choice should strike a good balance between system stability and 

responsiveness. Therefore, these parameters can be tunable parameters for network 

administrators.

In this section, we study the effect of configuration parameters on performance of 

the DDRR scheduler. We classify simulations into three types, with the following goals,

Type A: Evaluate the sensitivity of performance to the weight p  of the interval 

DVP in the DVP calculation under different link utilizations.

Type B: Evaluate the sensitivity of performance to the weight adjustment interval 

R under different link utilizations.

Type C: Evaluate the sensitivity of performance to the weight adjustment ratio a  

under different link utilizations.

The simulation parameters are the same used in the varying link utilization 

scenario. Here we choose two utilizations 80% and 90%, and adjust the concerned 

parameter while keeping the other parameters same for each experiment.

Type A: Effect of the weight p  of the interval DVP in the DVP calculation
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As mentioned in chapter 3, the larger p  makes an averaging process more 

adaptive to load changes and the smaller p gives a smoother average by keeping a longer 

history. We carry out simulations with different weight settings in the section. The 

simulation results are summarized in Figure 4.5.

The required weight p  to meet the target DVP ratio within a certain error 

tolerance decreases as the utilization decreases. In heavy load conditions (u=90%), the 

selection of p  need to be set 0.01 or smaller and DVP ratio is closely approximated to 

the target ratio. In medium load conditions (u=80%), p  needs to be close to 0.001 or 

smaller in order to arrive to the target DVP ratio. The reason is that the lower load 

utilization, the lower the chance of departures with deadline violation. When DVP is 

lower, the scheduler needs keeping a longer history to achieve the target value. Hence, p 

is sensitive to the traffic load and depends on absolute DVP. In real networks, in order to 

make the DDRR scheduler work very well under different traffic load, we should set p 

small to decrease the effect of parameter and do not need to measure the real traffic load. 

For example, in section 4.1.1, p  is 0.01 at 90% utilization, 0.001 at 80% utilization and 

0.0001 at 70 % utilization.

When utilization is constant, the absolute DVP value of the same class is similar 

under different traffic load distributions i.e. in scenario 4.1.2. Hence, p  is not sensitive to 

traffic load distributions and we set p a constant in section 4.1.2. We only evaluate the 

sensitivity of p  under different link utilizations in this section.
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p=0.001
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035

•Co< p=0.1

u=90%
u=80%

0.8

p value In DDRR

Figure 4.5 Achieved DVP ratios vs. p  value in DDRR under different utilizations with target

ratio r2, = 2 and 95% Cl

Type B: Effect of the weight adjustment interval R

We carry out simulations with different weight adjustment interval settings. The 

simulation results are summarized in Figure 4.6. The required interval R to meet the 

target DVP ratio within a certain error tolerance increases as the utilization decreases. A 

larger R keep the weight more steady and make DVP less synchronized with the target 

ratio. A smaller R  make the weight update frequently and increase the complexity. As an 

optimal value R makes a good tradeoff between performance and overhead, we choose R 

= 1600.
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Round num ber in DDRR
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Figure 4.6 Achieved DVP ratios vs. round number in DDRR under different utilizations with

target ratio r2 , = 2 and 95% Cl

Type C: Effect of the weight adjustment ratio a

We carry out simulations with different weight adjustment ratio settings. The 

simulation results are summarized in Figure 4.7. From the figure, we can observe that the 

scheduler performance becomes insensitive to the weight adjustment ratio under both 

heavy load conditions and medium load conditions. A larger weight adjustment ratio can 

make a fast convergence to the target DVP value because we adjust the weight quickly at 

each time.
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Figure 4.7 Achieved DVP ratios vs. weight adjustment ratio in DDRR under different 

utilizations with target ratio r2, = 2 and 95% Cl

4.1.5 Feasibility issues

We have assumed so far the proportional DVP differentiation model is feasible. 

However, this is not always possible, i.e. there may not exist a work-conserving 

scheduler that can achieve target DVP ratios specified by DVP differentiation parameters. 

The achieved DVP ratios will deviate from target DVP ratios. The infeasibility of the 

schedulers on proportional differentiation model is common, e.g. in [13][14] [15][16] [26] 

the schedulers are infeasible under some specified conditions.

These deviations in DDRR can become a general case, depending on class load 

distributions and target DVP ratios etc. To illustrate some of these conditions, Figure 4.8 

shows the achieved DVP ratios of DDRR, an example of ‘hard to achieve’ DVP 

differentiation.
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Figure 4.8 An example of DDRR when the proportional DVP differentiation is infeasible with

target ratio r2, = 64 and 95% C l

In Figure 4.8, class 1 does not have enough arrivals compared with class 2 when 

the percentage of class 1 is lower than 17%, and so it cannot maintain the required 

backlog for the DVP differentiation. A higher target DVP ratio ( r2 X = 64), also makes the

DVP differentiation infeasible, because there are not enough class 1 packets with 

deadline violation in order to make the DVP of class 1 64 times larger than the DVP in 

class 2. The weight adjustment method of DDRR couldn’t achieve the exact target DVP.

The example o f this section is intended to provide some intuition on feasibility 

issues. In general, due to many factors that affect the resulting DVP ratio, it is hard to 

provide quantitative guidelines for the model. This is a common problem for all relative 

QoS schemes. [13][14][15][16] [26],
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4.1.6 Starvation problem in WEDD

As we mentioned above, our DDRR can provide each class with the minimum 

bandwidth share and other priority-based schedulers have the starvation problem when 

one class is overloaded. We will illustrate this by comparing WEDD and DDRR 

performance in the following simulation results.

The simulation topology is shown in Section 4.1.1. The traffic source model is the 

same as the scenario of link utilization (Section 4.1.2). Both class 1 and class 2 have 20 

users respectively with different sending rates: 18.94 packets/ms for class 1 and 1.89 

packets/ms for class 2. Hence the class 1 generates 150 Mbps traffic and class 2 is 15 

Mbps. The traffic load ratio is 10:1. The link capacity is 155 Mbps. The delay bound for 

both classes are set to 10 ms. The target DVP differentiation ratio is 2.

Although this scenario is not a steady-state scenario, the total traffic of all classes 

is higher than link bandwidth. This phenomenon exists for short term periods in real 

network. We study behaviors o f two schedulers, WEDD and DDRR, under this scenario. 

In DDRR, when we adjust the weight distributed to each class, we set the minimum 

bandwidth 1/10 of total link bandwidth, i.e. we can guarantee that each class can obtain at 

least the minimum bandwidth.

The simulation results for WEDD scheduler are summarized in Figure 4.9 in which 

the x-axis is the simulation time and three figures are: (a) the utilization for each class, (b) 

the achieved DVP ratio o f class 1 to class 2 and (c) the achieved absolute DVP value for 

each class respectively. From Figure 4.9, we make the following observations:
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Figure 4.9 Simulation results obtained by WEDD with utilization 106%, traffic load 

ratio 10:1 and target ratio r2, = 2

The overloading of one class results in the starvation of the other classes in WEDD 

scheduler. For example, when class 1 of traffic is approximately the link capacity and 

is 10 times of class 2 traffic, the measured utilization for class 1 is almost 100% and 

class 2 is starved. At the beginning, in time period and t2, the achieved DVP ratio 

is higher than the target ratio, the WEDD scheduler try to schedule more class 1
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packets and decrease the DVP ratio at the same time. Between t2 and t3 period, the 

achieved ratio is lower than the target ratio, more bandwidth is distributed to class 2 

and thus increase the DVP ratio towards the target ratio. At time t3, the achieved 

DVP ratio is higher than the target ratio again. Even the 100% bandwidth is distrusted 

to class 1 after time t3, it is still hard to improve the DVP ratio to the target ratio at 

short time. This results in the starvation of class 2.

10.00

2 7 50 o  
6 2 6

10* 20*

Time (second)
(a) Instant weight assigned to c lass 1 in DDRR

Time (second)
(b) Instant weight assigned: to class 2 in DDRR

.2 3 
I
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(c) Achieved DVP ratio of class 1 over class 2 in DDRR
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Figure 4.10 Simulation results obtained by DDRR with utilization 106%, traffic load ratio 10:1, 

target ratio r2, =  2 and minimum bandwidth for each class is set to 1/10 of total link capacity

The simulation results are summarized in Figure 4.10 for DDRR scheduler in which 

the x-axis is the simulation time and five figures are: (a) the instant weight assigned to 

class 1, (b) the instant weight assigned to class 2, (c) the achieved DVP ratio of class 1 

over class 2, (d) utilization for class 1 and class 2 and (e) the achieved DVP value for 

each class respectively. From Figure 4.10, we make the following observations:

There is no starvation problem in DDRR scheduler when one of the classes is 

overloading. From the Figure 4.9 (a) and (b), the minimum weight for each class can 

be guaranteed to at least 1/10 of total weight. Figure 4.9 (c) shows that the achieved 

DVP ratio is approximate to the target ratio. Figure 4.9 (d) illustrates that we can 

guarantee the minimum bandwidth for each class is 1/10 of total bandwidth by using 

DDRR. The utilization for class 1 is around 90% and for class 2 is around 10%. 

Figure 4.9 (e) shows achieved absolute DVP value for class 1 and class 2 is around
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100% and 50% respectively. These results are consistent to the prediction when 

utilization is larger than 100%.

4.2 End-to-end relative DVP ratio

The simulation studies of previous sections focus on a single link and on the node relative 

DVP differentiation between different classes. Although such a study is interesting to 

network administrators, the network users would be more concerned about the end-to-end 

performance of their packet flows. Suppose that two flows from class i and j  enter a 

network at the same time and they traverse the same path. The network attempts to 

provide locally in each link proportional DVP differentiation in the granularity of class 

traffic. Can a local relative differentiation lead to a consistent end-to- end relative 

differentiation? We attempt to investigate the above issue using simulations in this 

section and compare with our analytical results in chapter 3.

S3 S4 S5 S6

155 M bps 155 Mbps

N ode 1 N ode 2

D2

Figure 4.11 The multi-node network topology for relative DVP
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In order to evaluate the end-to-end relative DVP, we consider the scenario as shown in 

Figure 4.11. Two classes of traffic from source 1 and 2 traverse a path that consists of 

two tandem nodes. Sources 3, 4, 5 and 6 are background traffic. All traffic sources are the 

same as the single node traffic model. We set sources 1 and 2 as having 20 users with 

7.95 packets/ms sending rate in ON periods, and sources 3, 4, 5, and 6 as having 10 users 

with 0.88 packets/ms sending rate. Sources 1, 3 and 5 have class 1 o f traffic and sources 2, 

4 and 6 have class 2 traffic. Sources 1 and 2 traffic traverse node 1 and node 2 to 

destination 1, sources 3 and 4 to destination 2, sources 5 and 6 to destination 1. The 

traffic source parameters are summarized in table 4.1. The link capacity is 155 Mbps. 

Hence the link utilization of node 1 to node 2 and node 2 to destination 1 under this 

configuration are 85% and 90% respectively. We ignore propagation delays that are 

common to all packets and focus on queueing and transmission delays at this scenario. 

The equal delay bound at each node is set to 10ms. The other parameters are the same as

the single node case.

The goal of the simulation is to evaluate the performance that a local relative 

differentiation translates to a consistent end-to-end relative differentiation and compare 

with our analytical bounds. In order to implement this goal, we need to measure the end- 

to-end relative DVP ratio given each node target relative DVP ratio. We carried out five

Table 4.1 The traffic source parameters configuration

SI S2 S3 S4 S5 S6

Destination D1 D1 D2 D2 D1 D1

Priority C lass 1 C lass 2 C lass 1 Class 2 C lass 1 Class 2
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Table 4.2 The different target ratios for node 1 and 2 and analytical end-to-end bounds

N ode 1 N o d e  2 ETE

c a s e  1 0.75 0.75 0.75

c a s e  2 0.5 0 .5 0.5

c a s e  3 0.25 0.25 0.25

c a s e  4 0.125 0.125 0.125

c a s e  5 0.5 0.125 0 .1 25-0 .5625

experiment cases with different target ratios for node 1 and 2 as shown in Table 4.2. The 

analytical end-to-end bounds based on node target ratios are listed in the same table.

The simulation results are summarized in Table 4.3. We measure the achieved 

relative DVP ratio at each node and the achieved end-to-end relative DVP ratio at 

destination respectively. The target ratio is the DVP differentiation parameter of class 2 

to class 1 o f traffic. The priority of Class 2 is set higher than class 1 that implies the ratios 

of DVP differentiation parameter should be between 0 and 1. Table 4.3 shows the 

achieved end-to-end DVP ratios in five cases with different target ratios for node 1 and

Table 4.3 The achieved end-to-end relative DVP ratios under 5 different cases

N ode 1 N ode 2 E T E

C a se  1
T arget D V P ratio 0.75 0.75 0.75

A chieved D V P ratio 0.753 0.7446 0.7409

C a se  2
T arget D V P ratio 0.5 0.5 0.5

A chieved D V P ratio 0.5052 0.495 0.4929

C a se  3
T arget D V P ratio 0.25 0.25 0.25

A chieved D V P ratio 0 .2509 0.2518 0.242

C ase  4
T arget D V P ratio 0.125 0.125 0.125

A chieved D V P ratio 0.1253 0.1310 0.121

C ase  5
T arg e t D V P ratio 0.5 0.125 0 .1 2 5 -0 .5 6 2 5

A chieved D V P ratio 0.5052 0.1329 0.408

-81 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



node 2. Figure 4.13 and Figure 4.14 show two sample paths under equal and unequal 

relative DVP ratios for each node. From the table, we make the following observations:

1. Regardless of the target ratios of node 1 and node 2, a local (node) relative DVP 

differentiation can translate to a consistent end-to-end relative DVP differentiation as 

shown in table 4.3. The difference of local target ratios configuration leads to a 

different end-to-end DVP ratio.

2. The achieved end-to-end relative DVP ratios are consistent to our analytical bounds 

in all five cases. According to Theorem 2, under the special case of equal local (node) 

relative DVP ratiosrj<k -  reconfiguration (0.75, 0.5, 0.25, and 0.125 for both nodes 

respectively), the end-to-end relative DVP can achieve the approximate result 

rjk « r] k = r?t (0.7409, 0.4929, 0.242, and 0.121 for ETE) as shown in table 4.3. For

example, an equal target relative DVP for node 1 and node 2 is set to 0.5, the 

achieved relative DVP ratios for node 1 and node 2 are 0.5052 and 0.4950 

respectively; the achieved end-to-end relative DVP ratio is 0.4929 that is very similar 

to the target node ratio in Figure 4.12. Under the unequal node relative DVP settings 

such as 0.5 and 0.125, the achieved relative DVP ratios for node 1 and node 2 are 

0.5052 and 0.132 respectively; the achieved end-to-end relative DVP ratio is 0.4080 

that is between analytical bounds as shown in Figure 4.13.
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4.3 End-to-end absolute DVP

In this section, we investigate how to provide the absolute DVP guarantee for 

some real time applications that require stringent DVP requirement. Two different 

scenarios have been studied at this section.

S3 S4 S5 S6

155M bps 155Mbps

Node 1 Node 2

D2

Figure 4.14 T he m ulti-node netw ork topology I for the end-to-end absolute D V P
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4.3.1 Scenario I

To guarantee the end-to-end absolute DVP, we consider the scenario based on the 

end-to-end relative DVP scenario except we add a leaky bucket at source 1 as shown in 

Figure 4.14. The bucket depth is set to 50 packets. The token rate is adjusted 

dynamically. We set the class 1 as Poisson traffic with average interarrival time 0.015 ms 

and class 2 is still ON/OFF traffic source. The link utilizations o f node 1 to node 2 and 

node 2 to destination 1 are 90% and 92% respectively. The other simulation setup is the 

same as the relative DVP scenario.

The goal of this simulation study is to find out, how to adjust the token rate in order 

to meet the end-to-end absolute DVP requirement on the node relative differentiation 

basis. We first measure the end-to-end absolute DVP of class 1 traffic at destination 1, 

then create a probe packet with this information and send it back to the source node. The 

token rate is increased or decreased dynamically in a constant rate within a time interval 

according to the difference between the achieved absolute DVP and the target value. Here, 

we set the token adjustment rate to 5000000 tokens per second and the time interval to 4 

seconds in our simulation. The target end-to-end absolute DVP value o f class 1 traffic is 

set to 7.5%. The DVP differentiation parameter of node 1 and node 2 is configured to 0.5. 

According to Theorem 2, the end-to-end relative DVP ratio should be approximate to 0.5.

The results obtained under both with leaky bucket and without leaky bucket 

conditions are summarized in table 4.4. Without the leaky bucket to control the class 1 

traffic access rate, the end-to-end absolute DVP of class 1 and class 2 can achieve 

15.65% and 7.94% respectively. To guarantee the absolute DVP target value, we use our
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Table 4.4 The achieved end-to-end absolute DVP for scenario I

Node 1 Node 2 ETE

W ithout leaky 
bucket

Target DVP ratio 0.5 0.5 0.5

Achieved DVP ratio 0.5031 0.5024 0.5073

C lass 1 absolute DVP 0.0948 0.0611 0.1565

C lass 2 absolute DVP 0.0477 0.0307 0.0794

With leaky 
bucket

T arget DVP ratio 0.5 0.5 0.5

Achieved DVP ratio 0.5036 0.5032 0.5055

C lass 1 absolute DVP 0.0415 0.031 0.072

C lass 2 absolute DVP 0.0209 0.0156 0.0364

DPCF. After adding the control mechanism, the end-to-end absolute DVP of class 1 of 

traffic is 7.2%, approximately equal to our target value. Based on the node 

differentiation, the absolute DVP of class 2 is 3.64%. Figure 4.15 shows the sample path 

of the achieved end-to-end absolute DVP. At t = 70 second, we turn on the leaky bucket 

control mechanism. In addition, we set 7% as a lower limit on the absolute DVP of class 

1 traffic in the simulation. If the absolute DVP of class 1 is lower than this limit, we can 

increase the token rate to add in more traffic to the network.

0.300.30

0.25
Q.
Q  0.20 
0)
0  0.15 </)nTO

*o 0.10
$
03
1 005 
<

0.20

0.15
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(a) ETE absolute DVP without leaky bucket (b) ETE absolute DVP with leaky bucket

Figure 4.15 Scenario I: providing the end-to-end absolute DVP
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4.3.2 Scenario II

The simulation topology for scenario II is shown in Figure 4.16. Source 1 and 

source 2 compete the congested link between node 1 and node 2 under this scenario. The 

traffic source models are the same as the scenario I i.e. class 1 using Poisson traffic and 

class 2 using ON/OFF traffic. The link capacity is 155 Mbps. The link utilizations of 

node 1 to node 2 and node 2 to destination 1 are set to 90% and 92% respectively. The 

other simulation setup is the same as the scenario I.

The differences with the scenario I is that there are two leaky buckets 

corresponding to the source 1 and 2 respectively that can be adjusted. The goal of this 

simulation is to study the end-to-end absolute DVP requirement on per session base. The 

DVP differentiation parameter of node 1 and node 2 is configured to 0.5, so the end-to- 

end relative DVP ratio is around to 0.5 according to Theorem 2. The target end-to-end 

absolute DVP value of class 1 traffic is set to 7.5%.

C lass 1

LB

Source 1
Class 2

N ode 3

155M bps 155M bps

N ode 1 N ode 2
Class 1 LB

S ource 2 N ode 4

C lass 2
D 2

Figure 4.16 The multi-node network topology II for the end-to-end absolute DVP
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Table 4.5 The achieved end-to-end absolute DVP for scenario II

Node 1 Node 2 ETE

Without leaky 
bucket

Target DVP ratio 0.5 0.5 0.5

Achieved DVP ratio 0.503 0.5034 0.5061

C lass 1 abso lu te  DVP 0.0968 0.0578 0.1555

C lass 2  abso lu te  DVP 0.0487 0.0291 0.0787

With leaky 
bucket

Target DVP ratio 0.5 0.5 0.5

Achieved DVP ratio 0.5032 0.5019 0.5091

C lass 1 abso lu te  DVP 0.0457 0.0257 0.0711

C lass 2  abso lu te  DVP 0.023 0.0129 0.0362

The simulation results are summarized in Table 4.5. The measured end-to-end 

absolute DVP is the total DVP value including all sources traffic of the same class. 

Without the leaky bucket, the end-to-end absolute DVP of class 1 and class 2 can achieve 

15.55% and 7.87% respectively. With leaky bucket control mechanism, the end-to-end 

absolute DVP of class 1 is 7.11%, close to our target value. The absolute DVP of class 2 

is 3.62%.

The sample path of the achieved end-to-end absolute DVP for source 1 and source 

2 are shown in Figure 4.17. We can see that the simulation results behave as we expect. 

That is, when we shape class 1 traffic, the absolute QoS of both classes improve at the 

same time while maintaining the relative QoS between the two classes unchanged.
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Chapter 5

Conclusion

5.1 Conclusion

The DiffServ architecture is a promising approach for providing scalable service 

differentiation in the Internet. In this thesis, we have presented a novel dynamic 

proportional control framework DPCF for providing absolute end-to-end differentiated 

service for real-time applications. The DPCF can be used to guarantee the absolute DVP 

on end-to-end paths. We use relative DiffServ scheduler in the network internal nodes 

and measurement-based feedback congestion control at edges. With the feedback 

measurements, the token rate o f the leaky buckets at the edges can be dynamically 

adjusted until the end-to-end absolute DVP meet the target value. By maintaining the 

absolute QoS performance for the base class, the absolute QoS performance for other 

classes can be automatically guaranteed by relative ratios. Maintaining the state 

information for only one class, this approach reduces overhead at network and hence, is 

scalable to large systems. The simulations have shown that the specified absolute end-to- 

end DVP requirements can be achieved effectively under the DPCF.

The DVP is an important performance measure for all real-time applications. The 

proposed DDRR scheduler adjusts the weight of each class dynamically so that the DVP
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differentiation service can be easily specified by network administrators. The DDRR 

scheduler, a link sharing based scheduler, has the advantage of maintaining a minimum 

bandwidth amount for each class and improves on the WEDD scheduler’s starvation 

problem. Moreover, through simulations, we evaluated the proposed DDRR scheduler 

from two requirements on the proportional differentiation model: predictability and 

controllability under various load conditions. The simulations have shown that the DDRR 

scheduler is able to maintain the desired ratios of DVP under different link utilizations 

and different load distributions.

The relative differentiation model on a single node case is then extended to an 

end-to-end path. A general end-to-end relative DVP ratio bound is developed given the 

relative DVP ratio o f all nodes in an end-to-end path. According to Theorem 1 in Section 

3.2, the end-to-end relative DVP ratio is dependent on the relative DVP ratios of all 

nodes on the path. Furthermore, from Theorem 2, a special case is presented in which we 

can get a much tighter bound for the end-to-end DVP ratio when we configure the 

relative DVP ratios o f all nodes equally. The simulations have shown that a node (local) 

relative differentiation can lead to an end-to-end relative differentiation. The achieved 

end-to-end relative ratio is also consistent with the analytical bounds. Under the special 

case of equal relative ratios for each node, the obtained end-to-end relative ratio is 

approximately equal to the node relative ratio.
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5.2 Future work

Our work on proportional DVP differentiation leads to several open issues that need 

to be further investigated.

• It is still a challenging task to provide the absolute end-to-end performance 

guarantee. The next stage o f the research will be focused on fairness issues among 

traffic flows. The traffic shapers in DPCF framework are provided based on per 

source and per destination. When egress nodes feedback the measured DVP 

result to the different sources contributing to congestion, a fair solution is needed 

to regulate the shapers and further allocate resources to each user according to the 

demands. How to define and maintain such fairness could be further addressed.

• The sensitivity o f system performance to the control parameters such as p , R  and 

a  in the DDRR scheduler can be analyzed in more detail. We tested the 

sensitivity o f these parameters under different link utilizations and used the 

empirical results in this thesis. Are there any other factors affecting the setting of 

these parameters? How to propose a general principle to configure control 

parameters is left for future study.

• It has to be noted that the feasibility issue for the proportional DVP differentiation 

model is a complicated problem and should be analyzed in greater depth. We only 

presented some instances on the feasibility of the model in this thesis. It is 

important to provide a mathematical function as the guide of the network 

administrator.
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