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Chapter 1

Introduction

services with different traffic characteristics and multiple qualities of services (QoS) offered by
ATM networks. The traffic management specification TM4.0 (1] specifies five classes of services:
constant bit rate (CBR), real time variable bit rate (rt-VBR), non-real-time variable bit rate
(nrt-VBR), available bit rate (ABR), and unspecified bit rate ( UBR).

CBR is used by connections that request a constant amount of bandwidth which must be

continuously available during the connection lifetime; an example is the circuit emulation. rt-

variation; an example is the application of voice and video. nrt-VBR is intended for non-real-
time applications which have burst); traffic characteristics; an example is the data traffic. UBRis
intended for non-real-time applications; an example is the traditional computer communication
applications like file transfer and email. ABR is intended for applications that can take advantage

of bandwidth elasticity: an example is the TCP/IP traffic. Among of them, the ABR and UBR






In order to support best-effort traffic to maximize the utilization of the network resources,
ABR service is designed to implement a closed-loop feedback mechanism to allow an end system
to adapt its sending rate to catch the rest of bandwidth left over by guaranteed service traffic,
and to prevent congestion in the network, thus offering the most effective solution to bandwidth
sharing among all competing users. Two kinds of feedback schemes have been proposed: credit-
based and rate-based.

The credit-based scheme is based on a per-link, per-VC window flow control mechanism
[29]. Each link consists of a sender node (either a source end system or a switch) and a recejver
node (either a switch or a destination end system). Each node maintains a separate queue for
each VC. The recejver monitors the queue lengths of each VC and determines the number of

cells the sender can transmit on that VC. This number is called a "credit”. The sender can

congestion indication (EFCI) bit in the cell header to the destination. The destinations monitor
EFCI bits; if set, the destinations generate an resource management (RM) cell back to the
sources. The sources then use an additive increase and multiplicative decrease algorithm (see

[2]) to adjust their transmission rates. The RM cells are sent only to decrease the rate, but no
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RM cells are required to increase rate.
The rate-based approach for the ABR service has evolved for nine years since 1991 and has
been enhanced greatly [2]. We will give more discussion on how the rate-based approaches are

used to control ABR traffic and what problems they have in the following sections.

1.1 Literature Review

Due to the highly bursty nature of traffic and long propagation delays in the ATM networks,
congestion control for ABR service poses more challenging problems than other services, and it
has recently been attractive to a lot of researchers in this areas. In this section, we discuss in

more details of other works that are related to our research work.

1.1.1 Network Modeling

First, we are interested in identifying what modeling techniques have been used for the
design of ABR traffic control and the performance evaluation. Since the exact analysis of flow
networks is often intractable, fluid approximations [44] are used to simplify the complexity of
systems. These are first-order approximation of queuing network whose discrete cell flows are
approximated by continuous fluid-like flows. Continuous approximations can be expected to
perform well whenever individual changes in the state of the network are “infinitesimally” small
relative to the absolute value of the state [6]. This explains why they are widely used in the
short-range analysis of overloaded <queuing system or long-range stability analysis in general.

Under the basic assumptions that all sources share a common buffer in a queue served
according to the FIFO discipline, a variety of first-order fluid models have been used to analyze

the ABR traffic; some of them allow integration of both ABR service traffic and non ABR service



traffic. These models can be classified into:

e stochastic continuous time-delayed fluid model (8], [9] and [45],
e deterministic continuous time-delayed fluid model [44], [45] and [21],

e deterministic discrete time-delayed fluid model with periodic sampling (10], [12] and [13],

and
e deterministic discrete time-delayed fluid model with aperiodic sampling [5].

A Brownian model of traffic was employed in (8] to study the effects of randoms introduced
by guaranteed traffic (e.g. CBR and VBR). In this model, ABR traffic is described as fluids (pro-
cesses with continuous sample paths) which flow into a common shared queue after propagation
delays, and guaranteed traffic (e.g., CBR and VBR) is described as continuous Wiener process.
Then the interaction between the resulting queue process and time-delayed ABR traffic as well
as guaranteed traffic can be described by a stochastic continuous time-delayed fluid model. This
model has been effective in analyzing the asymptotic properties such as long-run utilization of
bandwidth, data loss and queue length, as the switch’s service rate goes to infinity. However,
this model is not appropriate to study the network’s stability and transient behavior due to the
complex behavior of guaranteed traffic.

A pointwise stationary fluid flow model is proposed in [9] and [45] to approximate the mean
behavior of a queue with specified arrival and service distribution. If traffic distribution can
be specified, the queuing behavior can be described by a single nonlinear first-order differential
equation. Clearly, this model is not suitable for control purpose because the distribution of the
guaranteed service traffic can not be specified.

Although the stochastic modeling technique is a good choice for performance evaluation, it

5



has been found that this technique has difficulty in analyzing dynamic behavior of a system and
in designing a traffic control for ABR traffic which is regulated based on the system’s dynamic
states (see [10], [11] and [12]). An alternate way to study and to describe a high speed network
that integrates both guaranteed traffic and best-effort traffic is to use the deterministic fluid
model.

When a queue system is in a heavy-traffic condition (the queue sizes are large compared to
unity and the waiting times are large compared to average service times), the arrival processes
and unfinished work, both discontinuous and stochastic, can be approximated by continuous and
deterministic processes [44]. In [21] and [45], it is shown that under the heavy-traffic condition,
the queue length of a congested node can be approximated by a first-order nonlinear differential
equation. In [11], a continuous-time fluid model was first used to describe the high-speed networks
with long propagation delays. This model describes the queue length of a congested node with
one single VC carrying ABR service traffic. Due to the simplicity, the model proposed in [11] has
now become a base model for studying and verifying the performance for the rate-based control
algorithms such as EFCI and ER [5]. In this model, the propagation between the source and
destination is constant, which implies that no queuing delay is considered.

Since the feedback flow is intrinsically discrete in the high speed networks compared to the
data flow (e.g., single/binary bit type of feedback [2] and explicit type of feedback) [4], the de-
terministic discrete-time fluid model is employed to analyze the feedback controlled network’s
behavior. In general, a discrete-time fluid model can be obtained by discretizing its correspond-
ing continuous-time fluid model. The sampling rate is an important factor in the process of
discretization. It is well known that the sampling rate should be significantly faster than the

dynamics to be regulated in order to avoid sever performance degradation.
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In [10] and [12], a discrete-time fluid model is obtained by discretizing a continuous-time fluid
model with a single VC at the rate of the round-trip delay. This discrete-time model describes
the buffer occupancy occupied by a VC in an interval of the round-trip delay. This model is
very crude since a lot of information would be lost if the round-trip delay is long. Also the
controller designed on this model may produce poor performance since the source responses very
slowly to the change of the buffer occupancy caused by guaranteed traffic. In [13], a discrete-time
fluid model is obtained by discretizing a continuous-time fluid model with multiple VCs, where
each VC may have a different propagation delay. It is assumed that the propagation delays are
multiples of the sampling time. Since the sampling rate used in [13] is faster than that used
in [12], it is demonstrated that better performance can be obtained by using this model. In
[22], a discrete-time fluid model is also obtained by discretizing a continuous-time fluid model
with multiple VCs. While this model describes a switch’s bandwidth behavior instead of buffer

occupancy, similar results are obtained as in [13].

1.1.2 Rate-Based Control

Many approaches to this category of congestion control for ABR traffic in ATM networks
have been developed in the past decade. Typical examples of rate-based congestion control are the
single/binary-bit type schemes which include the forward explicit congestion notification (FECN)
approach and the backward expli;rit congestion notification (BECN) approach [2]. In these
schemes, a periodic-sampling feedback control is used (see [18] and [19]). Due to long propagation
delays, rapid change of source rate may cause network congestion. It has been accepted that

at fixed intervals (i.e., a periodic sampling interval), source rate is proportionally increased or



proportionally decreased to the current cell rate according to network state information stored
in a congestion bit carried by the piggyback packet. These control strategies are well-known and
very effective in conventional packet-switched networks. However, since the propagation delay
is long compared to the transmission time of a data unit in high-speed networks, the network
state information received by the local controller of a virtual connection may be outdated. Thus
the simple proportional increase and decrease scheme may cause the local controllers and the
whole network to operate at an unstable point. This yields the notorious oscillation problem
that greatly degrades the network performance. Also this type of scheme has two other major
problems. One problem is the open-loop unstable problem, which occurs when RM cells are lost
due to heavy congestion in the reverse path, the sources keep on increasing their rate in the
forward path [3]. Another is the beat-down problem which occurs when a VC is going through
more congested links, its data cells will be marked more often than those VCs going through
fewer congested nodes. Consequently, such a VC will have a lower allowed transmission rate than
others [5]. This undesirable effect on VCs is also referred to as the VC starvation problem.

In order to alleviate the problems in the single/binary bit congestion control approaches, an
explicit rate (ER) scheme was developed in [4] and [5]. In this scheme, a distributed algorithm
is carried out in the source nodes, destination nodes and intermediate switches respectively. In
the source nodes, forward RM cells are inserted in the data stream at a certain frequency of
% (i.e., 1 RM cell every M — 1 d:}ta cells). The source rate is regulated according to returned
RM cells. In the switches, RM cells may be modified according to congestion detection, and
to calculation on explicit rate and fair share. In the destination nodes, modified RM cells are
looped back to the source according to some specified procedures. When a source receives the

RM cells, it will regulate its transmission rate based on the explicit rate specified in the RM



cells. It is shown by simulation that properly designed explicit rate schemes can significantly
outperform single/binary-bit type schemes in terms of much reduced buffer size requirement with
much less queuing oscillation and fairness. This advantage is achieved 1) by direct control of
the ABR traffic based on the measured available switch’s bandwidth, 2) by restriction of sources
to transmit a fixed number of cells during two RM cells (i.e., an aperiodic-sampling feedback is
used), and 3) by using per-VC accounting or per-VC queuing technique [19].

The per-VC accounting technique is to use a table indexed by each ABR VC connection to
maintain the accounting information. The information maintained in the table is then applied
to selectively marked VCs so that the switch can dynamically monitor the number of active
VCs and the cell rate of each VC. Thus, reasonably fair allocations of bandwidth for each VC is
possible with this technique. The per-VC queuing technique is to isolate the interaction among
the VCs by having a separate queue for each of VCs. Thus, a complete fair share can be achieved
from this technique.

The major advantage of most proposed single/binary-bit type and explicit-type rate-based
control schemes is their simplicity in implementation. Neither dynamic traffic model is estab-
lished nor round-trip delays and impact of guaranteed traffic are considered. Also the perfor-
mance of these schemes can only been obtained by simulation. A new control approach based on
control-theoretic concepts was first proposed in [10] to stabilize the network without oscillatory
behavior. The advantage of using control theory is that a systematic analysis on the network
dynamic behavior is made possible.

In [10}, a network with one single source node was considered. It was shown that the round
trip delay is measurable via the time stamp technique. Then the network was described by a

second order discrete time fluid model by choosing the sampling time equal to the round trip



delay. Due to the simplicity of this model, a simple control algorithm was also found to maintain
the network’s stability. However, this approach may not be applicable to a network with multiple
source nodes since multiple round trip delays are involved.

The control schemes which can stabilize a network with multiple source nodes were proposed
in {13] and [14]. In the approach of [13], the main controller is placed in the bottleneck switch
and has to calculate the feasible admission rates for each virtual connection before sending these
rates to each source node to throttle its traffic. Since the bottleneck switch may occur anywhere
in the network, this kind of control structure is complicated and may not be easily implemented.
In the approach of [14], a nonlinear control algorithm is proposed to stablize the network with
long propagation delays.

When both VBR traffic and ABR traffic are explicitly taken into account in the system
model, simulation [22] shows that the high frequency in VBR traffic may severely deteriorate the
system'’s stability, especially in the transport of bursty VBR traffic. One approach to alleviate
the oscillation problem due to the bursty nature of VBR traffic is to use a filter to eliminate
high frequency of the VBR traffic. In [22], a linear discrete-time model is established to capture
the switch bandwidth unused by the low frequency component of filtered VBR traffic. All high
frequency traffic is absorbed and smoothed out via limited buffering. An optimal controller is
then designed to stablize the switch’s bandwidth behavior, while the queuing behavior is still
unstable, which implies this approach does not solve the problems caused by long propagation
delays. ‘

Another approach to alleviate the oscillation problem due to the long end-to-end loop delays
is to use the hop-by-hop control algorithms. Recently, hop-by-hop rate-based control algorithms

[32], [33] and [36] have been proposed to reduce the control delay and hence the reaction time
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of a network to the congestion at a switching node. This is achievable due to the assumption
that hop-by-hop propagation delays are usually much less than the end-to-end propagation delay.
Therefore a long end-to-end loop can be segmented to a group of hop-by-hop loops between the
so called virtual source and virtual destination. In [33], the feedback information sent from the
downstream switch is used by the upstream switch to determine the target sending rate for a
single connection. The basic idea is that switches can make control decision to avoid congestion
by predicting the behavior of its downstream switching node at a specific time in the future. It
is shown that, with this hop-by-hop flow control algorithm used, the whole network is stable and
has a better transient behavior comparing with the end-to-end rate-based control algorithms.
However, this control algorithm can only be applied to the network with a symmetric property,
i.e., all neighboring switching nodes have the same distance.

In summary, the rate-based control has been widely recognized as an efficient feedback
mechanism to control ABR traffic in the ATM networks. However, the few control algorithms
that have been proposed to implement this feedback mechanism, have some of the following
weaknesses in general:

e the controllers are open-loop unstable in the sense that the network is unstable if the closed

loop breaks,
e the network is closed-loop unstable (except [10}, [13]),
e queuing delays are ignored,
e the impact of the guaranteed traffic is not considered (except [22]), and

e the robustness analysis is not available, for example, how the controller responses to the

change of delay and traffic load.
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1.2 Motivations and Objectives

The basic problem in the design of traffic control in the communication networks consists in
finding efficient traffic control algorithms. In a slightly loaded network subject to a stationary
load, the problem is simple and mature through conventional approaches, since each switch
can choose a route that best serves its own interests and determine how much traffic can pass
through at any given time (e.g., using the window flow control). However, when the offered traffic
increases the problem become significantly complex since the competition for limited network
resources gives rise to various nonlinear phenomena that can result in deadlocks or overall network
congestion. Also, the procedures that satisfied the QoS of individual users in the slightly loaded
network may provide a poor service for all users within the network when traffic is heavy.

The current rate-based approach specified in TM 4.0 [1] is now widely recognized as an
efficient control mechanism for ABR traffic. However, since this approach is based on intuitive
observation and is in lack of systematical analysis, it still has many problems such as the expected
efficiency. Therefore in this thesis, we shall try to apply control theory to analyze ABR traffic
behavior and to design robust rate-based ABR traffic controllers.

Also in this thesis, we shall use the fluid-flow model described in the chapter 2 to design a
traffic controller that is geographically distributed over the source nodes. Two types of control
schemes are considered:

1) deterministic, continuous-time control, and

2) deterministic, discrete-time control with periodic sampling.

The major objective in this thesis is to design two types of feedback traffic control: (1) a

proportional feedback traffic control, and (2) a proportional and integral feedback traffic control.
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Not only can these controllers stabilize the network, but they also have the following properties:
1. it is robust in the sense that the system’s stability is not sensitive to the change of the
number of active VCs, and the variation of propagation delays, queuing delays and other

processing delays,

2. it is fair to each virtual connection in the sense that each source always tries to catch up

its own allocated transmission rate without interference from other source nodes, and

3. it has a high utilization in the sense that the source can always transmit at the maximum

allowed rate.

1.3 Approaches and Methodology

Due to the limitations of conventional approaches, we shall concentrate on the modeling and
optimization of dynamic traffic flows. The basic model of dynamic traffic flows is the fluid-flow
model which can be either described by a nonlinear differential equation in the continuous time
domain, or a nonlinear difference equation in the discrete time domain. Therefore, the traffic
control algorithm can also be designed either in continuous time domain or in the discrete time
domain. Since the traffic in the ATM networks is discrete in nature, the final traffic control
algorithm should also be represented in discrete.

There are three basic approaches to design a discrete time traffic controller based on the
fluid flow model to achieve the required performance. One is a simulation design. In this
approach, a hueristic controller is first provided by observation and experience, and then refined

by simulation. Since this approach only requires a quite rough description of the system model

13



Continuous time design Continuous time

=
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Fig. 1. Design methodology

and often provides not only simple but efficient control, it is widely used in control design for
communication systems. The single/binary bit type controllers and the explicit type controllers
are the examples of this approach.

The second approach is to design a continuous time controller as the first step, then to
discretize it to arrive at the final discrete time controller. The advantages of this way are that
analog design is natural and well-known and that one could normally expect recovery of the
performance as the sampling rate increases.

The third approach is to discretize the model first and then to perform a discrete time design
to obtain the controller. The advantage of this way is that the effect of sampling is out of the
design phase since its rate is selected a priori. The last two approaches strongly depend on the
sampling rate which is required to be significantly faster than the dynamics to be regulated.

In this thesis, we will explore the above mentioned approaches to design flow controllers
in high-speed networks. We will search for the controllers in the forms of continuous-time and

discrete-time. Since the long propagation delay is a major source that destabilizes the network
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and degrades the performance of controlling ABR traffic, the Lyapunov method and the typical
z-transform method will be used to analyze the network’s stability when the designed controllers
are applied.

In order to evaluate the performance of our traffic control algorithms, we use the MATLAB
tool [54] to carry out the simulation for the traffic controllers based on the discrete-time fluid flow
model, and the OPNET tool [55] to carry out the simulation for the traffic controllers based on
the continuous-time fluid low model. It should be pointed out that we are not going to compare
our simulation results with the results from other types of ABR control algorithms listed in [1],
[2] and [3], because our Master student Kevin Huynh has demonstrated by OPNET that all these

control algorithms are not stable and have the undesirable oscillation behavior {48].

1.4 Contributions

Our main contributions are as follows.
1. We identify two types of fluid models that capture the integration of guaranteed service
traffic and best-effort service traffic. These two models can be applied to describe either
an end-to-end system or a hop-by-hop system in high-speed networks. To the best of our

knowledge, there is no prior work on applying the fluid model to the hop-by-hop networks.

2. We formalize a few desirable properties for ABR traffic control which deal with stability,

fairness, robustness, utilization and bounded buffering.

3. We design the following static/dynamic feedback control algorithms which satisfy the prop-

erties in section 1.2. These control algorithms include:
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e a proportional continuous-time controller which can be applied to the network with

random but bounded delays,

e a proportional and integral continuous-time controller which can be applied to the

network with random but bounded delays, and requires lower buffer size,

e a proportional discrete-time controller which is robust and can response fast to the

load change, and

e a hop-by-hop proportional discrete-time controller which further reduces the response
time to the load change and requires the lower buffer size and less overhead in the

feedback loop.

4. We demonstrate through simulations that our designed control algorithms can achieve the
adaptability and the required performance, which is stable, fair, robust and responsive. All
these control algorithms are distributed and stable with a very simple control structure

compared with the existing control algorithms.

1.5 Organization

This thesis is organized as follows. Section 1 introduces the background and development of ABR
traffic management in ATM switching networks, inciuding the traffic classification and ABR traf-
fic control defined in the ATM forum and other literatures. We discuss how the existing control
algorithms (e.g., BECN and ER) work for ABR traffic and their weaknesses and limitations.

Also in this section, we discuss the our objectives on the design of the congestion controller.
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In Section 2, two types of fluid flow models are proposed in the continuous time and discrete
time domain respectively to describe the queue dynamics of a high-speed network. These models
can be applied to either an end-to-end or a hop-by-hop control. It can be shown later that the
switch’s queuing behavior driven by our controllers based on the fluid model are very accurate
according to the simulation results obtained from the OPNET simulation tool.

In Section 3, through an analysis using the Lyapunov approach in the continuous time
model, two types of end-to-end continuous time controllers are discussed. One is the proportional
controller and the other is the proportional and integral controller. Both are designed to stabilize
a network with variable but bounded round-trip delays in the switching nodes. Simulations on
these two types of controllers are provided and performed on the OPNET simulation tool.

In Section 4 and 5, through an analysis using the z-transform approach in the discrete time
model, a class of discrete time controllers are proposed for either end-to-end or hop-by-hop ABR
traffic control. These controllers are robust and provide fairness and high performance. Simu-
lation results are also provided for each type of controller but are obtained from the MATLAB
tool.

Finally in Section 6, a brief conclusion is given to summerize our results in the ABR traffic

control.
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1.6.1 Notations:

Unless otherwise specified, the following notations will pertain to the remainder of the thesis.

A. Notations Used in Continuous and Discrete Time Models

d(n)

€;

qi(t)
z(n)
z(t)

the number of cells flowing to the switch from uncontrolled traffic
in [»T,(n +1)T)

an on/off function

the ith source rate at time ¢

buffer occupancy at time ¢t = nT

buffer occupancy at time ¢

buffer threshold

difference between z and z¢

local control function for source ¢ at time t = nT
uncontrolled source rate at time ¢

Banach space of continuous time functions

buffer size

the number of active virtual connections to be controlled

the maximum number of virtual connections to be controlled
the number of output buffers in a switching node
n-dimensional linear space

saturation function

sampling time

Lyponov function

the z-transform of z(n)

the number of cells to be transmitted by the ith source in [nT,(n + 1)T)
stability factor

the number of cells emitted from the switch in the interval of T
the maximum transmission rate assigned to the ith source

the minimum transmission rate assigned to the ith source
service data rate of the switch

service rate available to the controlled traffic at time ¢t = nT
service rate available to the controlled traffic at time ¢

uniform delay normalized with respect to T

total delay for the :th VC

normalized feedforward delay from the ith source to the switch
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To; normalized feedback delay from the switch to the ith source

T path delay from the ith source to the switch
To; path delay from the switch to the ith source

N7, aset of integers corresponding to active VCs over 7;
7; an interval [t;,t;+1), where the number of VCs is changed at the point ¢;

B. Notations Used in Hop-by-Hop Models

di(n)
d;(n)
jle
gi,i+1(t)
g;i(t)
ui(n)
uji(n)
wi(t)
wi(t)

the number of uncontrolled packets flowing to VP switch ¢ in [»T, (n + 1)T)
the number of uncontrolled packets leaving VP switch ¢ in [rT,(n + 1)T')
the external node j that is linked to VP switch

the controlled transmission rate from VP switch i to VP switch (i + 1)

the controlled transmission rate from external node j|i to VP switch ¢

local control function for VP switch

local control function for external node j|i

uncontrolled traffic rate to VP switch @

uncontrolled traffic rate out of VP switch :

buffer occupancy of VP switch i at time ¢ = nT

buffer occupancy of VP switch ¢ at time ¢

the number of intermediate VP switches along a VP connection

the last congested switch along the VP

buffer size of VP switch ¢

the number of active external VCs going to VP switch 2

the number of active VCs carried by the link between VP switch (¢ — 1) and
VP switch :

the maximum number of VCs allowed to enter VP switch

stability factor of loop @

a parameter to adjust the feedback gain

the maximum number of packets emitted out of VP switch 1

the maximum number of packets emitted from VP switch ¢ to VP switch (i + 1)
in the interval of T

the number of packets to be transmitted from VP switch ¢ to VP switch (i + 1)
in [nT,(n +1)T)
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pi(n)
Hji

the number of packets emitted from VP switch ¢ in the interval of T

the maximum number of packets emitted from the external VC j to VP switch
the maximum number of packets allowed to transmit from VP (i — 1) switch to
VP switch @

allowed service data rate of VP switch @

maximum service data rate of VP switch :

the maximum link transmission rate from VP switch ¢ to VP switch (i+1)
the maximum link transmission rate from the external VC j to VP switch ¢
the ith one-hop loop delay between VP switch (i — 1) and VP switch @

an integer greater than 7; and 7}, = 1,2,--, L

a design parameter satisfying 7 + i = Taz

normalized feedforward delay from VP switch (¢ — 1) to VP switch @
normalized feedback delay from VP switch i to VP switch (i — 1)

link delay from VP switch (¢ — 1) to the VP switch 1

link delay from VP switch i to VP switch (i — 1)

the ith one-hop loop delay between VP switch ¢ and its external node j|t

a design parameter satisfying 7 + T = Thas

normalized feedforward delay from the external node jli to VP switch @
normalized feedback delay from VP switch i to the external node jli

link delay from external node j|i to VP switch

link delay from VP switch : to external node j|i
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Chapter 2

Network Modeling and Assumptions

We first want to present in this section the network operations which provide the common
descriptions and assumptions of the network we are going to investigate. We then use the fluid

flow modeling technique to build the network models based on our assumptions.

2.1 Network Operations and Modeling

A data communication network is typically composed of a number of geographically dis-
tributed source/destination nodes (see Fig. 2). Cells generated at a source node are delivered
to their destination through a sequence of intermediate nodes. Figure 3 shows an example of an
intermediate node which is an ¥ x N output buffered ATM switch that can route cells from a
set of incoming links to a set of outgoing links.

It is assumed that the source can transmit a RM (Resource Management) cell at every
sampling time T'. This cell goes through all the intermediate switching nodes to its destination,
and then it is sent back by the destination node to the originating source. The RM cell carries

three values: the buffer occupancy in a switching node, a time stamp and the number of active
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controlled VCs M in the switch. The buffer occupancy is used for the rate-based controller to
allocate bandwidth for the source. Initially, the value of the buffer occupancy is zero, and this
value will be replaced if a switching node has a larger value of buffer occupancy.

To model the traffic flowing through an intermediate node would therefore depend on the
number of source-destination pairs that are routed through the node, and the rates at which the
sources introduce cells into the network.

Our proposed traffic controllers are geographically distributed over the source nodes. Each
source node has its own local controller. Based on the feedback information on the buffer oc-
cupancy in the bottleneck switch, the local controller calculates the maximum rate at which a
source can transmit data to the network. Two types of control schemes are considered:

1) deterministic, continuous-time control, and

2) deterministic, discrete-time control with periodic sampling.

Unlike the control scheme in [13], our control schemes don’t need to place a main controller
in the bottleneck switch to accomplish the calculation of traffic rates for all sources. Also unlike
the single/binary bit type control schemes discussed in {2} and the explicit type control schemes
discussed in [5], the local controllers in our control scheme are open-loop stable which is an
important consideration for system stability, e.g., when VC links are broken.

There are two types of fluid models for the implementation of ABR traffic controllers:

1. end-to-end model, which is suitable for homogeneous environment, e.g., single network

administration, and for small size of network,

2. hop-by-hop model, which describes the traffic flow between two neighboring switches and

provides the most tight structure to achieve the most effective control.
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In the thesis, the end-to-end network modeling and hop-by-hop network modeling are con-
sidered. All of our proposed traffic controllers are designed based on the fluid model. It will
demonstrate that the queuing dynamics controlled by the proposed controllers based on the fluid

model are very accurate to the simulation results obtained from the OPNET simulation tool [55].

2.2 End-to-End Fluid Modeling

Figure 4 represents the model to be considered here, which captures the essential dynamic
behavior of an ATM network depicted in Figures 2 and 3.

In Figure 4, the switching node accumulates multiple virtual connections (VC). This switch-
ing node may be any one of the intermediate switching nodes whenever it has the largest value
of buffer occupancy. The number of controlled VCs which go through the switching node is
assumed to be equal to the number of active source nodes to be controlled, and this number
may vary with time ¢t. The maximum number of virtual connections allowed through the node
is assumed to be N. The switching node has a finite buffer space K to store the incoming cells,

and its output link has a varying data rate v,(t).

2.2.1 Continuous Time Model

Assume that there are L intermediate switching nodes between a pair of source and desti-
nation. Let z;(¢) be the buffer occupancy in switching node /, and ‘rj‘ be the delay between node

[ and node j, where the source is node 0, the destination is node L + 1. Then when the the RM
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cell arrives at the destination node, it contains the following value:
z(t) = max{z(t — ), 1=1,2,---,L}.

The time stamp records the time when the RM cell finds a switch which has the buffer occupancy
z(t).

There are two kinds of delays for VC’s: 7y; is the path delay from the ith source node to
the switching node and 7); is the path delay from the switching node to the ith source node.
There are two kinds of traffic: 1) uncontrolled traffic (e.g., guaranteed service traffic), which is
not throttled at the source node as long as it conforms to specifications, and 2) controlled traffic
(e.g., best-effort service traffic), which can only be transmitted when there is no congestion
in the network. The congestion can be measured by the difference between buffer occupancy
and specified buffer threshold. Let v be the switch’s service bandwidth and w(t) be the total

uncontrolled traffic rate, then the service rate available to the controlled traffic is given by

va(t) =v —w(t). (2.1)
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Also let g;(t) be the controlled traffic rate from the ith source. ¢;(¢) will be regulated based on

buffer occupancy z(t) which is sent to the controlled source nodes every T seconds. Finally we

assume that the service to the controlled traffic is FCFS and the cell length is constant.
According to the modeling assumptions, the buffer occupancy of a switching node can be

described by a non-linear, time-variant, and integral equation with path delays (see [13] and [19)])

2(t) = Satx{ ‘ ge,-(s — ri)a(s — ) — uA(s)] ds} (2:2)
where K is the buffer size, z(t) is the buffer occupancy, and
' K z>K
Satg{z} =4 z 0<z<K
| 0 z<0

1 the ith source node is active
e; =

0 otherwise.

In the system described by (2.2), the ith active source node can only measure the buffer
occupancy z(t) after a path delay 7,;. It implies that if the feedback control is employed, the sys-
tem has to include input functions involving the round trip delays 7; := r; + 7;, i = 1,2,---, N.

Let u;(t) = qi(t + 75;), then equation (2.2) can be rewritten as

e [NV , s
z(t) = Satx{/(; [Z et — nui(s —7;) — uA(s)] ds} . (2.3)

i=1

In comparison with conventional fluid models for a switch network, the most important features
added to our models are that 1) both best-effort service traffic and guaranteed service traffic are
integrated into the switch’s fluid model, and 2) the number of active VCs can be changed over
time as the factors e; are time-variant. We shall formulate in the following a controller for the

buffer occupancy due to these unpredictable traffic streams.
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2.2.2 Discrete Time Model with Periodic Sampling

In this model, we assume that the switching node sends information to the source nodes
every T seconds, and that path delay factors 7,;/T can be decomposed as 7; + v;/T, where
71 is an integral multiple of T and is called the feedforward delay from the source node to the
bottleneck node, and 0 < v; < T, = 1,2,---, N. Then the change of buffer occupancy of the

switching node in Fig. 4 is given by the following discrete-time expression (see [13]):

N - -
z(n+1) = Satg{z(n) + D_eln — 1 — T’)/\g(n i ?') —pa(n)} (2.4)

=]

where \;(n) = /n (_:“)T u;(t)dt denote the numbers of cells flowing into the network from the zth
VC during the the nth interval of T, and pa(n) = Tva(nT) denotes the number of controlled
cells emitted from the switching node during the the nth interval of T'.

Remark 2.2.1 Although the equation (2.2) cannot be directly discretized into Equ. (2.4), we
can obtain Equ. (2.4) by discretizing Equ. (2.2) without saturation first, and then by adding

saturation to the discretized equation.

(n+1)T
Let 4 = Tv and let d(n) = / r w(t)dt denote the numbers of cells flowing into the
switch from the uncontrolled traffic during the the nth interval of T'. Then the service bandwidth

available to the controlled traffic is expressed by

pa(n) =p—d(n). (2.5)
In the following, we consider the case where the path delay y; is a multipleof T, i.e., 7 =0,

i =1,2,---,N. This is reasonable because we can always add a small delay to the path delay

by holding the cells at source nodes. The buffer equation given in (2.4) can then be rewritten as

N
z(n + 1) = Satg{z(n) + Ee.-(n — 1) Ai(n — 1) — pa(n)} (2.6)

=1
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We similarly assume that the path delay ‘ré,- is a multipleof T, i.e., 1’;,- =74T,t=1,2,---,N.
The integer 7; is then called the feedback delay from the bottleneck node to the source node.
Define

ui(n) = ’\i(n + 1’2,-) - ”:."“

where y™* is the maximum number of cells the ith source node is allowed to transmit the data
into the network in an interval T'.

N
Let ia(n) = pa(n) — 3 efn — m;)pu***. We then have from (2.4),

=1

N
z(n +1) = Satg{z(n) + Y_ ei(n — i)ui(n — =) — pa(n)}, (2.7)

=1

where 7; := 1; + T9; is called the total delay for the ith VC.

2.3 Hop-by-Hop Fluid Modelling

Using the concept the virtual source and virtual destination [36], we can segment an end-

to-end controlled network to a hop-by-hop controlled network.

2.3.1 Continuous Time Model

We only model a single virtual path (see Figure 5) that goes through a sequence of interme-
diate VP switching nodes to a destination node. All traffic from the source nodes which join to
any VP switching node in the virtual path will go along this virtual path to the same destination.

It is not required that uncontrolled traffic goes through this virtual path to the end. Each VP
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switching node has a finite buffer space K; to store the incoming packets and a service capacity
of v;, where v; is constant. There are two kinds of propagation delays between two VP switching

nodes: 7,_, ; is the link delay from VP switch (i — 1) to VP switch 7, and 7;

q—

; is the link delay
from VP switch i to VP switch (z — 1).

Besides VP links between the VP switches, each VP switch also accepts controlled traffic from
external nodes(e.g., the other intermediate VP switches or terminals). There are two kinds of

’

propagation delays between external source nodes and a VP switching node: ;;, 5y = 1,2,---, L;,

is the link delay from the external node j|i to VP switch ¢, and r,fj, j=12,---,L; is the link
delay from VP switch i to the external node jl:.

For each VP switch i, let z;(t) be the buffer occupancy. Let w;(t) be the rate of incoming
uncontrolled traffic, w;(t) be the rate of outgoing uncontrolled traffic to switches other than VP

switch (i + 1), and Aw;(t) be the rate of outgoing uncontrolled traffic to VP switch (i + 1).
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Let ¢;(t) be the rate of outgoing controlled traffic. The value of ¢;_;(t) is regulated based on
buffer occupancy z;(t), which is send back to VP switch (¢ — 1) every T seconds. Furthermore,
we assume that the service is FCFS, and the uncontrolled traffic w;(¢) and Aw;(¢) have higher
service priority.

Let v; denote the node capacity of VP switch ¢, which is the maximal allowed rate at which
the switch can serve the traffic. Let v7 denote the link capacity of VP switch ¢, which is the
maximum link rate at which VP switch i can transmit traffic to VP switch (i + 1). It is clear
that »7 < v; since only a portion of total service rate may be allocated to serve the uncontrolled

traffic. Two types of congestion may occur in a VP switch.

1) Node congestion:

Sat,e{q:(t) + Awi(t)} + wi(t) > v, i=1,2,---, H, (2.8)

This implies that the capacity of switch i is exhausted by the egress traffic ¢; + Aw; to the
down-stream VP switch (i + 1), and the egress traffic w;.
2) Link congestion:

q:(t) + Awi(t) > v, i=1,2,---,H, (2.9)

where H is the number of VP switqhes in a virtual path. In this case, the capacity of the link to
the down-stream VP switch (z + 1) is exhausted.

A VP switch is called node-congested if node congestion (type 1) occurs only. A VP switch
is called link-congested if link congestion (type 2) occurs only. A VP switch is called congestion

free if it is not node-congested nor link-congested. Note that a VP switch may be both node-
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and link- congested, in which case, we simply refer to it as a congested switch.

The following definitions are needed when we discuss the network’s steady state behavior.
A VP switch is called persistently node-congested if it is node-congested as ¢ — co. A VP switch
is called persistently link-congested if it is link-congested as ¢ — oco.

Now consider that if there are some VP switches which are link-congested, we assume that
VP switch I is the last one which is link-congested along the virtual path. Then, according to
the modeling assumptions, the dynamics of the ith VP switch in a virtual path can be described

by a non-linear, time-invariant and delay-input integral equations:

I,'(t)

t L, , ,
Satl\'.{/o [q;-l(s - Txf-l,i) + Z:l‘b'i(s - "’ji) + wi(s) + Aw;_1(s — Ti-l,i) - ”-'(3)] ds},

Sat, {Sat,.{q:(t) + Awi(t)} +wi(t)}, i=1,2,---,I-1,
Ug(t)

Sat, {vi +wi(t)}, i=1
(2.10)

where gqo(t) = 0, and v;(t) is traffic flow leaving VP switch i,

K.' I,’>K.'

Satg, {z:} = \z: 0<z;<LK;

LO 1‘.‘<0

2.3.2 Discrete Time Model with Periodic Sampling

Assume that the VP switching node sends information to the upstream nodes every T

seconds. Also assume that the link delay factors ‘r,f.",./ T can be decomposed as 7;_; + %/T,

32



where 0 < 7 < T,t = 1,2,---,1, and that the link delay factor r},-/T can be decomposed as
15 + 7i/T, 7 = 1,2,---L;. Then the change of buffer occupancy of the switch node can be

discretized in the form

A L -
zi(n+1) = Satg,{zi(n)+rici(n — Timy; + %}) + 2 Aji(n = 15 — %)

i=1
+di(n) + Adi_1(n — Tj — %) - pi(n)},
(2.11)

) Sat,{Satr; {Ai(n) + Adi(n)} +di(n)}, i=1,2,---,1—1,
A - Satr {T7+d;(n)}, i=1I

where, during the the nth interval of T, A;_1(n) = /n (:H)T gi-1(t)dt denotes the number of
controlled packets transmitted from VP switch (i — 1) to VP switch i, where Ag(n) = 0, Aji(n) =
/n (:“)T q;i(t)dt denotes the number of controlled packets transmitted from external node j |z to
VP switch ¢, di(n) = /n (:H)T w;(t)dt denotes the number of uncontrolled packets flowing into
VP switch i, d;(n) = /':H)T w,(t)dt and Adi(n) = /::“)T Aw;(t)dt denote the numbers of
uncontrolled packets leaving VP switch i, and pi(n) = /n :HW vi(t)dt denotes the number of
packets emitted from VP switch i. I'; and [’} are the upper bounds for the node capacity and
the link capacity respectively.

For the link between VP switch (¢ — 1) to VP switch i, we consider the case where the link
delay is the multiple of T, i.e., 4; = 0. Otherwise, we can always add a small delay to the link
delay such that it is the multiple of T. Then Ti—1, is called the feedforward delay normalized
with T. Let 7; = T;_; + T -1, Where 7; ;_;, called the feedback delay normalized with T, is also
assumed to be integer. Let u;_1(n) = A\i—1(n+Tii=1) — pi—1, where p;_; := {i pi is the maximum

k=1
number of controlled packets allowed for VP (i — 1) switch to transmit the data into VP switch
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i, and pi is the maximum number of controlled packets allowed for the kth VC carried in VP
switch (i — 1), in the interval of T'.

For the external links to VP switch , let 7; = 75 + 7ij, and 7;; is the normalized feedback
delay from VP switch ¢ to the external node jli, j = 1,2,--- L;, and let uj; = Aji(n + 75) — pjiy
where p;; is the maximum number of controlled packets allowed for the external VC j to transmit

the data into the VP switch ¢ in the interval of T. We then have

L
zi(n+1) = Satg{zin)+ui1(n—-7)+ Z uji(n — -rJ') +di(n) + Ad;_(n — 7)) — p:(n)},

i=1

n) Satr,{Satr; {Ai(n) + Adi(n)} + di(n)}, i=1,2,---,1—1
pi(n =
Satr {T;+d;(n)}, =1

(2.12)
L.
where ug(n) = 0, and fi(n) = pin) — piet — 2_ Hji-
i=l1

2.4 Concluding Remarks

In this chapter, the fluid flow modeling technique is used to build the mathematical model
for the high-speed networks. The model, defined either in the continuous-time domain or in the
discrete-time domain, describes the queuing behavior associated with traffic rates in the source
nodes, intermediate switching nodes and destination nodes. The propagation delays play an
important role in the model and will be a major concern on the design of traffic control in the
following sections.

In the following chapters, we will apply the network models to develop our traffic controllers.
In order to investigate the stability of the networks provided in this chapter, it has been shown

in [10] and [13] that it is sufficient to study the locally asymptotical stability properties of the

34



system by removing the saturation nonlinearities posed on the network models and the controller.
The reason is that
1. a rigorous proof of stability of the system using Liapunov’s second approach [46] may be

possible, but the gain from the analysis is slight, and

2. these nonlinearities will not be activated for small deviations around network’s operating

point.

Thus in the following chapters, we only study the system’s stability of linear-time networks
with linear-time traffic controllers applied. Our simulation experiments, however, are conducted
with finite buffer size K. As one shall see, the results of our simulations in turn support and

confirm the feasibility of this important assumption.

35



Chapter 3

End-to-End Continuous-Time Control

In this chapter, we use the Lyapunov theory to design continuous-time controllers to control
ABR service traffic based on the continuous-time fluid model described by Equ. (2.3). In section
3.1, a preliminary lemma is introduced to provide the sufficient conditions that a differential
equation with a bounded delay is asymptotically stable. This result will then be used in section
3.2 and 3.3 for our development on the congestion control of the high-speed network with variable

long delays.

3.1 Preliminaries

Let R™ denote an n-dimensional linear vector space over the reals with Euclid norm {] - .
Let C, = C([0,7], R*) be the Banach space of continuous functions mapping the interval [0, r]
into R™ with the topology of uniform convergence. For given f € Ch, define IF&, N, ==
SuPp<ocr |1 f(t — O)|]. Let R = (—oo, o), R* = [0,00). The following result is important to our

following development.
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Consider a time-delayed differential equation:
z(t) = f(t,z(t —0)), t>toand 8 € [0,r]

3.1
z(to — 0) = ¥(h), 0elo,r].

where 1(0) € R™ is a given function of §.
Lemma 3.1.1 (/81] and [{7]) Suppose u,v,w : Rt — R* are continuous, strictly monotonous
increasing functions, u(s), v(s), and w(s) are positive for s > 0, and u(0) = v(0) = 0. If there

ts continuous function V : R x R* — R% such that

u(llzll) < V(t,z) < o(llzll), t€ R,zeR” (3-2)

2. for any g € R,

V(t,z) < —w(ll=(®)l]) (3.3)
if there is a continuous nondecreasing function p(s) > s for s > 0 (see [{7]),
V(t—0,z(t — 0)) < p(V(t,z(t))), 0 €[0,r],t=>¢tg (3.4)
or if there ezists a constant a > 1 (see [31]),
llz(t, 0|l < ellz(®), t=to, (3.5)

then the zero solution of (3.1) is uniformly asymptotically stable. If u(s) — oo as s — oo,

then the zeros solution of (3.1) is also uniformly asymptotically stable in the large.

3.2 Proportional Feedback Control

Now we can use the result in the previous section to study a congestion controller that can
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stablize the network with bounded variable propagation, queuing or processing delays.

Let #(t) = z(t) — zo, where x(t) is the buffer occupancy at time ¢, and zg is the buffer
threshold that indicates the congestion level. Without consideration of the saturation imposed
on the buffer occupancy equation (2.3), the dynamics of the buffer occupancy can be described

by a linear continuous-time differential fluid model:

N
i) =3 et — nuilt — ) + w(t) —v (3.6)

i=l
where 7; is the round trip delay between the source : and its destination. When this delay

includes the queuing delay, it would be the function of time ¢, i.e.,

T, =T(t) .

Since we use RM cells to measure the propagation delays encountered between source nodes and
destination node, and the RM cells has the highest priority of service, we then assume that T; is

bounded by a positive constant k;. This implies that
0<r(t)<hi, t=0. (3.7)

Consequently, it is reasonable to assume that the propagation delays are approximately
measurable and bounded. In order to shorten the length of equations, we shall use 7; to denote
7;(t) in the following development.

3.2.1 Controller Design and Stability Analysis

Without consideration of saturation on (3.6), we obtain

N
2(t) = et — muilt — ) +w(t) — v . (3.8)

=1
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Define a proportional continuous-time controller:
ui(t) = p** — kizg(t), 1=1,2,---,N, (3.9)

where u™°* is the peak cell rate allowed at source i, and k; is constant. Therefore the transmission

rate at source 2 is given by
¢i(t) = p™** — kilz(t — Téi) -z, i=12,---,N. (3.10)
Substituting (3.9) into the system (3.6) results in the following closed-loop system
. N ' ' N ’
2(t) = =Y kiei(t = m)E(t — 7)) + ) et — )l +w(t) —v . (3.11)
i=1 i=1

By a straightforward calculation, we have

N N t . N
B = -~ kiedt = ri)E(t) + 3 ket = 7o) [ Ho)ds + 3 et = muP +wlt) = v
i=1 t=m i=1

i=1

I ) N e N ) ,
= =) ket —7)E(t) + S kiei(t — T“)/z ) [— Y kjei(s — 7y;)E(s — ;)
=1 i=1 - j=1

N N
d_ejls = 1)uy " +w(s) — V] ds + Y et — m,)ul*" +w(t) —v .
=1

i=1

(3.12)

Let

N o N ) N ,
w(t) ==Y kiei(t — rh-)/‘ Do ei(s — 1 w7 + w(s) — vids + D ei(t — 1 )p + w(t) —v.

i=1 —T j=1 i=1

Then Eq. (3.12) becomes

) N ) N [~ R ' ,
2(t) = - Z_; kiei(t —7y,)2(t) — ; kiei(t — ;) ['z_; k; _/‘_r_. ej(s — 1y;)2(s — Tj)] ds +1i(t). (3.13)

When we consider the asymptotical stability of the system (3.13), we can remove the exterior

disturbance term (t) from the system (3.13). Thus we have the following result:
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Theorem 3.2.1 The closed-loop system (3.13) with w(t) = 0 is uniformly asymptotically stable

in the large if

where hpge := maz{h;, :=1,2,---

Proof. Define a quadratic Lyapunov function:

k;>0, 1=1,2, ',N,
N (3.14)
2 k)’ < "1_’
i=1 az
,N}.
- | O
V(@) = 5#(2). (3.15)

By the time derivative of V(£(t)) along the trajectories of (3.12), we have

V(#(t)) = #(t)z(t)

= —z(t){z kie;(t — rl,):t(t) + z kie:(t — Tu)_/ l;z kjej(s — 'rlJ):c(s )] ds}

= - [E k,-e,-(t Th)]
=1

From (3.7), we have

£2(t) + () 3 kves(t = 7}) [,

=]

[Z:l kjei(s — le):i:(s - r]')] ds.

N , ¢ N , ,
|£(¢) Z kiei(t — 7'1.')[ . [.Zl kjei(s — le)-'i(s - Tj)] ds|
i=1 =% |j=

N
<Y lkiles(t —

l—l

N
ut) Zl k317 lles(t: Ol 2 oo 112(2, Ol 122

< E hilkiles(t — 7y;) Z Ik lles (2, I,z 4o 1122, O), 4.: |2CE)I-

i=1

Let Tmer := max{r; +r}, i,7 =1,2,---

,N}. Suppose that there exists a positive constant a

such that |[£(2, 0)|]r... < a|Z(¢)]. Then we have

V(E(1) <

=1

N
< - Zkiei(t —Th

i=1

= —BEXt)

N
- Zkfel(t - Tll

)| #%() + E hilkiles(t — 71,)] Z &5llle; (2, O)llrmac l12(2, 0)l|rmes [2(2)I

t-l j=1

£(t) +a E hilkiks|e:(t — T1)2%(t)

=1
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where

N N )
=) [k,- —ah; Y Ikikjl] ei(t —7y;)-

i=1 Jj=1

If the condition (3.14) holds, then there exists a sufficient small number € such that

N
ki—(1+€)h; Y kkj>0, i=1,2,---,N.
=1

Let a = 1+e¢. Then a > 1, and 8 > 0 for all ¢. Thus it follows Lemma 3.1.1 that the closed-loop

system is uniformly asymptotically stable in the large. 9
Remark 3.2.1 (Fairness) By choosing

ky=ky=---=ky =k,
where

1

< Nho

then the fairness is achieved in the sense that each source has the same feedback gain.

Also by choosing

gl (1 — a)
z

k; =

s

where a is a constant which should be selected such that the conditions 3.2.1 are satisfied, we

then have
uy(t) = uo(t) = --- = un(t).

Thus, the fairness is achieved in the sense that each source shares the same bandwidth available

tn the switching node.

Now consider the steady behavior of the network (3.8) controlled by (3.9). Let z,, uis, ¢is
and w, be the steady state values corresponding to z(t), ui(t), ¢:(t) and w(t) respectively as

41



t — oco. We then have

N N
=Y kiei[zs — zo] + D €= +w, — v =0.

=1 =1
So,

N
Y eip™ +w,—v
z, = 2o + =L (3.16)

N
D kieis

i=1

N
If we have Y e;,u** + w, = v, then we obtain zero deviation of queue length from its

=1

threshold z, i.e.,

3.2.2 Implementation of the Proportional Controller

Since the controller (3.10) only depends on the difference between queue length z(¢t) and the
threshold z in the congested node, this controller can be distributely implemented in the source
nodes.

The resource management (RM) cells are used to carry the differential value between the
queue length measured in the switch and the buffer threshold zo defined in the switch. The RM
cells are generated in sources with zero queue length every M, data cells. Then RM cells go
through all the switches in the connection to the destination. The value of queue length in the
RM cells is updated if the real differential value of queue length with its threshold in the switch
is larger than that value in the RM cells. The destination will broadcast the RM cells to the
sources after it receives every M, data cells. Finally when the source receives the feedback RM

cells, it uses to the control algorithm given by (3.10) to adjust the data transmission rate.
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Also in order to smooth the fluctuation in the queue, a filter is used in each source:
z(t) + aZ(t) = z(t),

where a > 0 is a positive constant, and Z(t) is the output of the filter, which is used as the
measured queue length in the controller (3.10).

3.2.3 Simulation on the Proportional Controller

We use the OPNET tool to perform the simulation on the model described by (5.1) with the
proportional controller given in (3.10). Since our traffic controller aims to regulate the source
rates over time, we are particularly interested in analyzing both the transient and steady behav-
iors of the network. Transient behaviors such as the duration of response time, the maximum
transient queue length, and the deviation of the queue length from the threshold are usually the
main interests in performance analysis.

First we focus on the traffic control of a switch with a single source node. This will show us
how the source responds to the congestion in the switch and regulates its transmission rate and
how it can catch up the bandwidth unused in the switch. We then perform the simulation on
the control of a switch with multiple sources. We can see how the source nodes independently
regulate their rates according to the queue length information sent back from the destination
and fairly share the bandwidth in the switch.

A. Single Source Node

For the simulation on the traffic control of single source depicted in Fig. 6, it is assumed
that the service rate of the switch is 200Kbps, the minimum transmission rate p™" of the
source is 20K bps, and the maximum transmission rate g™ of the source is 200Kbps. Also it

is assumed that the uncontrolled source generates the traffic data with a constant transmission
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Uncontrolled source

Source Switch Destination

Fig. 6. A network with single source node

rate of 100K bps. The threshold zy for the queue in the switch is 150 cells.

Case 1. 7, = 1, = 0.0lsec and k = 10.

In this case, the static round-trip delay is 0.02 sec. If the bound of the round-trip delay
hmaz = 0.08sec, it follows from Theorem 3.2.1 that the network is asymptotically stable, if the
feedback gain is k < i = 12.5. Figure 8 shows that the source rate and queue length is stable
and have no oscillation when using k£ = 10.

It can be seen from Figure 8 that the steady value of queue length is about 173 cells which

is similar to the value from Equation (3.16):

“maz_’_w’_”

r, = zgo+

k
..  (200Kbps + 100K bps — 200K bps) /424
= 150+
10
= 173.58(cells).

Also from Figure 8, we can observe that when the uncontrolled traffic lows into the switch
at t = 0.5 sec, the queue length accumulates linearly. As the queue length reaches the threshold
zg = 150 cells, it takes 0.01 second delay for the source to make response. The source controller
reduces the transmission rate quickly till the queue length reaches a new level z, = 173.58 cells.
This responsive transient time is about 0.2 second.

Case 2. 7, = 1} = 0.08sec and k = 10.



In this case, the static round-trip delay is 0.16 sec. Since k > 0_116’ it follows from Theorem
3.2.1 that the network may not be asymptotically stable. It is shown in Figure 9 that the source
rate and queue length are both unstable with oscillation.

B. Multiple Source Nodes

For the simulation on the traffic control of multiple sources depicted in Fig. 7, it is assumed
that the service rate of the switch is 2Gbps, all the traffic data are routed to one destination,
and the uncontrolled source generates the periodic on/off traffic with the minimum transmission
rate zero and the maximum transmission rate 1 Gpbs. The threshold zo for the queue in the

switch is 150 cells. The Table 1 gives the attributes of sources and links.

Source i || uf" (Mbps) | p*= (Mbps) | 7i; (msec) | 7); (msec)
1 150 550 ) 5
2 | 100 500 5 5
3 100 450 9 9
4 100 400 9 9
3 100 350 9 9

Table 1.The parameters for source nodes and links

According to Table 1, the maximum static round-trip delay is 0.018 second. Now we set
the upper bound of round-trip delay is 0.019 second. By choosing the feedback gain &; = 10,

t =1,2,3,4,5, we have that

5 1
2 k=50< gog

It then follows from Theorem 3.2.1 that the network is asymptotically stable.

Figure 11 demonstrates how the sources respond to the change of the periodic uncontrolled
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Fig. 7. A Network with Multiple Source Nodes

traffic depicted in Figure 10. The uncontrolled traffic is used to congest the switch. Figure 10
confirms that the queue length is piecewise stable.

It can be seen from Figure 11 that each local controller can respond quickly to decrease its
rate when the uncontrolled traffic rate jumps up to the maximum rate, and to increase its rate
when uncontrolled traffic rate jumps down to the minimum rate.

It can also be seen that the fairness is achieved because each source reduces its rate by 2.5
when the uncontrolled traffic increases to cause the switch congested, and each source increases

its rate by 2.5 when the uncontrolled traffic reduce its rate.
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3.3 Proportional and Integral Control

It can be observed from Eqn. 3.16 that the steady value of queue length z, is often greater
that the specified threshold value zo. Also this deviation of queue length from its threshold
increases as the uncontrolled traffic rate increases. Therefore it is desirable to design a traffic
controller which can achieve zero queue deviation.

Using the same idea as presented in the previous section, we can design a proportional and

integral traffic controller by adding an integral element to the pure proportional controller:

wi(t) = W = Eped(t) + ks [ #(s)d (3.17)
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to stabilize the network given by

E(t) = f: ei(t — . )ui(t — 1) + w(t) — v, (3.18)
=l

where k,; and kr; are the parameters to be determined.

The controller (3.17) can also be described in the following form:

£t) = —ln(t),
(3.19)
ui(t) = p*" — kpid(t) — krif(t),
where ,-C[,' = k,,'l[,'.
Therefore, the transmission rate ¢;(t) at source ¢ is determined by
Et) = =l z(t — 75;) — Zo),
I [ 2 O] (3.20)
a(t) = pl — kpilz(t — m5;) — zo] — Frb(t).
Let
£ 00 1 ]
n= ’ ‘\i= ’ E0= [} [‘i=—[kpi kh']'
§ 0 Iy 0
Then by substituting the controller (3.19) to the network given by (3.18), we have
N
n(t) = —Aen(t)+ Z ei(t — ;) Eoui(t — ;) + Eo(w(t) — v), (3.21)
i=1l .21

ui(t) = pl** - i"(t)7 i=1721"”N'
Let

N ’
pme(8) = 3 et — 7 )ule

i=1
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then by a straightforward calculation, we have

N
() = —Am(t) =Y et — 7i.)EoKin(t — 7.) + Eo(p™ = (t) + w(t) — v)

=1

N ) N , t
= —(Ai+ Y et = T)BKn(t) + 3 et — ) EoK: [, vi(s)ds+

=1 i=1

Eo(u™=(2) + w(t) = v)

N , N , t
= —(Ai+ et — 1) EoKin(t) — Y ei(t — 1) EoK; ‘/‘_r( [Ain(s)+

=1 =1
N
; ej(s — r;j)EoK,-q(s - r;) — Eo(u™**(s) + w(s) — v)]ds + Eo(p™**(t) + w(t) — v).
" (3.22)

Let

N t
w(t) =) et — r;,-)EoK.-/ , Eo[p™*(s) + w(s) — v]ds + Eo(p™**(t) + w(t) — v).
i+1 t=7

Then Eq. (3.22) becomes

N , N . t
B(t) = —(Mi+ Y et — ) EoKin(t) = 3_ et — "u)EoKi/ , [Ain(s)+
i=1 i=1 t-n
N (3.23)
z ej(s — T{J-)E'onn(s - rj)]ds + w(t).
Jj=1
Define a quadratic Lyapunov function:
V(n) = 27 (t)n(e). (3.24)

By the time derivative of V(5(t)) along the trajectories of (3.23) with the assumption of w(t) = 0,

we have

V(n(t)) = o7 (e)it) + 77 (e)i(t)

N
- @) {(A.- FAT +3 et — i) (BoKi + K.-TES‘)} n(t)—

=1

N , t N . v
2 {1 O3 et = n)Euk | [Am(s)= 3 el — 7 EoKinlo = 7l
- ' ” (3.25)
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3.3.1 Case 1: Equal Feedback Gains

Now we consider the case that all the feedback gains to the sources are the same. It is then

assumed that ;; = l;and K; = K,1=1,2,---,N, where
K = [kp,k,].

Let

N [4
m(t) = et — 7).

=1

Then the equation (3.25) can be rewritten as

Vin@®) = —n7(t) {(A: + AT + m(e)(BoK + KTES)} n(t)-
2 {'IT(t) ﬁ; et — 7)) Eo K [:r: [Ain(s)— i:l ej(s = 71;)EoKjn(s — 7;)]ds
(3.26)
Let
G = —[Ai + AT + m(t)(EoK + KTE])). (3.27)
Then the eigenvalues of G given in (3.27) is given by
(ig(C) = eig(— 2m(t)kp m(t)kr
m(t)kr 21,
= {sl(s +2l1)(s + 2m(t)kp) — m?(t)k} = 0}
= {s|s? +2(I; + m(t)kp)s + 4m(t)itkp — m2(t)k? = 0}.
It is clear that if
4lrkp > m(t)k?, (3.28)

all of the eigenvalues of G are in the left side of the complex plane. Let s;, s> be the eigenvalues
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of G. Then the simple calculation gives that

s1 = I — m()kp + (I = m(E)kp)? + mE(D)RF,

s2 = —l; — m(t)kp — \/(Ir — m(t)kp)? + m2(t)k}.

(3.29)

Remark 3.3.1 If we assume that m(t)kp > l; in Equ. (3.29), we will then derive another set

of parameters for the controller (3.18).

According to the inequality equation:
Va?z + b < |a| + b,
we have
s;i £ =l = m(t)kp + |lf — m(t)kp| + m(t)|kr]), i=1,2.
Assume that
kp >0, k>0 and m(t)kp <. (3.30)
We further have
1 .
s < —2m(t)(kp - Ek[), 1 =1,2. (3.31)

It is obvious that if (3.30) is true and kp > %k,, then all the eigenvalues of G given in (3.27) are
in the left side of the complex plane.

On the other hand, it follows from (3.25) that
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[InT(t) Z ei(t — 7’1.)E0K/ [A,n(s) Z ej(s — ”IJ)EOKH(S -7T; )]d-’”

=1 j=l

= Zf.— ei(t — m )| EaK Al - lIn(e, O)ll,: [In(e)lI+

i=1

N
> wieitt = mi)les(t Ol ot IEKY2IL - [t )l ot lInCO

ig=1

N
<Y hie(t — 1)l Eo KA - |In(2, Ol lln()I+ (3.32)

=1

N
> hiei(t = 1) l[(BoK)?|| - lIn(t, O)lL,: ,.p: lIm(]]

igj=1

< hmaz Z: et‘(t - T{:)“EOKA*” - ”’I(t, 0)“ '”"(t)”'{"

=1

hmaz Z et — Th)”(EOK)z“ lIn(t, 0)”1— +7; [In(E)]|

IJ_

where hmqr = max{h;[t =1,2,---,N}and 0 < ; < h;. Now assume that there exists a constant

a such that ||n(¢, 0)]|r... < alln(t)||- Then we have

nnT(t)ze.a nOBK [ [A-n(S)-Z_:e;(s i) BoKn(s = 7)]dsl|

< @hmasm( O Eo KA - MO + thmar 3 et = m)ll(BKPII - Il (3:33)

< ehmazm(t)[[| Eo KAl + NII(EoK)?|[]lIn(e)I12.

On noting that

0 ki, k% kpk;
EoKA; = . (BoK)?=

we have

HEo KAl < krlr, I(EeK)?| < kp\kR + k3 < V2k3

where it is assumed that

kr < kp. (3.34)
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Then we obtain

N t N ' ‘
™ () 2 et — I EK [ [Am(s) — 3 e(s — 7i;) BaKn(s — 7))ldsl|

i=1 i=1

< ahmaem(t)(krly + V2NER)[In(2)I12.

Hence, it follows from (3.26) that

Vin®) < -2m(t)kp — 0.5k ]|ln(t)|[? + 2ahmazm(t)[krls + VENK]|In(t)l|?
= —2m(t)[kp — 0.5kr — ahmaz(krlr + VZNER)]|In(2)| ]2 (3.35)
= —2m(t)BlIn(t)II%,
where

B = kp — 0.5k — ahmee(krly + VZNEZ).

Theorem 3.3.1 The closed-loop system (3.18) with w(t) = 0 is uniformly asymptotically stable

in the large if

kp
mll — Rmaz ﬁNkP],

o1 }
m(t)’ V2Nhmar

Proof. If the conditions (3.36) are satisfied, it follows that

0< IC[ <
(3.36)
k( < kp < min{

kp — 0.5k; > hmaz(krl + V2NER).
Then there exists a sufficient small positive constant e such that
kp = 0.5k; — (1 + €)hmaz(krls + VZNEZ) > 0.

Let a =1+¢€ Then a > 1 and 8 > 0 for all ¢. It is observed from (3.36) that the conditions
(3.30) and (3.34) are also satisfied. Thus it follows from Lemma 3.1.1 and equation (3.35) that

the closed-loop system is uniformly asymptotically stable in the large. |
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3.3.2 Case 2: Unequal Feedback Gains

Let
N
G = —[Ai+AT +3 et — 7,)(EoK:i + KT EJ)]
¥ =1 ' N '
2 Z e{(t - fl.')kpi 2 ei(t - T[i)k[i (3-37)
— - i=1 i=1 .
Z e;(t — T;,—)kh‘ 2ly;
i=1

Then the eigenvalues of G are given by

N N
eig(G) = {SKS + 21[,-)(8 + 22 e,—(t - T;'—)kp;) - (Z e.-(t - T;,-)’Cn)z = 0}

i=1 t-.l
N
= {s|s®?+2(l; + Z ei(t — rl,)kp,)s + 42 ei(t — 'rl,)lcp,ll, - (2 e:(t — 1',‘)/:[.)2 = 0}
=1 =1 i=1
It is clear that if
4 Z e;(t — fh)kp,lh > (Z ei(t — rl,»)k,,- )2, (3.38)

=]

all of the eigenvalues of G are in the left side of the complex plane. Let s, s2 be the eigenvalues

of G. Then the simple calculation gives that

s1 ==l —ZX, et — 7;)kpi + \/(l,.- — TN, et — m)kpi)? + (T et — m)kn)?,

(3.39)
sy = =l — Zil ei(t - T;,-)kp,' - \[(lli - t—l et(t - ‘rh),‘:’:'l)2 + (2 =1 et(t - Tlt)kll) .
Therefore,
N
< =l - 2 ei(t — . kpi + s — 3 et — 1) kpi| + Ze.(t T )lkril-
i=1 i=1 =1
It is assumed that
N .
0< Y et—m)kpi <l and Kk >0. (3.40)
=1
Then
N r N r
si < —2) et —m)kpi+ ) et —)kn
=1 =1
' 1
—22 et — Tli)[kp; + —Ek[i].
=1
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This implies that if the condition (3.40 is true, and kj; < 2kp;, where t = 1,2,---, N, then all
the eigenvalues of G given in (3.37) are in the left side of the complex plane.

Now consider the absolute value of the second term from the right side in (3.25). It follows

N t N ' ’
In™ () X ei(t — 71,) Eo K: [ _[am(s) =3 ejls — ;) EoKjn(s — 7;)lds]|

i=1 j=1

N
< et — )| Eo KaAil| - [In(e, )11 |Im(2)]}+
=1
N
miei(t — m)llei (8, 0)ll,:yr 1 BoKiEo K| - [In(t, O)],:4.0: [In(2)I]
1

ig=
N
< 3 hiet — )| Eo KiAil| - [In(2, 0)“1{”’7“)“*‘

=1

N
2 hie(t = 7)[[Eo K Eo Kl - [In(t, Oz ... lIn(2)]]
4

fg=

N
< hmaz Zei(t — 1)l Eo KoA| - Ilﬂ(tvo)“r'.'”n(t)”'*'
=1
N
hmaz 37 €t = 1)|| EoKiBo K| - [In(2, Oz oo lIm(E)],
ig=1

where hmq: = max{h;|i =1,2,---, N} and 0 < 7; < h;. Now assume that there exists a constant

a such that ||n(¢, 8)||s,... < a|ln(t)]]- Then we have

N t N , ,
T (£) Y ei(t — ;) Eo K; /‘ . [Ain(s) — D" ej(s — ;) EoKjn(s — 7;)]ds]|

i=l1 i=1

N
< @hpmazm ()| Eo K| - |[n(e)]|2 + abmaz Y et — )| Eo K Eo K| - [In(2)|]? (3.41)

iJ=1

N
< Qhpazm ()| Eo KiAdl| + D ei(t — m)| Eo K:Eo Kl [l In(2)]12.
=1
Since )
0 knly kpikp; kpiki;
EoK:A; = ' EoK:EoK; = s
0 0 0 0

the Euclid norms of the above matrices are given by

|EoK:Ail| < krilpi, | EoK:EoK;|| < kpir/k2; + k2; < V2kpikpj,

) 7
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where it is assumed that
kri < kpi. (3.42)

Then we obtain

N . N , )
lInT(t) 3 et — my;) EoK: _/; e [An(s) = X ei(s — 7y;) EoKjn(s — 7;)]ds||

i=1 j=1

N N
< ahma: z C,‘(t - 7'{;)(k[il[,‘ + ﬁkl’i Z: kPj)"”(t)llz'

i=1 j=1
Hence, it follows from (3.26) that

. N ' N ' N
Vin(t)) < =23 et — n)lkpi — 0.5kn]lIn()I? + X et — my ) (knls + V2ke: 3 kp;)lin(t)|}?

j=1 =l =t
N N
= =23 et — 1;)[kpi — 0.5kr; — ahmaz(krilri + V2kp: 3 kp;)]l ()11
j=1 =1
= —23”77“)”2'
(3.43)

where

N N
B=3 et —r;)kpi — 0.5kr; — Qhmaz (krilr; + V2kp: S kp;j))-
=t

i=1

Theorem 3.3.2 The closed-loop system (3.18) with w(t) = 0 is uniformly asymptotically stable

in the large if fori =1,2,---,N,

. kp; Y
0< k[.' < mm{kp,-, m[l - hmu\/ié:l kp,]},
N 1 ! (3.44)
kp; in{l;;, —}.
g pi < min{l; \/§hm¢z}
Proof. It is easy to verify that the conditions (3.40) and (3.42) are both satisfied. Now if
kp; o .
ki < m[l - hm“\/iz kpj], it follows that

i=1-

N
kp; — 0.5kr; > hmcz(klilh' + ﬁkl’iz kPi)'

=1

Then there exists a sufficient small positive constant ¢; such that forz: =1,2,---, N,

N
kpi — 0.5k1; — (1 + €)hmaz(krilti + V2kp; Y kpj) > 0

=t
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Let € = min{e¢; |i =1,2,---,N}. It then gives that

i e,-(t - T;,-)[kp,' — 0.5k;; — (1 -+ €)hma(k["l[i + ﬁkp,- i kpj)] > 0.

=1 Jj=1

Now let = 1+€. Then a > 1 and 8 > 0 for all ¢. Thus if follows from Lemma 3.1.1 and equation

(3.35) that the closed-loop system is uniformly asymptotically stable in the large. |

3.3.3 Simulation on Proportional and Integral Control

The OPNET tool is also used to perform simulation on the proportional and integral con-
trollers given by 3.18.

A. Single Source Node

For the simulation on the traffic control of single source depicted in Fig. 12, it is assumed
that the service rate of the switch is 200K bps, the minimum transmission rate u™" of the
source is 20Kbps, and the maximum transmission rate g™** of the source is 200 Kbps. Also it
is assumed that the uncontrolled source generates the traffic data with a constant transmission
rate of 100K bps. The threshold zg for the queue in the switch is 150 cells.

It can be seen from Figure 13 that the buffer occupancy is linearly increased at the beginning
when the uncontrolled traffic rate jumps to 100Kbs till it reaches about 340 cells. Then it
drops very quickly and tends to a steady value 160 cells which is close to the threshold value
zo = 150 cells. The little difference between the steady value and the threshold value is due to
the discretization.

B. Multiple Source Nodes

For the simulation on the traffic control of multiple sources depicted in Fig. 14, it is assumed

that the service rate of the switch is 2Gbps, all the traffic data are routed to one destination,
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Fig. 12. A network with single source node
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Fig. 13. Single source with 7, T, =0.01 and k = 10
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Fig. 14. A Network with Multiple Source Nodes

and the uncontrolled source generates the periodic on/off traffic with the minimum transmission
rate zero and the maximum transmission rate 1 Gpbs. The threshold z¢ for the queue in the
switch is 150 cells. All the other attributes of sources and links are provided in Table 1.

According to Table 1, the maximum static round-trip delay is 0.018 second. N ow we set
the upper bound of round-trip delay is 0.019 second. By choosing the feedback gain k; = 10,
t=1,2,3,4,5, we have that

3 1
g ki =50 < o005
It then follows from Theorem 3.2.1 that the network is asymptotically stable.

Figure 16 demonstrates how the sources respond to the change of the periodic uncontrolled
traffic depicted in Figure 15. It can be seen from Figure 16 that each local controller can respond
quickly to decrease its rate when th_e uncontrolled traffic rate jumps up to the maximum rate, and
to increase its rate when uncontrolled traffic rate jumps down to the minimum rate. Figure 15

also confirms that the queue length is piecewise stable and tends to the threshold value zo = 150

cells.
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Fig. 15. Queue length in multiple sources with k£ = 10

3.4 Concluding Remarks

In this chapter, the Lyapunov approach was applied to design both the proportional traffic
controller and the proportional and integral traffic controller in the continuous-time domain.
Both types of controllers have a unique property that they can stablize the network with bounded
round-trip delays. This property has not been seen in other existing traffic controllers so far.

The difference between the proportional traffic controller and the proportional and integral
traffic controller is that the former has lower peak value in the buffer occupance while the latter

has little differentiation from the buffer’s threshold value z, i.e., zero queue deviation.
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Chapter 4

End-to-End Discrete-Time Periodic

Congestion Control

In the previous section, we studied the design of traffic control in the continuous-time domain.
Now we start to design the traffic control in the discrete-time domain. The discrete-time model

described in (2.7) is rewritten as:

N
z(n + 1) = Satg{z(n) + D_ ei(n — 1)ui(n — 7;) — fra(n)} (4.1)

i=1
Assume that g;/T is the maximum rate allocated for the ith VC. Let {;{, = n,T, [ =1,2,---, be
the time points where the number of VCs changes (therefore the number of VCs is constant over
the interval 77 := [t;, t1+1)). Also let the set Ny, := {k, the kth VC is active over 7; }.

During the interval 7;, the l(;cal controller in the source node i € N7, can generally be

described by a difference equation:

M

ui(n) = —Sat,, {Zf: bir—jyui(n — 7) + 2_ aig-p=(n — j)} » (4.2)

i=l1 J

4
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where j; = p"** — p™" b;; and a;; are coefficients, r and 7#; (< 7) are positive integers to be
determined.

Then the output from the source node ¢ € N, is given by

Ai(n) = u™** +ui(n — 1) . (4.3)
It is obvious from (4.2) and (4.3) that

Ai(n) = p** — i = p™™,

which implies that the minimum transmission rate " /T for source i is guaranteed.

Let

Ai(z) = 2" + bir-y2 ™ -+ b, (4.4)
which is the characteristic equation of the local controller described in equation (4.2) when it
operates in the linear region. Our primary goal now is to determine the parameters {a;;} and

{b:;} to satisfy the following requirements:
1. Piecewise stability of buffer occupancy. Over every interval 7;, | = 1,2,---, the roots of
the characteristic equation A(z) = 0 of buffer occupancy described by (4.1) with the local
controllers (4.2) applied must reside inside the unit circle. The characteristic equation A(z)

will be given in the next section.

2. Stability of local controllers. The local controllers are open-loop stable, i.e., all roots of
characteristic equation for local controller Af(z) = 0 are inside the unit circle. This re-
quirement is important since an open-unstable local controller may destroy the system’s

stability if its feedback VC link is broken.
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3. Robustness. The parameters {a;;} and {b;;} do not depend on the number of active VCs,

and variation of propagation delays, queuing delays and other processing delays.

4. Fairness. Under the steady state conditions, all active local controllers obtain the same
feedback gain, i.e., as n — 00, ui(n) approach a constant value for all ¢ with e; = 1. Thus,

it follows from (4.3) that all the VCs can fairly share the switch’s bandwidth.

The above four requirements are important from practical point view. However, merely
determining {a;;} and {b;} to satisfy these requirements is not enough from a technical point
of view since the computation of source rates according to the local controllers (4.2) with all
nonzero {a;;} and {b;;} may still be heavy for a high speed ATM switching networks. Thus our
final requirement imposed on the controller (4.2) is

5. Simplicity. Only a few parameters out of {ai;} and {b;;} are needed to realize the
requirements 1 to 4.

In the following, we will design a congestion controller described by (4.2) to satisfy all these five

requirements.

4.1 End-to-End Control: A Single VC
In this case, the change of buffer occupancy of the switch node can be discretized in the form

z(n + 1) = Satg{z(n) + u(n — 7) +d(n) — i} (4.5)
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4.1.1 The Congestion Control Algorithm

It will be shown later that the network described by (4.5) is locally asymptotically stable if the

source rate is regulated by the following algorithm:

n—1

Mn) = Sat,, {p1 +alz(n —m2) + 3 (AG) —m)l} (4.6)

j=n—r
where —2 < a < 0. In particular, it will be demonstrated in our simulation results that if
a = —1, the controller in (4.6) can quickly respond to the change of the uncontrolled input d(n).
It can be seen from the control structure in (4.6) that the current source rate is adjusted
based on value of the feedback-delayed buffer occupancy and the sum of previous source rates
from n — 7 to n — 1. Without the consideration of the nonlinearities imposed on the systems
described by (4.5) and (4.6), the last term in the control algorithm (4.6) is used to locate all

poles of the closed-loop system of (4.5) and (4.6) to the unit circle.

4.1.2 Stability Analysis

To investigate the stability of the network described by (4.5) with the controller given by
(4.6), it follows the assumptions in Chapter 2 that we only study the asymptotical stability

properties of the linear-time network given by
z(n +1) = z(n) + u(n — ) + d(n) — (5 — 1) (4.7)

with the linear-time congestion controller given by
n—1

A(n) = m +afz(n =)+ 2 (M) —m)] (4.8)

=n—r1
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Let
yn) =(n) + 3 u(d) (4.9)

t=n—r1

where u(n — 1) := A(n) — u;. Thus we have

yn+1) = z(n)+uln—7)+dm)—(m-p)+ 3 u(i)

i=n—rtl
= y(n)+u(n) +d(n) — (s —m)
Choose
u(n) = ay(n) (4.10)
which gives that
y(n +1) =1 +a)y(n) +d(n) — (p — p1) (4.11)

The characteristic equation of the system is

A(z)=z-(1+a)

which has one zero at z = 1 + a. Therefore, the system is exponentially stable if and only if
-2<ac<.

We finally obtain that

An) = m+u(n-—m)

= p+ay(n—m)

n—-rp—1

= pm+afz(n -n)+ . z (A + 72) = )]
a—t

= wm+afz(n - )+ _ > (AG) = m)]

which establishes the control algorithm (4.8).
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4.1.3 Upper Bound for Buffer Occupancy

We counsider the controller (4.6) with &« = —1. Since it is required that 0 < A(n) < y, for

all n, it follows that 0 < —u(n) = u; — A(n + 75;) < u; for all n. Thus,
—u(n) = Sat,, {—u(n)}

Now it is assumed that the buffer size K is large enough such that there is no cell loss. Then

the system (4.7) can be expressed as
z(n +1) = [z(n) — Sat,, {—u(n — n)} +d(n) — (u — m)]*
where [z]* = maz{z, 0}. Also the equation (4.9) becomes

n—-1
y(n) = [=n)]* = 3 Sat,, (~u(i)} (4.12)
Thus we have

n

y(n+1) = [zgr+1]*— 3 Sat, {—u()}

i=n+l—-7n
= [z(n) — Sat, {—u(rn — 1)} +d(n) — (g — m)]* - . 21 Sat,, {—u(?)}
t=n$+l-n
fz(n+1)<0,y(rn+1)=— zn: Sat,, {—u(i)} <O0.
i=n+l-n

Ifz(n+1) >0,

n

y(n+1) < [z(n)]* - Saty {~u(n—7)} +[dn) = (p—p)]t = > Sat, {-u(i)}

i=ntl-n
= y(n) - Saty, {~u(n)} + [d(n) - (& — m)]*
On noting from (4.10) that —u(n) = Sat,, {y(n)}, it follows that
y(n +1) < y(n) — Sat,, {—y(n)} + [d(n) — (6 — m)]* (4-13)
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Since it is assumed that d(n) < g and y(0) = 0, [d(n) — (& — )]t < p;. It implies from the

relations (4.12) and (4.13) that y(n) < u, for all n. We then have, for all n,

y(n +1) < [d(n) — (g — m)]*

Thus from (4.12),

n—1 n n
wm)=y(m)+ 3 Satu{-u@D} < 3 Satn(y(}< 3 [dG-1) - (s m)*

This relation shows that the buffer occupancy is the function of the rate of the uncontrolled
traffic, the service rate /T and the maximum rate u,/T assigned to the source node. When the
source node is too conservative, i.e., y; < g, such that d(n) — (u — p1) < 0, the buffer is always
empty, where it is assumed that d(n) does not exceed x. When the source node is too greedy,
l.e., gy is close to u, a buffer of large size is then required to accumulate any burstiness in the

uncontrolled traffic. Let

BO, = max{ 3 [dli 1)~ (u - m]*} (4.14)

i=n—71

which can be considered as the upper bound for the buffer occupancy, then the network will be

lossless if the buffer size is greater than BO,.

4.2 End-to-End Control: Multiple VCs

In this section, the control algorithm (4.6) will be generalized to a network with multiple
VGCs.

4.2.1 The Robust Proportional Control Algorithm

It will be shown later that the following controller can be applied to stablize a network with
multiple source nodes. For the source node ¢ € N7,
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Ai(n) = pl*= +ui(n — 72) (4.15)
with .

u.-(n) = —Sat;,..{jv-z(n - ﬁ)}

where ; is an integer to be determined.

Remark 4.2.1 Our controller given by (4.15) has a very simple structure. The traffic output at
each source node is proportional to the delayed buffer occupancy. The controller is robust in the
sense that the system stability is not sensitive to the change of the number of VCs by properly

choosing the number e.

4.2.2 Implementation of the Controller (4.15)

The controller given by (4.15) can be distributively implemented in the source nodes. The
parameters T;, T;, NV and e should be provided in order for the source to calculate the its data
transmission rate. The following procedures give the ways to obtain these parameters.

A. Determining To;:

The value of 7»; is estimated by the difference between the time the RM cell arrives the
source node and the time stamp recorded in the RM cell. This value is usually constant since
the delay to the high priority RM cell can be ignored.

B. Determining 7;:

It is assumed that source node i knows its the loop delay ;. Then the value of ; is chosen
such that ; + 7; = r, where 7 is a uniform delay applied for all the source nodes.
C. Determining N and e:

Since N is usually large and system’s stability depends on the factor —eNAi, we want to scale
down the ratio of active number of VC and total number of allowed VCs by dividing N into a set
of integers {N;; [ =1,2,---,k} with Ny S N, <--- < Ni. The number of active controlled VCs
stored in the RM cell is used as the estimate of the current number of active controlled VCs.
Then the values of (N, €) can be adaptively adjusted by (M, €1), where N, is chosen to be close
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to but larger than the estimate M, and ¢ is chosen such that the characteristic equation of the
buffer occupancy
61M

A(z)=z"(z-1) + —17"

is a stable polynomial for all M < Ni.

4.2.3 Controller Design and Stability Analysis
In order to simplify the analysis of system'’s piecewise stability, we need the following definition.

Definition 4.2.1 A switching network described by (2.7) is said to have a slow temporal change
in load if the frequency and the change in the number of VCs are small.

In other words, we consider the case where new VCs would not be added before the switch
tends to its steady states and the number of VCs allowed to enter the switch at each time instance
t; is limited.

Our major concern in the design phase is to determine the control parameters to maintain
the stability of the closed-loop system. The z-transform method is used, and the system’s initial
conditions are assumed to be zero because they do not affect the system’s stability.

For any interval 7;, [ = 1,2,---, the buffer occupancy of a node with multiple controlled
inputs can therefore be described by

N
z(n +1) = z(n) + zl ei(n — m)ui(n — 1) +d(n) — &2, (4.16)

and the traffic controller at source node i € N; can be represented by
u(n) = =3 bir-pui(n — j) = 2_ dicn-5=(n = J) - (4.17)
j=1 3=0

In order to describe the characteristic equation of (4.16) and (4.17) over the interval 7;,
it is convenient and without loss of generality to assume that ;43 = o0 since the number of
currently-active VCs is fixed during the interval T;, and the length of 7; is long enough such that
the system tends to its steady states. Let e; = 1 if the ith VC is active in T;, otherwise e; = 0.
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Then the z-transform of (4.16) gives

N
(z = 1)X(z) = 3 e}z "Ui(z) + D(z) - aR(z) ,

=1

oo

where X(z) := Y z(n)z*~™, and Ui(z), D(z) and R(z) are similarly defined.
Let e
.. - _
z" b;- a;s;
Wi)=| |, Be=| |, An:=
z b1 a;
| 1] | bio | | a0 |

Then the z transform of (4.17) is given by
Ui(z) = —z""BL_ \W._1(2)Ui(z) — Z-ﬁA;I-,.:Wﬁ(Z)X(Z) ,

or

=="BT W, (2)Ui(z) = —z " AT W5 (2)X(2) ,
where b;, in B;, is 1. Then,
Ui(z) = —z""H(BEW,(2))" A Wi (2) X (2)
Substituting (4.19) into (4.18), we obtain
(z-1)X(z) =~ }E 2Ry BLW,(2)) T AL Wi (2)X (2) + D(2) — AR(2) ,

or

A(2)X(z) = BLW(2)[D(2) — AR(2)] ,

N
where g =y — z e;pi, and A(z) is the characteristic equation of the system given by
=1

N
Az) =(z - 1)BIW.(z2) + ) 25 T ATWi(2) .

3 .
=]
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Let 7 > maz{n, 73, ---, 7~} be an integer and choose 7; such that #; + , = 7, ¢ € N7, so that
A(z) becomes a polynomial function of z. We now obtain
N
A(z) = (2 —1)BIW,(2) + Y e, ATW:(2) . (4.21)
=1
The integer T can be considered as a uniform delay since it is now the total delay seen by every
VC. Note that the roots of A(z) = 0 are determined by the parameters a;;, j =0,1,---,;, and

bij, 7 =0,1,2,---,7 — 1, ¢ € Ny,. In order to obtain a simple control structure, we choose for

ieNTn I=1727""

(4.22)

bif = 19
where € is a positive number to be determined. Then the resulting characteristic equation of the

buffer occupancy can be simplified as

A(z)=z(z-1)+ Eﬁl—l . (4.23)

The following lemma will lead to our main result which also summarizes the above analysis.

Lemma 4.2.1 Consider a polynomial equation g.(z) = z"(z — 1) + ¢, where T is an integer.
There ezists a positive number €y such that for all € € (0, &), all the roots of g.(z) = 0 are inside

the unit circle.

Proof. Let z;(¢),i =1,2,---,7 + 1, be the roots of g.(z) = 0. It is easy to show that z;(0) =0,
t=1,2,---,7, and z,41(0) = 1. Since z;(€) are continuous functions of €, there exists a small
positive number €, such that for € € (0,¢;), |z:i(e)] < 1/2,i =1,2,---,7 and |z,41(€)] > 1/2.
Note that the complex roots appear in conjugate pairs. It follows that the root z,,;(€) should
be a positive real number for ¢ € (0, ;). 9

Now assume that there exists € € (0, €;) such that z,,,(¢) > 1. Then we have

ge(zr41(€)) = 2z () (zr41(€) = 1) +€>€> 0
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which contradicts the fact that z,,;(€) is the root of equation g.(z) = 0. Thus the proof is

completed.

Theorem 4.2.1 Assume that each source node only obtains feedback information on the buffer
occupancy of the congestion node. Then there ezists a positive number €y such that for all € €
(0, €0), a network with a slow temporal change of load can be piecewisely stabilized by the controller

(4-17) if fori e Ng;, 1 =1,2,--,

‘f','+1’i=1’,

T 2 ma.X{T[,Tg,"',TN},

€
a0 = 37
N (4.24)
a;; = 09 j = 1123 a‘i’l
b; =0, 1=0,1,---,7—-1
bir =1

Moreover, the local controllers defined in (4.17) are also stable.

Proof. It is obvious that AS(z) = z7 for the local controllers, and therefore the roots of Af(z) =0
are all in the origin. Thus the local controllers are stable.

Now let M be the number of VCs over the interval 7;. By using the parameters defined
in (4.24), the characteristic equation is given by (4.23). Consider the case where M = N. It
follows from Lemma 4.2.1 that there exists a small number ¢ such that for all € € (0, ¢), the
system is stable over 7;. Then for the case where 1 < M < N, the system is still stable over
7 since all roots of A(z) = 0 are also inside the unit circle for € € (0, €). On noting that the
system'’s characteristic equation ox; any interval 7; can be described by (4.23), the system is thus
piecewisely stable over {7}, [ =1,2,---} if € € (0, &). L

Substituting the control parameters defined in (4.24) into (4.2), we obtain the control algo-
rithm (4.15).
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4.2.4 System Steady Behavior

We would like to investigate the system behavior at steady states. Its analysis would give
us an idea on buffer design and fairness.

Let z,, ui,, A;; and d, be the steady state values corresponding to z(n), u;(n), Ai(n) and
d(n) respectively in equations (2.7) and (4.15). Then as n — oo,

N
z, = Satx{z,+ Ee;u,-, +d, - i},
=1
€
U, = —Sat,,,.{-ﬁz,} , (4.25)
Ais = Bi + Uiy, ieM s

where N, is the set containing all active VCs as n — oo.
The following result gives the solution to the above equations.
Theorem 4.2.2 The steady behavior of the system described by (2.7) and (4.15) is given by
a) ifd, < gz,
z,=0, ui; =0, and \jy = p;, t €N,

b) if i < d, < i + min{M,po, i{}g—’},
N -
r, = CM, (ds - ”)
Uy, (= U = -All, (d_, - ﬂ) (4.26)
Ais = pi+u,, i€EN,

where M, is the steady state value of M as n — oo.

Proof. First, consider the case where d, < ji. By definition, u;(n) < 0 for all n. It follows that
N N

3 eui, +d, — 3 < 0. Then we can show that we always have that z, + 3 eui, +d, -3 L0,
i=1 i=1

and hence z, = 0.



N
By contradiction, assume that 0 < z, + Ze:-u.-_, +d, — i < K. It follows from (4.25) that

i=1
N N
T, =T, + 2 e:-u;, +d, — j. It results in Ze:-u.-, +d, — g = 0, which is not possible.

=1 =1

N
If z, + Ze:-u,-, +d, — i > K, we then have that z, = K due to saturation. From (4.26), it

=1

N
is required that K + Ze:-u.-_, -+ d, — g > K, which is again not possible. Thus we always have

i=1

that z, = 0. It then follows from the second equation in (4.26), u;, = —Satm{ﬁz,} = 0. So
Ais = pis by definition.

i KM,
Now consider the case where i@ < d, < i + min{M,u,, e—ﬁ—} Assume that the system
operates in the linear region. Then we have
N [4
r, = z,+23iu.~,+d,—ﬁ
=1
e
Uis = —5Ts
N

which are equivalent to z, =

N 1
—(d, — i du, = -
A (4 — ) andu M,
on noting that the conditions 0 < z, < K and —pu; < u;, <0, i € N, are needed to maintain

(ds — @2). Thus the proof is completed

the system operating in the linear region. 9

Remark 4.2.2 (Fairness) It is observed from Theorem §.2.2 that the traffic rate at each source
node is regulated only based on the uncontrolled traffic d,, and that all u;, are equal to u,. This
shows that the source nodes are fairly treated, and they can share the switch’s bandwidth without
interference to each other. In particular, if all the VCs are given the same mazimum allocated

rate, i.e., pu; = p;, where i, j € N,, then they have equal share of the switch’s bandwidth.

Remark 4.2.3 In order to design- a lossless data network, it is required that the buffer size K is

at least greater than (d, — fs). Clearly, the buffer occupance z, in (4.26) will become large if

N
eM,
N is large, or ¢ and M, are small.
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4.2.5 Control with Variable Delays

In the previous sections, we have shown that the controller (4-15) can stablize the network
under the assumption that the input delays from the sources to bottleneck switch and feedback
delays from the bottleneck switch to the sources are constant. This assumption has been widely
used in most of all existing rate-based control schemes(e.g., from [1] to [28] , etc.). It is known that
such an assumption is valid when queuing delays are negligible compared with the propagation
delays. However, if the congestion occurs in the bottleneck switch, the queuing delays and other
processing delays may no longer be negligible. Therefore, it is desirable that the congestion
controller can still stablize the system in such a case.

In the following, it is assumed that significant queuing delays and other processing delays
may occur in the bottleneck switching node due to congestion, and the queuing delays along the
path from the sources to the bottleneck switch are small.

Let 0;(rn) be the number of cells flowing to the switching node from the ¢th VC in [nT,(n +
1)T). If the queuing delay along the path from the source to the switch is negligible, we obviously

have from the assumptions in section 2 that
0,‘(11) = /\,‘(‘n - 1’1.‘) .

However, a small queuing delay or other delays from the ith source to the bottleneck switch will
cause the total number of cells 8;(n) flowing into the switch during the interval [nT, (n +1)T ) to

fluctuate around A\;(n — ;). That is
0,’(1&) = /\,‘(n - Tl,’) + A0.(n) ,
where Af;(n) is an integer variable. The buffer equation given by (2.6) is then modified as

N N
z(n + 1) = Satg{z(n) +D_ edi(n — 1s) + 3" e:A6i(n) +d(n) — p} . (4.27)

i=1 i=1
Let 72:(n) = 7k + 72(n) be the feedback delay from the bottleneck to the ith source node,
where LT is the propagation delay which is constant, and 12(n)T is the queuing delay along the
path from the bottleneck switch back to the ith source. Note that 13:(n)T includes the queuing
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delay in the bottleneck switch. Also let u;(n) = A;(n + m2i(n)) — p:. Then the buffer equation in
(4.27) can be written as
N
z(n +1) = Satg{z(n) + ;l eui(n — 7i(n)) + d(n) — a(n)} , (4.28)
where j(n) = p - Ze,[;t + Af8;(n)] and 7i(n) = 11; + Tai(n).
It can be seen from Theorem 4.2.1 that the feedback delay 75;(n), the uniform delay r, and
the value of ¢ are important factors to design a congestion controller (4.15). According to [5],
the feedback delay 7;(n) and the total delay 7;(n) of the ith VC can be measured by using
time-stamped cells. Therefore, an integer 7»; can be specified as the extented feedback delay for
the zth VC if the delay 75;(n) is less than ;. This implies that an extra delay is added to the
delay from the bottleneck to the source node. So let 7; = 7y; + 72; and u(n)=un+7— 7(n)).
The buffer equation in (4.28) becomes
z{n + 1) = Satg{z(n) + i‘ esun — ) +d(n) - a} . (4.29)
Since the extented feedback delay 7; is constant, the congestion controller defined in (4.15) can
be applied to the network described by (4.29). Figure 17 gives an implementation of this control
algorithm for possible perturbations on delays. If |Af;(n)| is small, the saturation nonlinearities
in the system will not be activated. Therefore, it follows from Theorem 4.2.2 that this control
algorithm can piecewisely stabilize the network described by (4.27) for the small amplitude of

fluctuation Af;(n).

4.2.6 Simulations

Since our traffic controller can regulate the source rates over time, we are particularly inter-
ested in analyzing both the transient and steady behaviors of the network. Transient behaviors
such as the duration of response time and the maximum transient buffer occupancy are usually

the main interests in performance analysis.

80



Given: T,T,, %;

Measure: T n), T 2i{n)

%i (n) := T-Ti (n)

No

%i(n) <or= ‘E,-

[ex(n-%)/N)

u (n):=-Sar
i

H

u ;(n):=-Sat  {2x(n- %,-)I

H

|

A (W= W;+u;(n- ‘D‘,‘-)

A (n):= l‘-(n-l)fz

81

Fig. 17. Flow chart of rate calculation at the ith source with variable delays




Simulations have been performed on the model described by (2.7) with the robust propor-
tional traffic controller given by (4.15). We have chosen a sampling time T' = 1msec. The service
capacity of the bottleneck node is 180Mbps. The maximum number of controlled VCs that are
allowed to enter the switch is N = 10. Table 2 gives respectively the path delays from the source
nodes to the bottleneck node, the path delays from the bottleneck to the source nodes, and the

7,; (msec) 1 12 13 3 |4

(S]]
(54
~
(]
oo

u™a= /T (Mbps) || 50 | 30 [ 40 | 25 { 30 | 50 [ 30 | 35 | 45 | 40

Table 2. Various delays and allocated maximum transmission rates of VCs

It follows from Table 2 that the maximum total delay is 7o = Ty ,40/T + 72,0/T = 16. We
choose the uniform delay 7 = 17. The characteristic equation of the buffer equation (4.16) is
then given by

eM

v ) = #17(> — eM
Alz,e) =z (z—1)+ 0’

where 1 < M < 10.

Now we study the system’s behaviors related to the values of €. At first, assume that the
switch node is fed by three active source nodes which use virtual connections No. 3, 6, and 9
respectively. The uncontrolled traffic rate is assumed to be constant with d(n)/T = 60Mbps.
Three cases are considered based on different values of chosen e.

ase A:e=0.1

Figure 18a shows the constant uncontrolled traffic rate d(n)/T. Figure 18b shows the con-
trolled traffic rate A;(n)/T, i = 3,6,9. Figure 18c shows the total traffic rate [A3(n) + As(n) +
Ag(n) + d(n)]/T. Figure 18d shows the buffer occupancy.

Since the total input rate to the switch exceeds the switch’s capacity, the buffer occupancy

increases rapidly. After the information on buffer occupancy is sent back to the source nodes,
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the transmission rate at each source is quickly reduced as observed in Fig. 18b. The transient
time is about 35 msec. There is no overshoot in the transient period. Thus the maximum buffer

occupancy is determined by its steady state:

N . 10
Ty = m(d, —[l) = 0.1 x 3(60—45) = 500Kb .

The feedback gain is given by
' 1 .
u, = -ﬁ(ds "[‘) =-3.
Hence, each source node obtains the same feedback gain, and the steady states of source rates

are respectively given by

Aao/T = (u3e= — u,)/T = 35Mbps,
Xés/T = (ug™ — u,)/T = 45Mbps,

Mo/ T = (u5** — u.)/T = 40Mbps.
The total input rate to the bottleneck switch at steady state can be determined to be 180Mbps,

which is just equal to the switch’s capacity. Thus the controller (4.15) has achieved a high

utilization.
Case B: ¢ = 0.01

As shown in Fig. 19, the system has a very sluggishly response behavior, which results in a

large buffer occupancy. The maximum buffer occupancy can be determined to be

N . 10 =
ry = m(d, - [l) = m(GO - 45) = DOOOKb .

ase C-re=1
As observed from Fig. 20b and 20d, the network is unstable because of the oscillatory
properties of the source rates and buffer occupancy. Although the maximum source rates can be
reached at the peaks, a lot of resources are wasted due to the oscillation.
By comparing cases A, B, and C, it can be observed that ¢ has a significant effect on the
system performance. If € is too small, the system has a sluggish behavior. On the other hand, if
€ is too large, the system behavior is oscillatory. A good choice of € corresponds to the Case A,
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where the system has a short response time and the small maximum buffer occupancy compared
with the Case A.

Finally, let us observe how the system responses to the change of M and the change of
d(n)/T for e = 0.06. Figure 21a shows that the number of VCs is increasing from zero to six.
Figure 21b shows the change of the input rate from the uncontrolled traffic steam. It can be
seen from Figure 21c that the local controller responses quickly to the combined changes of
both M and d(n)/T. Note that the source rate is decreased if either M or d(n)/T increases,
and the source rate is increased if d(r)/T decreases. Figure 21d shows the buffer occupancy
corresponding to the changes of M and d(n)/T. From the above discussion, it can be seen that

the buffer occupancy is piecewise stable.
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4.3 Concluding Remarks

In this chapter, a discrete-time fluid model was used to design a traffic control algorithm
for the high-speed network which can accumulate both guaranteed service traffic and best-effort
service traffic. The traffic controller is geographically distributed over the source nodes with a
simple structure. Each local controller can determine the maximum allowed rate at which the
source can transmit data to the network.

We have analyzed a robust congestion controller in the sense that the controller is insensitive
to the change of number of VCs during the network operation. With this controller applied, we
demonstrate that the network is piecewisely asymptotically stable and exhibits a good transient
behavior. We have also extended our proposed controller to the network with bounded queuing

delays.
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Chapter 5

Hop-by-Hop Congestion Control

The reasons why most of these end-to-end flow control mechanisms in [4] - [30] cause oscil-
lation in the network are that the sources have a slow response to react to the changes of traffic
overloads in the network, and feedback information sent to the sources may be outdated due to
relatively long propagation delays in high speed networks. Consequently, the switch also needs
a large size buffer to prevent congestion.

In this chapter, the fluid-low modeling technique is still used to study the dynamic and
steady behaviors among the source nodes, the intermediate switching nodes and the destination
node. Figure 5 in chapter 2 is repeated here to represent the model our hop-by-hop controller is
applied to. This model only describes an intermediate switch with incoming traffic from multiple
sources in the upstream switches and outgoing traffic destinated to the downstream switches.
We first propose a hop-by-hop control along a single virtual connection. Then we extend our
results to the hop-by-hop control along a virtual path.
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5.1 Hop-by-Hop Control: a single VC

In this case, the discrete-time fluid low model 2.12 for a hop-by-hop controlled network can

be written as

.1:,~(n + 1)

Satg,{zin) + ui-1(n — ) + di(n) — fi(n)},

(5.1)

”i_l(n) = Satl‘t—l {Sati‘.’_| {’\i-l(n)} + (I:'—l(n)}’ 1= 17 29 M} k-
5.1.1 The Congestion Flow Control Algorithm

It will be shown later that the network described by Equ. (5.1) is locally asymptotically
stable if the transmission rate at each node is regulated by the following algorithm:

n—1

Ai-1(n) = Sat,;_ {pi, + alzdn )+ 2 (M) =)l i=1,2,00,k  (5.2)

j=n-=

where —2 < a; < 0. In particular, it will be demonstrated in our simulation results that if
a; = —1, the controller in (5.2) can quickly respond to the change of the external input d;(n)

It can be seen from the control structure in (5.2) that the current transmission rate at node
(i = 1) is adjusted based on the buffer occupancy, delayed by 7; at node i and on the sum of
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previous transmission rates fromn —7; ton - 1. Without the consideration of the nonlinearities
imposed on the systems described by (5.1) and (5.2), the last term in the control algorithm (5.2)
is used to locate all poles of the closed-loop system of (5.1) and (5.2) inside the unit circle.

5.1.2 Stability Analysis

To investigate the stability of the network described by (5.1) with the controller given by
(5.2), it has been shown in [10] and [13] that it suffices to study the locally asymptotical stability
properties of the system by removing the saturation nonlinearities posed on the network (5.1)
and the controller (5.2). The reasons are 1) although a rigorous proof of stability of the system
using Liapunov’s second approach {10] may be possible, the gain from the analysis is slight,
and 2) these nonlinearities will not be activated for small deviations around network’s operating
points. Thus in the following, we only study the asymptotical stability properties of the network
given by

zin+1) = zin)+uisi(n — 1) +di(n) — (ui(n) — pi_,y),

(5.3)
I‘i-l(n) = Ai—l(n) +‘{'—l(n)1 = 17 27"'7k7
with the flow controller given by
n—-1
Aici(n) = pi_ + aifzi(n = 1) + _ 3 (A1) = mi-1)] - (5.4)
j=n-n
Let
n-1
yi(n) = I,‘(n) + ) z: ui-l(j)v i=1,2,---,k, (5'5)
where u;_1(n) := Ai_1(n + 7i,i=1) — pi_,. Thus we have
yi(n+1) = zi(n) +uimi(n — 1) +di(n) = (pe(n) —pi_ )+ 2 wld)
jen—T+l
= yi(n) + uimi(n) + di(n) — (pi(n) — pi_)
Choose
u!'-l(n) = at'yl'(n)a i=12,---, k, (5'6)
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which gives that

yi(n +1) = (1 + as)yi(n) + di(n) — (pi(r) — p7_,) - (5.7)
On noting from (5.6) that A;(n) = a;;1yi41(n — Tiga) + pf, we obtain from (5.3) and (5.7) that
A)fori=1,2,--- k-1,

vi(n +1) = (1 +a;)yi(n) + di(r) — (Ai(r) +di(r) — u3_,)

(1 + a)yi(n) — aipiyiri(n — 1) + (di(n) — di(n)) + (pr_, — #5)

B) for i =k,
ye(n + 1) = (1 + ar)ye(n) + de(n) — (pe — pi_y1)
It can be shown easily, from the equations in cases 4) and B), that the characteristic
equation describing the traffic flow from node (i — 1) to node i is given by z — (1 + a;), where
t = 1,2,---,k. On noting that all nodes are connected in tandem, the characteristic equation

describing the traffic low from node 0 to node k is given by

k
A(z) = _],:[1[2 -(1+a)},

which has k zeros at z; = 1 + a;, where i = 1,2,---, k. Therefore, the system is exponentially
stable if and only if -2 < @; < 0,1 =1,2,---, k.
We finally obtain that forz =1,2,---,k,

Ai-1(n)

pioy +Fuic(n — 1)

= pi_ +ayi(n - 1)
"

= pi +aifzin — 1) + _ 2 (M1 (7 + Tiim1) — p221)]
PR et P
n-—1

= pi +afzin—T1ii) + E (Mi=1(F) = i)

j=n-7;

which establishes the control algorithm (5.2).
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5.1.3 Upper Bound for Buffer ‘Occupancy

We now consider the controller (5.6) with &« = —1 and assume that the external traffic rate
is always less than the node’s service rate. Since it is required that 0 < A;_;(n) < uf_, for all n,

it follows that 0 < —u;_i(nr) = pi_; — Ai-1(n + 7i-1) < pi_, for all n. Thus,
-ut’-l(n) = Sat“'e_l {—u;..l(n)}, 1=12,---, k.

Now if the buffer size K; is assumed to be large enough so that there is no packet loss, then the

system (5.1) can be expressed as
zin +1) = [zi(n) — Sat,; {—ui_i(n — ™)} + di(n) — (pi(n) — ui_,)]*,
where [z]* = maz{z, 0}. Also equation (5.5) becomes

n—1
vi(n) = [z:(n)]" = 3 Saty_ {—uiai(h)} - (5.8)
j=n—r;
Thus we have

yiln+1) = [zi(n+1)]* - i Saty,. {—ui-1(5)}

j=ntl-n

= [zi(n) - Sat,;_, {—uimi(n — )} + di(n) — (ui(n) — p_ )|t -

- X Sat, {~ui1())}

j=n+l—7n

fzrin+1)<0,y(n+1)=—- > Sat,. {—ui.1(j)} <O0.
j=n+l-7

Ifzi(n-*'l) 209

yiln+1) < [zi(n)]t = Sat,: {—uimi(n — 1)} + [di(n) = (pi(n) — i)t

- X ‘Sat“;_l {—ui(4)}

j=n+l-7
= yi(n) — Sat,;_ {—ui_1(n)} + [di(n) — (pi(n) — pi_ )] -
On noting from (5.6) that —u;_(n) = Sat,.  {yi(n)}, it follows that
yi(n + 1) < yi(n) — Sat,;_ {yi(n)} + [di(n) — (p(n) — pi_,)]* - (5.9)
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Since it is assumed that d;(r) < pi(n) and y;(0) = 0, [di(n) — (pi(n) — p:_)]* < pi_,- By
mathematical induction, It can be shown from relations (5.8) and (5.9) that y;(r) < p;_, for all
n. We then have, for all n,

yi(n + 1) < [di(n) — (pi(n) — pi))]*

Thus from (5.8),

n—1 n n
zin) =yi(n)+ Y Sat,{-w(G)} < Y Sat,. {v:()}< Y G-V =m(G-1)+pi_,]*

j=n-mn j=n-% j=n-%
This relation shows that the buffer occupancy is the function of the rate of the external traffic,
the service rate u;(n)/T and the maximum rate u;/T assigned to the node i, and the loop delay
7;- When the node ¢ is too conservative, i.e., u < u;, such that d;(n) — (ui(n) — u?) < 0, the
buffer is always empty, where it is assumed that d;(n) does not exceed u;. When the node i is too
greedy, i.e., u? is close to u;, a buffer of large size is then required to accumulate any burstiness

in the external traffic.

5.1.4 Simulation

Simulation is performed on the model described by (3.1) with £ = 3 hops and the hop-by-hop
flow controller given in (5.2). We choose a sampling time T = 1lmsec. Table 3 gives respectively
the maximum service data of node i, the maximum link transmission rate assigned to the ith
node, the link delay from node z — 1 to node ¢, and the link delay from node i to node z — 1.
Node @ t=0|i1=1]1=2]|t1=3

u:/T (Mbps) [ 80 | 155 |155 |155

p:/T (Mbps) |80 |80 [80 |80

i (msec) 1 5 8

Tii~i (msec) 2 6 10

Table 3. Network’s parameters
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It follows from Table 3 that the loop delays are respectively given by
n=Tan+Tw0=3, =T+ =11, I3=T3+7130=18.

Now we study the system’s behaviors related to the values of a given in (5.2), where a = q;,
i = 1,2,3. Assume that the external traffic and crossing traffic are periodical signals with
d;(n) = d(n), where i = 1,2, i.e., the sum of uncontrolled and controlled traffic rates. By
choosing different values of a, three cases are considered.

Case A:a = —1

Figure 22a shows uncontrolled traffic (or external input) rates going to Node 1, 2 and 3,
which are represented by the solid, dashed and dotted lines respectively. These rates are periodic
along the sampling point n.

Figure 22b shows the controlled traffic rate \;(n)/T, i = 0, 1,2, in response to the uncon-
trolled rate, which are represented by the solid, dashed and dotted lines respectively. Figure 22c
shows the total traffic rate [A;_(n) + di(n)]/T, i = 1,2, 3, which are represented by the solid,
dashed and dotted lines respectively. Figure 22d shows the buffer occupancies z;(n),: = 1,2,3,
which are also represented by the solid, dashed and dotted lines respectively..

Since at the beginning total input rate to each node is less than the node’s capacity u;/T,
the buffer at each node is empty. The VC obtains its maximum service rate 80Mbps at the source
node. Thus, the nodes 1,2 and 3 also provide the service rate 80Mbps for this VC. When n > 50,
the external input rate to the receiver jumps to 80Mbps, which makes the total input rate to the
receiver greater than the receiver’s capacity. The buffer occupancy at the receiving node increases
rapidly. After the information on buffer occupancy is sent back to node 2, the transmission rate
A2(n)/T is quickly reduced (Fig. 22b). Similarly, the transmission rates A (n)/T and Ao(n)/T
are reduced correspondingly. It is observed from Fig. 22b or Fig. 22c that the transient time of
the controlled input rate A2(n)/T at node 2 is the loop delay 73. Similarly, the transient time of
Ai(n)/T at node 1 is the sum of the loop delays 7, + 73, and the transient time of Ag(n)/T at the
source node is the round trip delay r, + 72 + 73. There is no overshoot in the transient period.

Case B: a = —0.1
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In this case, we can see the phenomenon is similar to the case of @ = —1, but the system has
much longer transient times than the case of a = —1. This sluggishly response behavior results
in a larger size of buffer occupancy as observed in Fig. 23d.

Case C:a = -1.8

In this case, the system has an oscillatory response behavior as observed in Fig. 24b, because
the parameter a = —1.8 is close to the stability boundary of a = —2.

By comparing cases A, B, and C, it can be observed that a has a significant effect on the
system'’s performance. If |a| is too small, the system has a sluggish behavior. On the other
hand, if |a| is too large, the system behavior is oscillatory. A good choice of a corresponds to the
Case A, where the system has a short response time and the small maximum buffer occupancy
compared with the Case B.

As can be seen, all nodes upstream to the bottleneck node maintain their buffer occupancies
respectively. This allows for a faster alleviation of congestion in the bottleneck node since its
neighboring node can respond tp the congestion information quickly after a loop delay, compared
with a round-trip delay and a larger buffer occupancy as observed from Fig. 25 for an end-to-end

controller with a = —1.

5.2 Hop-by-Hop Control: a single VP

Another problem in the end-to-end rate-based control is that the destination end needs to
send network information to every sources. This implies that a lot of traffic along the feedback
virtual connections will be generated since the number of sources are large in general. As it is
known that many virtual connections are grouped into a virtual path to carry traffic between
two switches, it is possible for one switch to send feedback information back to the other switch
along the virtual path instead of the virtual connections.

This section therefore proposes a new hop-by-hop rate-based flow control scheme which
controls the allocation of the bandwidth of a VP switching node to its VC connections. Under
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this scheme, each VP switching node plays an active role in regulating aggregated traffic. The
sending rate in each node is periodically computed based on local information on the server
capacity and the link capacity, and based on feedback information on buffer occupancy sent by
the downstream VP switching node along the virtual path. Thus the overhead generated along
the feedback path is greatly reduced in comparison with the overhead generated along the virtual

connections.

5.2.1 The Hop-by-Hop Robust Proportional Flow Control Algorithm

It will be shown later that the network described by (2.7) is locally asymptotically stable if
the transmission rate at each node is regulated by the following algorithm:
For VP switch (z — 1),

Aici(n) = picy +uic(n —150), :=2,3,---,1, (3.10)

where
u;-1(n) = —Satr,_, {%z;(n - %)}
The value of M; is known to VP switch (¢ — 1) since M; represents the number of active VCs
along a VP connection between VP switch (i — 1) and VP switch :. The values of N; and ¢; are
constant to be determined.

For the external node j|: to VP switch i,
Aji(n) = pji +uj(n—75), 1=12,---,1, j=1,2,---L;, (5.11)

where

uj;(n) = —Sat,,j..{ix.-(n -} .

N;

It can be seen from the control structure in (5.10) and (5.11) that the current transmission
rates A\;_1(n)/T and A;i(n)/T are adjusted only based on the buffer occupancy z; at their down-
stream VP switch. Without the consideration of the nonlinearities imposed on the systems
described by (2.7) and (5.10), the number ¢; in the control algorithm (5.10) and (5.11) is used
to locate all poles of the closed-loop system of (2.7), (5.10) and (5.11) inside the unit circle.
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Remark 5.2.1 It is obvious that our controller given by (5.10) and (5.11) has a very simple
structure. The traffic output at each VP switch is proportional to the delayed buffer occupancy
from the down-stream VP switch. The controller is robust in the sense that the system’s stability
is not sensitive to the change of number of active VCs by properly choosing the number ¢;.

5.2.2 Design and Analysis

Our major concern in design phase is to determine the control parameters to maintain the
stability of the closed-loop system. Thus in the following, we would only consider the locally
asymptotical stability properties of the network (2.12).

Assume that VP switch I is a link-congested node. The buffer occupancy of VP switch
i(< I) with multiple controlled inputs can therefore be described by

zi{n+1) = zi(n)+ui(n—-7)+ f:l uji(n — ‘r;) +di(n) + Adi—1(n — ;) — i(n)
j=

Ai(n) + Adi(n) + di(n) = ui(n — Tiprs) — pi + Adi(n) + di(n), i< -1

.

pi(n)

Ay

where ug(n) = 0.

L,
On noting that ji;(n) = pi(n) — pi-1 — Y pji, We have that
j=t

Li
zi(n + 1) = zi(n) + uimr(n — 1) + 2 wii(n — 1)) — wi(n — Tipr) + vi(n)
- =t

where

Li
Bi— pict — O Bji, 1=1,2,---T—=1
i=1

Ly
di(n) + Adp_i(n) —dj(n) + T —pr = S pjr, i=1.

=1

v.-(n) =
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The traffic controller at VP switch (¢ — 1) is defined by
Tinas 7
uni(n) = = D e —jyui-1(n — j) — 3 Mibis—jyzi(n — 5) , (5.13)
1=t j=0
and the traffic controller at the external node j|i is defined as
Tines 7
uji(n) = — 3 @i, —iyti(n = §) — 3 cizi_jyz(n — 5) - (5.14)
=1 j=0
where a;;, b;; and c;; are coefficients, and 7;, 7} and 7, are integers to be determined.

In order to describe the characteristic equation of (5.12) with (5.13) and (5.14), the z-
transform method is used, where the system’s initial conditions are assumed to be zero because
they do not affect the system’s stability. Then the z-transform of (5.12) is

Li
(z = 1D)Xi(z) = 27U (2) + D 2TU(z) — 27T Uy(2) + Vi(2) , (5.15)

i=t

where X;(z) := Z zi(n)z", and U;_(z), Uji(z), and Vi(z) are similarly defined.

n=0
Let
=7 air bi'r Cir
Mf(z) = ’ Air = ] Bif = ’ Cir = )
z ai bi1 ci1
1 aipp bio | Cio |

Then the z transform of (5.14) is given by

Uiei(z) = —z""mes AT\ \Woe _1(2)Uim1(2) — 2~ MBE W (2)Xi(2) ,

Uji(z) = =z~ e Al s _yWoi,—1(2)U5(2) = 275 CEW(2)Xi(2)

or

z~ @A&“Wﬂ@(z)&_;(:) = —2~"M;BIW;(2)Xi(2) ,

e AT, W (2)Uji(z) = -z-*:fcg;._- Wis(2)Xi(2) ,
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where a;,; __in A, is 1. Then,
Uini(2) = —z™mes"%(AL, W (2))" MBI W3 (2)Xi(z) - (5.16)
Uj(z) = —z"™m="T (AL, Wes (2))'CEWsi(2)Xi(2) - (5.17)
Substituting (5.16) into (5.15), we obtain
(z —1)Xi(z) = -z'w-f (A% Wi, (2)) ' MBI W;,(2) Xi(2)

_ z e (AT, Wi (2)7'CEWis(2)Xi(2) (5.18)

=1
—Xiv1(2) + Vi(2) -
Let

Adz) = (z = VAT, W, (2) + 2" """ M;BIW;, (z)+zzfm-'-f'cTW,.(z),

j=1
where
(Z) = xr' W,.'."”(Z).
It is clear that A;(z) is the characteristic equation of the sub-system of VP switch i. Then

equation (5.18) can be rewritten as

Ai(2)Xi(z) + Ri(2)Xis1(2) = Ri(2)Vi(2) - (5.19)
By grouping the equations (5.19) for i = 1,2, - -, I, we obtain
’AL(Z) Ry(2) o || Xi1(2) [ Ri(z)Vi(2)
Ax(z) Ra(z) X2(2) Ry(2)Va(2)
Ar-1(z) Rei(2) | | Xi-1(2) Ry_1(2)Vi-1(2)
| 0 A(z) || Xi(z) | | RBi(2)Vi(2)

Thus the characteristic equation of the network (5.12) with the controllers (5.13) and (5.14)
is given by
I
A(z) =[] a«2) . (5.20)

=1
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This implies that the network is stable if and only if the subsystem of VP switch 1 is stable,

i=1,2,---,1. For the subsystem i, choose 7; and 7; such that

- S 1
Ti+Ti = Thaz »

‘f’; + 1"} =7,
where 7}, > {7, 7}, § =1,2,---, L;}. This results in that Ai(z) is a polynomial function of z.

We now obtain

Li
Aiz) =(z— I)AZ;,.WW,'-"“(Z) + M.BgWﬁ(Z) + ZC;‘_;,W,-;;(Z) . (5.21)

j=l1

Note that the roots of A;(z) = 0 are determined by the coefficients a;;, b;; and c¢;;. In order to

obtain a simple control structure, we choose fori =1,2,---,1I:
aij=07 j=0’1?."7rrinaz-17
G;M'
biO = N - 1
bij=0,  j=12-%, (5.22)
i = —=
10 - N -
cij=07 j=1729"'71‘;}-

Then the resulting characteristic equation of the buffer occupancy can be simplified as

M; + L; )

Ai(2) = zmes(z — 1) + N

(5.23)

The following result can be established by using Lemma 4.2.1.
Theorem 5.2.1 Consider a network defined in (2.12). There ezist positive numbers €}, i =

1,2,---,1I, such that for all ¢; € (0,.6?), the network (2.12) can be stabilized by the local controllers
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(5.13) and (5.14) if fori =1,2,---,1,

Tmar = max{w, 7}, j=1,2,---, L},

mar —

Ti+Ti = Thaz »

a;; =0, J=0,1,---,70 . —1,

e eM; , (5.24)
N

b;; =0, 1=12,.--,%,
€i

CGo = N’

cij =0, 71=12, ,‘T’;

Moreover, the local controllers defined in (5.14) are also open-loop stable.

Proof. It follows from the equation (4.23) and lemma 4.2.1 that for the subsystem of VP switch
i, there exists a positive number €? such that for all ¢; € (0, €?), all the roots of A;(z) = 0 are
inside the unit circle. So are all the roots of A(z) = 1£[ Ai(z) = 0. Therefore the network (2.7)
can be stabilized by the controllers (5.13) and (4.17).‘=l

It is obvious that the characteristic equation of the local controller (5.13) is AS(z) = z"mes=
by using the parameters (4.24). Similarly the characteristic equation of the local controller (4.17)
is Afi(2) = z™mas. Therefore the roots of both Af(z) = 0 and A§(z) = 0 are all in the origin.
Hence the local controllers are open-loop stable. |

Substituting the control parameters defined in (4.24) into (5.13) and (4.17), we obtain the
control algorithms (5.10) and (5.11) where the saturation is considered.

Remark 5.2.2 From practical point view, it is important for the local controller at the interme-
diate VP switches to be open-loop stable since an open-loop unstable local controller may destroy
the system’s stability if its feedback link is broken.
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5.2.3 System Steady Behavior

We would like to investigate the system behavior at steady states. Its analysis would give
us an idea on buffer design and fairness.

A

For VP switch 1, let z?, u?, u? i» di and d® be the steady state values corresponding

jir
to z(n), ui(n), u;(n), Ai(n), Aji(n), di(n) and d;?(n) respectively in equations (2.12), (5.13),
(5.14) and (5.24). For simplicity, we consider that the virtual path has one single persistently
link-congested VP switch I. This implies that the traffic between VP switch ¢ and VP switch
(2 + 1) does not exceed the link capacity ' for i = 1,2,..-,I — 1, while the traffic may exceed

the link capacity between VP switch I and VP switch (I + 1). Thus we have

M4+Ad<T:, i=1,2,---,1-1

A} +Ad} >2T7 .
Then as n — oo, the steady state equations for VP i (i = 1,2,.--, I) are described by
L;

z; = Satg{z!+ul,+ Y uj+di +Adi, - Ag),

i=t

F

Satr, (M + Ad! +d?}, i<I-1

Satr, {T; +d} (5.25)
el'Ml:’ s s s
ul, = ‘S“tl’.--l{Tzi} ’ AlZl = pimrtui,
3 e'- £ J K J 3 g 3
Ui = _Satu,‘.'{'l'v"zi}: Aji = pi+ Uiy J= 1,2,---, Li

where uj = A§ = 0, and M? and L? are the steady values of M; and L; respectively as n — oo.
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The following result gives the solution to the above equations.
Theorem 5.2.2 Assume that switch I is persistently link-congested, and that switch i is not

persistently link-congested, i = 1,2,---,I — 1. Let d := d! + Ad?_, be the total input of uncon-
M’
trolled traffic to VP switchi (1 =1,2,---,1), and let p} := Zp, Then the steady behavior of

j=1

VP switch i described by (5.25) is given by
a) if df < i,

=0, v =0, A_,=pi, u;=0, and X}; =pj;, j=12,---,L]

) if i < & < g+ min{(Mg + Lp)pl, S LD
N s ~ 3
e ey ) el
M3 -
3 = ——1(d? - i}
u;_q (M: + L:)( i “:)
Ai-t = i+ “f— (526)
S = —_ ds "J
i M7+ L’)(
Aji = l‘ji+u;ia J=1727”'7L;!

where p? := min{pl_ | /M, pji; j=1,2,---,L}.

Proof. First, consider the case where J‘? < p¢. By definition, u;_1(n) < 0 and u;(n) < 0, for

L:
all n. It follows that uf_, +>_ uj; + d® — 32 < 0. Then we can show that we always have that
e~
L: i !
T} +ul_, + Z uj; +d; — g7 < 0, and hence z7 = 0 by definition.
ot
J . . )
By contradiction, assume that 0 < z! +ul_, + »_ u}; + d} — iif < K;. It follows from (5.25)
—
L: X ’ Lt X
that z? = z7 + u?_, +zu';,- +d; — g;. It results in u}_; '*'Z";’-‘ + d} — g7 = 0, which is not
i=t j=1

possible.
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L X
If z7 +ul_; + ) u}; +di — 3} > K;, we then have that z7 = K; due to saturation. From
—
j .
(5.25), it is required that K; + u}_; + z:u + d3 — j{ > K;, which is again not possible.

Thus we always have that 2z = 0. It then follows from the fourth and sixth equations in

(5.25), ui_, = —Satr,_ {——=z}} = 0, and u%} = -Sat,.,..{—l\-kz;?} = 0. Thus by definition,
M !

Moy =i =2 s and X = pyi, j = 1,2, L}
=1

Now consider the case b). Assume that the system operates in the linear region except the

equation for x?. Then we have

N R
= Ttul 2w +d -
~
s G;M"-' s
Ui = TN T
€; s - s
u;t — —in, J - 1, 2, 7Li
which give that =} = N; (df — a2). It turns out that ul_, = M; CHET)
ch gve Hat = LM + L) Hel- =T TIME + L) Hes

and u};, = — df — i7). Thus the proof is completed on noting that the conditions

7 + L)
0<z; < K;i, —ppi=1 Lul_; £0,and —pu;; < u; <0,5 = 1,2,---, L}, are needed to maintain
the system operating in the linear region, and these conditions can be guaranteed by i} < J‘,? <

i + min{(M? + L3)u0, <X (Ax*'[”)} |

Remark 5.2.3 In order to design a lossless data network, it is required that the buffer size K; is

at least greater than )(d’ i?). Clearly, the buffer occupance z$ in (5.26) will become

N __
(M + L
large if N is large, or ¢;, M} and L} are small.

Now we assume that VP switch ¢ (i = 1,2,---,I — 1) is persistently congestion free. This
implies that both link capacity and node capacity are not exceeded. So we have that

A+ Ad} +d < pi

Then we have from (5.25) that
B =X+ Ad+d7
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L.
Let g = —(Af —pi_ — Zp,,) On noting that the total input of uncontrolled traffic to VP

switch ¢ is equal to the total output of uncontrolled traffic from VP switch z, we obtain
&+ Ad_, =df +Adl .

It then follows from (5.25) that

L?
:t = Satx,{:t + u'-[ + zu_” +izf}

j=1
This implies that the buffer occupancy of a congestion free VP switch is independent of the

uncontrolled traffic.

Corollary 5.2.1 Assume that switch I is persistently link-congested, and that switch i is persis-
tently congestion free, i = 1,2,---,1 — 1. Also assume that X\; + Ad; +d? < p;. Then the steady
behavior of congestion-free VP switch ¢ (i < I — 1) can be given by

a) if i <0,

=0, ul_, =0, A_, =pi,, u;=0,and A}; =p;;, j=12,--

b) if 0 < af < min{(M} + L})u; 0 ftK(Afv-i-L)}
z? = __N. ~c
Q(M’ L;)#l
us = __M’ ~C
NVl
AL, = pi,+ui, (5.27)
u? = —.__1__ ~C
ji - (M: + L;?)P'
AJ’:‘ = p,-,--l-u;i, j=1,2’...’L;g.

Proof. This result can be established by replacing the item (d* — ja?) in (4.26) with jf.
Since VP switch (i — 1) has M? VCs going to VP switch ¢, it is desirable that each of VCs

can obtain the same amplitude of feedback to adjust its transmission rate. Let jui_, be the
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feedback gain to the jth VC in the VP switch (¢ — 1). We then define

e— _1 >
J'u':-l - F{'u:-l’ J= 1,2,°~,M¢',

L (5.28)
pi:=-M_i,+_L:(dg-“i)? t=12,---, I

It thus follows from (5.26) that
ju;?:uz,':P.', j=1v2"",M:, k=1,2”"1L:- (5.29)

This shows that each VC of (M? + L}) VCs flowing into VP switch ¢ obtains the same feedback
gain p; from VP switch :. Additionally, let

"{=019 j=1927"'vM:'

T

pji = Oiemy, §=1,2,---, L}

This implies that each VC keeps the same maximum transmission rate from its source to its

destination. Then for VP switch ¢, it follows from (5.27) and (5.29) that

N

i—1

= 0j+pt'9 j=1121"'ng:.

z\;i = Ojpmr+pi, j=12,---,L}.

If VP switch : (z = 1,2,---,1 — 1) is not persistently link-congested, but has no loss of
N

_6.- EYD) (d? —fi?), it then follows from the flow balance principle

controlled packets, i.e., K; >

that
=, + z 3 t=1,2,---, 1—1,
=1
where A§ = 0.
On noting that
|+l
A} = 2 A7
J"'l
l-(»l
= > 0+ M pin
j=1
and that
M2 L:
) +Z: = Y0, + Mipi+ > Ojsres + Lips
j=1 =1 =1
M,
= 2 0' + Mi.-HPi
j=l1
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where M7 , = M? + L}, we then obtain that
P ‘= Pi = Pi+1, i=1a2a""1-1
which yields the following theorem:

Theorem 5.2.3 (Fairness) Assume that VP switch I is persistently link-congested, and that VP
switch i is not persistently link-congested, i = 1,2,---,I — 1. Also assume that VP switch i has
no loss of controlled packets, i = 1,2,---,1 — 1. Then the fairness property is achieved in the
sense that every VC obtains the same feedback gain p along the virtual path.

Remark 5.2.4 It is observed from Theorems 5.2.2 and 5.2.3 that the traffic rate at each source
node is regulated based on the same feedback gain p which is only dependent on the uncontrolled
traffic 2. This shows that the source nodes are fairly treated, and they can share the switch’s
bandwidth without interference to each other. In particular, if all the VCs are given the same

mazimum allocated rate along the virtual path, i.e.,

l“x’=ﬂh=07 i=172v"'7H7 j=1727"'7M:'7 k=1?2v"’1 ‘:7

then they have equal share of the bandwidth of the virtual path:

Mj=0+p, i=1,2---H j=1,2,---, L.

3

5.3 Implementation of the Proportional Controller

The controller (5.10) and (5.11) can be distributively implemented in the source nodeso, the
switching nodes and the destination node. The normalized one-hop feedback propagation delays
Tii~1 and 7;; need to be estimated. The other parameters 7;, 1“'}, and N; and ¢; should also be
provided in order for the intermediate switching nodes and the external sources to calculate the

their data transmission rates respectively.
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The resource management (RM) cells are used to carry the values of four components: (1)
the transmission time of a RM cell in the hop source node, (2) the transmission time of a RM
cell in the hop destination node, (3) the number of active controlled VCs and (4) the buffer
occupancy in the hop destination node. The transmission time of a RM cell in the hop source
node is used to measure the one-hop loop delay 7; or ‘r} , and the transmission time of a RM cell
in the hop destination node is used to calculate the one-hop feedback delay 7;;_ or 7;;.

When VP switch ¢ receives the RM cells generated from VP switch (i — 1) or its external
source nodes at every sampling interval T, it writes its buffer occupancy and the time before
the RM cell is send back to its source into the RM cell and then sends the RM cell back to VP
switch ¢ or the external source node. The following procedures are used to obtain the parameters
required in the controller (5.10) and (5.11).

A. Determining 7;;_; and T;;:

The value of 7;;_; is estimated by the difference between the time the RM cell arrives VP
switch (i — 1) and the time stamp recorded in the RM cell by VP switch . The value of 7;
is estimated by the difference between the time the RM cell arrives the external source node j
and the time stamp recorded in the RM cell by VP switch i. These one-hop feedback delays are
usually constant since the RM cells have high priority for processing and transmission.

B. Determining 7; and ‘F; :

Using the time stamp recorded in the RM cell by the one-hop source node, the one-hop
loop delay 7; between two VP switches and r; between VP switch ¢ and its external node j are
determined by the difference between the time the RM cell returns to its source and the time
stamp recorded in the RM cell. Then the value of #; is chosen such that #; + 7; = 7},,,, and the
value of # is chosen such that #} + 7§ = 7},., where 7;,,. is a uniform delay applied for all VCs
going to VP switch i. '

C. Determining N; and ¢;:

Since N; > M; + L; is usually large, it is divided into a set of integers {N;;; [ =1,2,---, k}

with N;; < N;2 < --- £ N;,.- The number of active controlled VCs stored in the RM cell is

used as the estimate of the current number of active controlled VCs. Then the values of (N;, €;)
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VP Switch 0 VP Switch 1 VP Switch 2

Fig. 26. Simulation model

can be adaptively adjusted by (N4, €;1), where N is chosen to be close to but larger than the
estimated M;+ L;, and ¢;; is chosen such that the characteristic equation of the buffer occupancy

A(z)=2z"(z—-1)+ ——ei"(Mi + L)
N;
is a stable polynomial for all M; + L; < N;;. These values of (N;;, €;;) can be obtained by

running the MATLAB tool [34].

5.4 Simulation

The simulation results on the controller (5.13), (5.14) and (5.24) would be presented here.

Since our hop-by-hop flow controller regulates the VP switch’s service rate over time, we
are particularly interested in analyzing both the transient and steady behaviors of the network.
Transient behaviors such as the duration of response time and the maximum transient buffer
occupancy at each VP switch are the main concerns in performance analysis.

The example is based on the model described in Figure 26 with three VP switches. Table
4 gives respectively the link delay from VP switch i — 1 to VP switch i, the link delay from VP
switch ¢ to VP switch i — 1, and the maximum link transmission rate assigned to each VC. It
is also assumed that the node capacity I';/T = 180Mbps, the link capacity I';/T = 180Mbps,
uncontrolled traffic d = 0, where i = 1,2, 3, and the sampling time T = 1msec.
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VP Switch 2 1=1 t=2 =3

vcl | vez | ves | vea | ves | vee | vC7 | VPL | VC8 | VC9 | VP2
7;; (msecs) 1 2 2 3 3 1 3 5 5
7,; (msecs) 2 3 3 3 4 3 3 5 6
7; ;- (msecs) 3 4
"';-1,.’ (msecs) 3 3
p;i/T (Mbps) || 40 24 | 32 20 24 40 24 28 36

Table 4. Network's parameters along the single

It can be seen from Figures 27a, 28a and 29a that the numbers of VCs in switch 1, 2 and 3
are increased from 0 to 5, to 7 and to 9 respectively. We have that

My =0, M;=5 M3=T1,

L3=5 L[3=2, L3=2

3
So the total number of VCs in the virtual path is Z L} = 9. From Table 4, We then have that

i=1
Ly
W/T =3 ujn/T = 140(Mbps) ,
i=t

L3
uy/T = p3/T + D pj2/T = 204(Mbps) ,

i=1
Ld

LJ
p3/T = p3/T + > pj3/T = 268(Mbps) .

i=1
It is known from [10], [17] and [26] that in order to obtain high utilization, all VCs in Table 4
would be allowed to transmit data at their maximum assigned rate p; if the VP switches are

not congested. But if no control is applied on these VCs, it is obvious that VP switch 2 and VP
switch 3 may be congested since p3 > Iz and p3 > T3.

112



Now we apply the controller given in (5.10) and (5.11) to prevent the virtual path from

congestion with the parameters:

=1 =1 21 =1 =1
711—47 2—’2, 3-2’ 4-17 5-0,
#l=1 #=0,

~31=5’ .:?:47

e=¢=008 1=1,23,
N =10.

It can be observed from Figure 29 that the congestion occurs just after two VCs (VC8 and
VC9) are added into VP switch 3. The buffer occupancy z;3 is increased very quickly. Then it
can be seen from Figure 28b that VP switch 3 enforces VP switch 2, VC8 and VC 9 to reduce
their transmission rates, which in turn increase the buffer occupancy z» since at this moment
VP switch 1 and other external nodes do not obtain the congestion information. Similarly the
congestion information in VP switch 3 is propagated through buffer occupancy z; in VP switch
2 to VP switch 1, VC5 and VC6 with the effect of reducing their transmission rates. Finally the
congestion information in VP switch 3 is propagated through buffer occupancy z; in VP switch

1to VCi, i = 1,2,3,4,5 so that their transmission rates are reauced. The whole process takes

about 0.02 second.

It follows from Theorem 5.2.3 and (5.28) that the proposed controller has the fairness prop-

erty. The feedback gain is given by
p:=p; =-9.7778, 1=1,2,3.
We then have the following results:

$/T = 91.11(Mbps), A3/T = 135.55(Mbps), A3/T = 180(Mbps),

z} = zj = z3 = 1.2222(Mb).
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All above values can be verified by the simulation results (b) and (d) in Figure 27, 28 and

29 respectively.

5.5 Concluding Remarks

In this chapter, a discrete-time fluid model was used to model a virtual connection and
a virtual path which go through a number of intermediate switching nodes. Each node can
aggregate both guaranteed service traffic and best-effort service traffic. We started to design a
traffic controller for a simple case of one virtual connection. Then such a controller was extended
to the case of a virtual path along the VP switching network.

The traffic controller is geographically distributed over the intermediate VP switches and
source nodes. Each local controller can determine the maximum allowed rate at which the source
can transmit data to a VP switch and a VP switch can transmit data to its down-stream VP
switch. We have analyzed a robust congestion controller in the sense that the controller is not
sensitive to the change of number of VCs during the network operation. With this controller
applied, we demonstrate that the virtual path is asymptotically stable and exhibits a good
transient behavior. We also demonstrate that the controller provides high utilization of network

and is fair to each VC.
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Chapter 6

Conclusions

In this thesis, we have obtained some fundamental results on the continuous-time and
discrete-time traffic controllers for the high speed networks that can accommodate both guar-
anteed service and best-effort service traffic based on the continuous and discrete time models
respectively. These traffic controllers are geographically distributed over the source nodes, and
each local controller at a source node need only to determine the maximum rate at which the
source is allowed to transmit data to the network.

Through an analysis using the Lyapunov approach in the continuous-time fluid model, we
have designed an end-to-end controller that can stabilize the network with a bounded queuing
delay in each node. Two types of controllers are designed. One is the proportional controller
which has a very simple control structure. The other one is the proportional and integral (PI)
controller which can greatly reduce the deviation of mean buffer occupancy to the specified
buffer threshold. It also has faster response to the change of traffic load in the network than the
simple proportional controller. The major advantage of these two controllers is that they are
not sensitive to the variance of propagation delays, queuing delays and processing delays in the
network. Therefore they can be used a long haul end-to-end traffic control.

Through an analysis by using the z-transform approach in the discrete-time fluid model, we
have proposed a class of end-to-end and hop-by-hop controllers that are robust in the sense that
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the controllers are insensitive to the change of number of VCs during the network operation,
and to the variation of propagation delays, queuing delays and other processing delays. With
this controller applied to an end-to-end controlled network, we demonstrate that the network
is piecewise asymptotically stable and exhibits a-good transient behavior. With this controller
applied to a hop-by-hop controlled network, we demonstrate that the response time to the load
change and size of buffer occupancy are reduced greatly, and also overhead traffic along the feed-
back path is reduced greatly. Therefore, these types of control algorithms can be applied to a
high-speed network requiring fast response to the load change while allowing small perturbation

on delays.

6.1 Future Works

In this thesis, we solved some fundamental problem existed in the current congestion control
approaches such as stability and variable delays. However, there are still many problems left for
continuous development on our new proposed congestion controllers. For future work, we can
extend our study of the traffic control to the following items:

e fairness for multiple congestion nodes; if there exist two congested nodes and upstream
congested node is worse than the downstream node, then our fairness property applied to
the virtual channels going through the upstream congested node is not applied to virtual
channels which only go through the downstream congested node.

e saturation problem; all of our results in this thesis are based on the assumption that network
is operating on the linear region. Thus, it is desirable to have an engineering guidance to
avoid saturation problem. For example, a guidance to choose the upper bound of buffers,
threshold for the congestion level, and a slow-start mechanism. It is also desirable to have

a systematic analysis on what impact would be on the network when the saturation occurs.

e a PID type of controller which can achieve both good dynamic performance and good steady

performance, i.e., to increase both gain margin and phase margin of the system.

118



e the optimization of all parameters involved in the proposed control algorithms.
e a hybrid approach to integrate the congestion control and routing technique.

e a practical protocol which can describe and implement all proposed algorithms according
to the ATM forum and other industrial standards.
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