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ABSTRACT
A structured organisation of tasks, possibly hierarchical, is necessary in a BISDN
network due to the complexity of the system, its large dimension and its physical
distribution in space. Feedback (possibly supplemented by feedfonvard) control has an
essential role in the effective and efficient control of BISDN. Additionally, due to the
nonstationarity of the network and its complexity, a number of different (dynamic)
modelling techniques are required at each level of the hierarchy. Also, to increase the
efficiency of the network and allow flexibility in the control actions (by extending the
control horizon) the (dynamic) tradeoff between service-rate, buffer-space, cell-delay
and cell-loss must b e exploited. In this thesis we take account of the above and solve
: three essential control problems, required for the effective control of BISDN. These
. solutions are suitable for both stationary and nonstationary conditions. Also, they are
suitable for implementation in a decentralised coordinated form, that can form a part of a
1 hierarchical organisation of control tasks. Thus, the control schemes aim for global
solutions, yet they are not limited by the propagation delay, which can be high in
comparison to the dynamics of the controlled events.
'
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Specifically, novel control approaches to the problems of Connection Admission Control
(CAC), flow control and service-rate control are developed. We make use of adaptive
feedback and adaptive feedfonvard control methodologies to solve the combined CAC
and flow control problem. Using a novel control concept, based on only two groups of
. traffic (the controllable and uncontrollable group) we formulate a problem aimed at high

:
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(unity) utilisation o f resources while maintaining quality of service at prescribed levels.
Using certain assumptions we have proven that in the long term the regulator is stable
and that it converges to zero regulation error. Bounds on operating conditions are also
derived, and using simulation we show that high utilisation can be achieved as suggested
by the theory, together with robustness for unforeseen traffic connections and
disconnections. Even with such a high efficiency and strong properties on the quality of
service provided, the only traffic descriptor required from the user is that of the peak
rate of the uncontrollable traffic.
A novel scheme for the dynamic control of service-rate is formulated, using feedback
from the network queues. We use a unified dynamic fluid flow equation to describe the
virtual path (VP) and hence formulate two illustrative examples for the control of
service-rate (at the VP level). One is a nonlinear optimal multilevel implementation, that
features a coordinated decentralised solution. The other is a single level implementation

that turns out to be computationally complex. Therefore, for the single level
implementation the costate equilibrium solution is also derived. For the optimal policies
derived, w e discuss their implementation complexity and provide implementable
solutions. Their performance is evaluated using simulation. Additionally, using an ad hoc
approach w e have extended previous published works on the decentralised coordinated
control of large scale nonlinear systems to also deal with time-delayed systems.

:
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Using a hierarchical structure w e demonstrate the derivation of a particular solution for
the control of service-rate. In particular we decompose the system, both vertically and
horizontally. We provide local coordinated decentralised solutions at the lower levels of
the hierarchy and more global solutions operating at slower time scales at the higher
levels. At the highest level of the hierarchy, we extend published results on the control
of service-rate t o the case of a multiobjective formulation. At the lowest level of the
hierarchy, we propose a novel link server protocol derived from heuristic arguments. At
the intermediate level we use the dynamic service-rate control scheme, described above.
Also, to demonstrate the flexibility and adaptability of the hierarchical structure an
additional level has been formulated.
In this thesis, adaptive control theory and multilevel optimal control theory are applied

a

t o a variety of BISDN problem formulations, which demonstrate the suitability and
power of these techniques in the BISDN context.
In summary, we offer an integrated structured approach to the effective control of
BISDN that has the essential features of implementability, efficiency, effectiveness and
robustness.
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In this glossary, we list some mathematical symbols and the common meaning of the
main variables used in the thesis. A detailed explanation of their meaning, can be found
within the text. An example of the variable's usage appears in the page listed under the
page heading Note that commonly capital letters are used for matrices, and small letters
for vectors.
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shift or delay operator
polynomial in the shift operator q-'
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(round up).

is the next integer toward - co (round
down).
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coordination variable
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variance of variable
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time delay
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past data vector

128
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cells

22
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cellsltime unit

128

white noise
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general function of x
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general function of x
peak cell-rate

cells/time unit
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Harniltonian function
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general indexing variables
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cost function, objective function, etc.. .
discrete time delay (in integer multiples of the
sampling time)
Lagrangian function
mean value of variable
order of system
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pth percentile of the buffer distribution
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time (continuous or discrete)

time unit
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sampling rate
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control input
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feedforward signal
feedforward signal 1; the average (over one
control interval) total uncontrollable traffic
flow

cells/control
interval
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feedforward signal 2; the average (over one
control interval) of the cell queue length

cell places/
control interval

52
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128

system output

37

interaction variable

LIST OF ILLUSTRATIONS
Page
Figure 2.1. Physical and temporal relationship in a network .................................... 9
Figure 2.2. Factors influencing the control horizon............................................... 10
Figure 2.3. A hierarchically (multi-1eveVmulti-layer)organised control structure... 16
Figure 2.4. Example of a hierarchically (multi-1eveVmulti-layer)organised control
structure ............................................................................................................... 18
Figure 2.5. Time delays for various traffic types over 100 krns link and 1000 cell
queue................................................................................................................... 20
Figure 2.6. Time delays for voice over 1000 krns link and 1000 and 10000 cell
21
queues..................................................................................................................
Figure 2.7. Tradeoff between cell-delay and cell-loss.......................................... 2 3
Figure 3.1. Block diagram of the flow control concept .......................................... 34
Figure 3.2. The adaptive feedback and adaptive feedfonvard control concept for
CAC and flow control ..........................................................................................
35
Figure 3.3. ATM switch simulator block diagram ................................................. 50
Figure 3.4. Block diagram of the adaptive controller and its standard settings ....... 53
Figure 3.5. Cell rate as a fluid flow ....................................................................... 63
Figure 3.6. Probability of loss surface ................................................................... 66
Figure 3.7. The log of Probability of loss surface..................................................66
Figure 3.8. Contour plot of the log of the Probability of loss .................................67
Figure 3.9. Structure of a general adaptive controller ............................................ 68
Figure 3.10. ATM switch preprocessor ................................................................. 78
Figure 3.11. Controllable cells processor .............................................................. 78
Figure 3.12. Closed loop system block diagram .................................................... 87
Figure 3.13. Buffer cell occupancy frequency distribution................................... 103
Figure 3.14. Typical segments of the simulation run: 37200 and 6000 celltimes... 103
Figure 3.15. Video connection and disconnection simulations: video remains
connected throughout simulation run .................................................................. 105
Figure 3.16. Video connection and disconnection simulations: video disconnected
after 20000 celltimes elapsed ........................................................................... 106
Figure 3.17. Video connection and disconnection simulations: video cokected
after 20000 celltimes elapsed .............................................................................. 107
Figure 3.18. Examples of video and data connections ......................................... 108

Figure 3.19. Reference set to 20 buffer cell places ..............................................110
Figure 3.20. Reference set to 50 buffer cell places ..............................................111
Figure 3.21. Reference set to 75 buffer cell places ............................................. 112
Figure 3.22. Simulation run for control penalty weight equal to 0.05 .................. 114
Figure 3.23. Simulation run for control penalty weight equal to 5 .......................114
Figure 3.24. Simulation run for control penalty weight equal to 150 .................... 115
Figure 3.25. Typical buffer histogram................................................................ 115
Figure 3.26. Comparison of the controlled system performance with and without
feedforward compensation.................................................................................. 117
Figure 3.27. Evolution of the estimated control parameters over the length of the
simulation run ................................................................................................. 118
Figure 3.28. Sensitivity of buffer occupancy to changes in the incoming traffic.... 119
Figure 4.1. The control concept for the dynamic allocation of service-rate.......... 126
Figure 4.2. The VPC control structure and information flow ............................... 138
Figure 4.3. The VPC control structure and information flow for the 3-node
example.............................................................................................................. 145
Figure 4.4. ATM switching node........................................................................ 163
Figure 4.5. A VP modelled by a series of ATM switching nodes......................... 163
Figure 4.6. DENS and CSTS for stationary background traffic ........................... 176
Figure 4.7. DENS and CSTS for nonstationary background traffic ...................... 177
Figure 4.8. VP buffer state: optimal service-rate allocation, w, = 5, wc = 1 ......... 180
Figure 4.9. VP service-rate: optimal service-rate allocation, w, = 5, w, = 1 ........ 180
Figure 4.10. VP buffer state: optimal service-rate allocation, w, = 1, wc = 5 ...... 180
Figure 4.11. VP service-rate: optimal service-rate allocation, w, = 1, w, = 5 ...... 180
Figure 4.12. Node 1 VP traffic buffer state ........................................................ 181
Figure 4.13. Node 2 VP traffic buffer state ......................................................... 181
Figure 4.14. Node 1 allocated service-rate.......................................................... 181
Figure 4.15. Node 2 allocated service-rate.......................................................... 181
Figure 4.16. VP traffic buffer state at node 1 for changes in the service-rate
182
reference values..................................................................................................
Figure 4.17. Background traffic buffer state at node 1 for .changes in the servicerate reference values ...........................................................................................182
Figure 4.18. Service-rate allocated to VP traffic at node 1 as the references on the
service-rate are changed ....................................................................................182
Figure 4.19. Service-rate allocated to background traffic at node 1 as the
references on the service-rate are changed .......................................................... 182

xix

Figure 4.20. Buffer state for plentiful link capacity ............................................ 182
Figure 4.21. Service-rate allocations for plentifbl link capacity ..........................182
Figure 4.22. The costate variable interaction term for a loaded network .............183
Figure 4.23. The costate variable interaction term for a lightly loaded network .. 183
Figure 4.24. The interaction variable for a loaded network .................................183
Figure 4.25. The interaction variable for a lightly loaded network ......................183
Figure 4.26. Node 1 buffer state: dynamic service-rate allocation ........................185
Figure 4.27. Node 1 buffer state: static sev.ice-rate allocation............................ 185
Figure 4.28. Node 3 buffer state: dynamic service-rate allocation ........................ 185
Figure 4.29. Node 3 buffer state: static service-rate allocation ............................ 185
Figure 4.30. Node 1 dynamically allocated service-rate....................................... 185
Figure 4.3 1. Node 3 dynamically allocated service-rate ....................................... 185
Figure 4.32. Node 3 VP traffic buffer state; service-rate allocated dynamically
using the equilibrium costate solution .............................................................. 186
Figure 4.33. Node 3 Service-rate allocation using the equilibrium costate solution.186
Figure 4.34. Node 3 VP traffic buffer state; service-rate allocated dynamically
using full costate solution...................................................................................186
Figure 4.35. Node 3 service-rate allocated dynamically using full costate solution.186
Figure 4.36. Demonstration of the existence of the costate equilibrium ..............187
Figure 5.1. Typical throughput fbnctions ...........................................................192
Figure 5.2. Three node network topology used for example 5.1. ......................... 194
Figure 5.3. Pareto set of the optimum service-rate allocation for case i ............... 196
Figure 5.4. Pareto set of the optimum service-rate allocation for case ii .............. 196
Figure 5.5. Functional values for case i ............................................................... 196
Figure 5.6. Functional values for case ii .............................................................. 196
Figure 5.7. The interactions between VPs sharing a link and the proposed solution
to neutralise them via a higher level supervisor, the VPOSU ............................... 197
Figure 5.8. The information flow between the VPOSU and the VPC levels......... 201
Figure 5.9. A single VP highlighting the link level ............................................... 202
Figure 5.10. The link server outline.................................................................... 203
Figure 5.11. Schematic of the proposed hierarchical structure for the dynamic
service-rate allocation......................................................................................... 206
Figure 5.12. Tradeoff hnction A,, plotted against the hnction Dl( U ) ..............207
Figure 5.13. Tradeoff fbnction A plotted against the fbnction D, ( U )..: ............207

,,

Figure 5.14. Pareto optimum solution in the decision space ................................208
Figure 5.15. Pareto optimum solution in the hnctional space ..............................208

