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STABILITY AND PERFORMANCE OF CONTROL SYSTEMS
WITH LIMITED FEEDBACK INFORMATION

Abstract
by

Qiang Ling

This thesis studies linear control systems with limited feedback information.
The focus is on two types of limitations on the feedback information, dropout
and quantization. By dropout, we mean that the desired feedback measurement
is missed. By quantization, we mean the feedback measurement is described by a
finite number of bits, which introduces “measurement error”. This thesis analyzes
the effect of dropout and quantization on stability and performance of control
systems and develops synthesis methods that improve system performance in the
face of such limited information.

We consider two dropout models, independent and identically distributed
(ii.d.) processes and Markov chains. For a control system with i.i.d. dropouts,
we provide a necessary and sufficient stability condition and a closed-form expres-
sion for the output’s power spectral density (PSD). Based on this PSD result, we
identify an equivalent linear time-invariant (LTI) system which can be used to
do synthesis. As an example, we design the optimal dropout compensator. For a
control system with dropouts governed by a Markov chain, we provide a necessary
and sufficient stability condition and a method to compute performance measured

by the output’s power. Based on the performance result, we propose a method
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to design the optimal dropout policy which minimizes the degradation of system
performance under the given dropout rate constraint. We extend the performance
results on Markovian dropouts to distributed control systems.

For a quantized control system, we derive the minimum constant bit rate to
guarantee stability. A dynamic bit assignment policy (DBAP) is proposed to
achieve such minimum bit rate. We also study the performance of quantized sys-
tems. For a noise-free quantized system, we prove that DBAP is the optimal
quantization policy with performance measured by the L-2 norm of the quantiza-
tion error. For a quantized system with bounded noise, performance is measured
by the ultimate upper bound of quantization error. We present both a lower
bound and an upper bound on the optimal performance for quantized systems
with bounded noise. The upper bound can always be achieved by the proposed
DBAP. So DBAP is at least a sub-optimal quantization policy with the known

performance gap.
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CHAPTER 1

INTRODUCTION

A conventional sampled-date control system is shown in figure 1.1. That sys-
tem has two feedback paths, the one from the sensor to the controller and the

one from the controller to the sensor as shown in figure 1.1.  The two feedback

Plant: u

w(t)
t
ﬁzAPx+ Bu+B w Y .
dt >
u() > y=Cpox+D,u
A 4
ZOH/Actuator Sampling (7)
u, [u(kT) yi | y(kT)
Controller
Uy Y

Figure 1.1. A sampled-data system



paths are assumed to be perfect in the sense that the controller knows the exact
value of {y(kT)} at sample instants {0,727, ---} and the actuator also receives
the control variable {u[kT]} without error at the sample instants. If the above
feedback information is limited, i.e. imperfect, what will happen?

This thesis considers two types of limitations on the feedback information;
dropout and quantization. By dropout, we mean that the desired feedback mea-
surement is not received by the actuator. For control systems, measurements that
are delivered with long delays are usually useless for control purposes and are often
dropped. By quantization, we mean that the feedback measurement is described
by a finite number of bits. There is, of course, a “measurement error” due to the
quantization of the feedback signal. The main goal of this thesis is to analyze the
effect of dropouts and quantization on the stability and performance of control
systems.

This introduction is divided into 3 parts. Section 1.1 discusses the motiva-
tion for studying control systems with limited feedback information. Section 1.2
reviews the related literature. Section 1.3 gives a summary of the chapters that

follow.

1.1 Motivation

This section considers two classes of control systems with limited feedback
information, computer-controlled systems (CCS) and networked control systems

(NCS). They are presented below.



1.1.1 Computer-controlled systems

Before computer-controlled systems emerged in the 1950s, the controller in fig-
ure 1.1 was usually realized by hardware, e.g. an electrical network of resistors and
capacitors. Such hardware controllers are difficult to design. It is also difficult to
maintain these controllers. For example, if one wants to change a single parameter
of the controller, the whole electrical network may have to be rebuilt because the
resistors and capacitors are coupled together. When computers were introduced
into control systems to act as controllers, we obtained a computer-controlled sys-
tem (CCS) [3]. In a CCS, controllers are realized by software and their design
and maintenance are greatly simplified, e.g. the control parameter change can be
easily realized through setting a constant in a program. This benefit, however, is
achieved at the cost of additional ADC (analog to digital conversion) and DAC
(digital to analog conversion) and possible failure in accomplishing the control
task.

Because the variables of the plant, {y(kT)} and {u(kT)}, are continuous-
valued and the variables of the computer are discrete-valued, we require an inter-
face converting the continuous signal into the discrete signal (ADC) and vice versa
(DAC). ADC is, in fact, quantization. When the precision of ADC is high, the
quantization error may be neglected or treated as uniformly distributed noise [27].
But high precision ADC’s (analog to digital converters) are usually expensive. One
may, therefore, adopt a less expensive ADC with fewer quantization levels. The
coarse quantization available on such an ADC can greatly degrade overal system
performance. So it is important to quantify the performance degradation under a
given quantization sensitivity.

In a CCS, the controller and the data transmission (from the sensor to the



controller and from the controller to the actuator) are realized through processes
executed by a central processing unit (CPU). If the CPU is too busy, some pro-
cesses are not executed before their deadlines so that some expected variables are
not available, i.e. dropped. One may use a computer dedicated to a CCS to avoid
such process failures. But such dedicated hardware may not be an acceptable
design due to economic or power considerations. Another promising choice is to
compute the performance degradation due to process failure. If the degradation
is acceptable, no extra computation (CPU) cost will be needed.

From the above arguments, we see that a CCS is a system whose performance
is limited by dropped and quantized data in the feedback path. By analyzing
the effect of dropout and quantization on system performance, we may put the
appropriate requirements on ADC converter and CPU that result in cost-effective

design meeting customer expectations.

1.1.2 Networked control systems

In recent years there has been considerable interest in networked control sys-
tems (NCS) [7] [65] [70]. What is an NCS? Briefly speaking an NCS is a sampled-
data system whose feedback loops are closed over non-deterministic digital commu-
nication networks. NCS has many advantages, such as efficient resource sharing,
easy maintenance, high system reliability and lower price [7].

In order to give a clear picture of an NCS, we compare the NCS in figure 1.2
to the conventional sampled-data system in figure 1.1. The main difference
between the NCS and the conventional sampled-data system is the introduction
of the communication part, which includes the network and the related converters.

In the following, we briefly describe the mechanism by which an NCS works.
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Figure 1.2. A Networked Control System

Because the network is digital with finite bandwidth and the “currency” of
the network is the bit, any data must be converted into bits before transmission.
Yk, as a continuous-valued signal, must be quantized into a discrete-valued signal.
There are a finite number of such discrete values. The encoder maps every discrete
value to a unique bit sequence of finite length. Such a bit sequence is often called
a symbol. S, (k) is the symbol produced at time k for the value y;. Quantization
and encoding are usually jointly carried out, so we view them as a whole.

Sy (k) is sent to the controller through a network at time £7". Because the net-
work is non-deterministic (unreliable), the received symbol S, (k) may be different

from the original symbol S, (k) and there may be a delay of 7 in the symbol’s



transmission. By the decoding policy, S, (k) is converted into yj, which is an
estimate of y;, with a delay of 7;°. Besides delay, dropout is also an important
property of the NCS. Some symbols may be dropped by the the network due to
transmission error. Some greatly delayed symbols are also treated as dropouts
because in control systems, data whose delivery is greatly delayed may be more
harmful to system stability than receiving no data at all [55]. In the event of
dropouts, no symbol is received by the decoder at the controller side, but the
controller still needs an input. A dropout compensator may therefore be used to
generate an estimate y?(k) based on the previously received data. We, therefore,
combine decoding and dropout compensation together to generate y4(k).

With the estimate y?(k), the controller produces a control wuy. uy is usually a
continuous-valued signal. In order to reach the ZOH (zero-order hold)/actuator
through the network, wuy has to follow the same coding/decoding procedure as yy,
endures quantization error, transmission delay 7. and possible dropouts. So what
the ZOH/actuator receives is only uf, an estimate of u;, with the delay of 7¢*. ]
is a discrete-time signal. In order to control a continuous-time plant, u} is usually
converted by a ZOH. An actuator may be required for power amplification. So we
view the ZOH and the actuator as a whole.

From the above description of the NCS, we see that the communication link
introduces errors between the measured and true feedback signal. These errors

are due to
1. Dropout.
2. Delay: 73¢ > 0 and 7% > 0.

3. Quantization error: Due to the finite network bandwidth.



Among the non-ideal feedback limitations listed above, we focus on dropout and
quantization. Because of dropout and quantization, the system suffers from esti-
mation error, i.e. yx # y{ and/or ug # uj which may degrade system performance.
It is critical to quantitatively analyze the performance degradation due to dropout
and quantization. With the achieved analysis results, we may reduce the system
resources, such as network bandwidth and the network’s quality of service required

to achieved a desired performance level.

1.2 Literature review

As mentioned before, this thesis focuses on dropout and quantization in control
systems with limited feedback information. For a control system with feedback
dropouts, if a measurement packet is dropped, then the system works in the
open loop; otherwise, the feedback loop is closed. The system therefore jumps
between two configurations: open and closed loops. We can, therefore, find a
tight relationship between such systems and jump linear systems, which caught
much interest in the early 1990s. In this section, we first review the literature on
jump linear systems. Second we review the recent progress on network control
systems, a class of control systems with limited feedback information. At the end,

we give a brief review on quantized control systems.

1.2.1 Related work on Jump Linear Systems

A jump linear system can be modeled as follows [36]:

i1 = A(ry)ze + B(ry)ug (12.1)

P(rigr=jlre =1) = py



where z;, € R" is the state, u; € R™ is the input, and {r;} is a Markov chain
taking values in a finite set S = {1,2,---,s} with the transition probabilities
defined in eq. 1.2.1 where p;; stands for the probability of a transition from
state i to state j. A(ry) and B(rg) are functions of r,. When rp, = r; (1 € .9),
A(ry) = A; and B(r) = B; where A; and B; are specified real-valued matrices
with appropriate dimensions.

In [36] three types of second moment stability are defined for the jump linear

system in eq. 1.2.1.

Definition 1.2.1 For the jump linear system in eq. 1.2.1 with ux = 0, the equi-

librium point 0 is !

1. stochastically stable, if for every initial state (xq,ro)

E > llzk(zo, o)l | @o.70| < o0, (1.2.2)
k=0
where || - || denotes Euclidean norm of a vector.

2. mean square stable, if for every initial state (xo, 7o)

khjﬂ@E |2k (@0, o) | @0,70] =0, (1.2.3)

3. exponentially mean square stable, if for every initial state (xq, ), there exist

constants 0 < a < 1 and 3 > 0 such that for all k >0
E [[[zx(z0, ro)lI* | @0, 70] < Bat|aoll?, (1.2.4)

where o and ( are independent of xog and 1.

Y2x(20,70) denotes the state at time k for initial conditions x¢ and 7.



In [36], the above 3 types of stability are proven to be equivalent. So we can focus
our study on mean square stability without loss of generality. In [36], a necessary

and sufficient condition for mean square stability is provided.

Theorem 1.2.1 (/36]) The jump linear system in eq. 1.2.1 with ux = 0 is mean
square stable, if and only if, for any given set of symmetric matrices {W; >0 :1i €

S}, the following coupled matriz equations have positive definite solutions {M;}.

ZpijAZMin - M; =-W; (1.2.5)
j=1
Remark: Although the above condition is necessary and sufficient, equation
1.2.5 must be verified having a solution {M;};—; ... s for arbitrary positive matrices
{W;}iz1.... s. Fortunately the above stability condition can be reformulated into

the stability of a compound matrix, which is much easier to test.

Theorem 1.2.2 The jump linear system in eq. 1.2.1 with u = 0 is mean square
stable, if and only if the following matriz Aj has all eigenvalues within the unit

circle.
A[Q} = dZCLg (AZ b2y Ai>i:172,...7s (QT ® In2) (126)

where QQ = (pij),., 5 the probability transition matriz of the Markov chain {r}.

In [51], the above stability condition was extended to continuous-time jump linear
systems. Although the condition was claimed to be necessary and sufficient in
[51], only sufficiency has actually been proven. It is [17] that rigorously proves
the necessity for the first time [23]. We came up with a parallel proof of necessity.
Compared to the one in [17], our proof is more direct [15]. We present our proof

in chapter 3.



The previous literature [34] has studied controllability and stabilizability of
jump linear systems as well as stability. Performance problem, particularly the
linear quadratic Gaussian (LQG) problem, was also studied for jump linear sys-

tems [35] [51].

Theorem 1.2.3 ([35], [51]) The LQG controller for continuous-time jump linear
systems is the combination of a linear quadratic requlator (LQR) and a Kalman

state filter, i.e. the separation principle is satisfied.

The above theorem can be extended to discrete-time cases. In [55], the above

optimal control law is verified for a special class of discrete jump linear systems.

1.2.2 Related work on the limited feedback information of networked control

systems

There are four major types of non-ideal properties of feedback information
in an NCS, including sampling, delay, dropout and quantization. The discussion
on quantization is moved into subsection 1.2.3. Among the first three types of
non-ideality, dropout is our main focus. We, however, still review the results on

sampling and delay so that a whole picture on an NCS can be presented.

1.2.2.1 Sampling

Because of sampling, the feedback information is available only at sampling
instants. Compared to the continuous-time feedback systems where the measure-
ment is always available, sampling may be treated as a kind of temporal limitation
of feedback information. Although there are some non-periodic sampling methods
[4], the main sampling methods usually assume a periodic form. Sampling period

T is a kind of measure of the attention a system catches [13], or how limited

10



the feedback imformation is. Larger 7" may mean less resource occupation and
is more desirable. Much effort was made to increase 1" on the condition that the
performance degradation is acceptable.

In [66], a continuous-time plant is controlled over a network feedback loop. At
time instants ¢;, the measurement y(¢;) is sent so that g(t;) = y(t;), where () is
the input to the controller, i.e. the controller computes the control variable from
y(t). during the transmission intervals, zero order hold is used, i.e. §(t) = §(t;) for
t € [ti,ti11). The transmission intervals are bounded from above, i.e. t;;1 —t; < 7.
The NCS is viewed as an approximation of the directly linked continuous-time
system, whose approximation error is §(¢) — y(t) # 0. It was proven that when 7
is small enough, the stability of the NCS can be guaranteed [66]. The maximum
allowable transfer interval (MATI), i.e. the upper bound of 7, was derived. This
MATT is a function of the parameters of the NCS [66]. It deserves special attention
that the transmission instants are not required to be equal-distance in [66].

In [52], a special sample-hold function is used for the system shown in figure
1.3.  &(kh) = z(kh) at time instants kh (kK = 0,1,2,---). During the update

intervals (¢ € (kh, (k+ 1)h)), z(t) is governed by the state estimator dynamics.

i = A#+ Bu
u(t) = Kz(t) (1.2.7)
z(kh) = xz(kh)

where K is the state feedback gain. Because A and B may not perfectly match
A and B, the sampling period h cannot be infinite. The maximum allowable
sampling periond, h is derived [52]. The work was extended to output feedback

NCS by using a state estimator [52]. It was also applied to the NCS with delay

11
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Figure 1.3. A model-based Networked Control System [52]

by constructing state predictor based on the known delay [52].

1.2.2.2 Dropout and delay

Dropout means there is no expected measurement at some sampling instants,
i.e. the feedback information is lost. So dropout is a kind of temporal limitation
of feedback information. Delay means that the feedback information is received
a little later than the expected instants. But there is no information loss in the
delayed measurement. So it may not be appropriate to treat delay as a limitation
of feedback information and this thesis doesn’t consider delay under the main goal
of “limited feedback information”. The reason to mention delay here is that the
literature on dropout usually also studies delay and the methods to treat dropout
usually follow the same routines for delay. For completeness, we review dropout
and delay as a whole.

The network delay and/or network dropout can be governed by a stochas-

tic model, which includes Markov chains and i.i.d. (independent identically dis-

12



tributed) processes.
In [55], two models of the time-varying network delay are studied: Markov

chain and i.i.d. process. The NCS with network delay takes the following form.

1 = Axp+ Do(me)ur + Ty (7h)ug—1 + vg (1.2.8)

Y = Cxp+ wy

where 2, € R", u, € R™, v, € R*, y, € R' and w;, € R'. 7 is the network
delay, modeled by a Markov chain or an i.i.d. process. wu; is the control to
be designed. v, and wy are uncorrelated Gaussian white noise with zero mean.
Io(7x) and I'y(7%) are the input matrices determined by the delay 7. Under the
specified stochastic delay model, the performance defined in a quadratic form,
E [:c;ffSllxk + u}fSﬂuk}, was computed. Furthermore, an optimal LQG controller
was designed, which is a combination of the Kalman filter and the optimal state
feedback controller.

In [55], dropout is specially considered, where dropout is called vacant sam-
pling. Dropout is modeled as a Markov chain with two states, “dropout” and
“no dropout”. The dynamics equation with dropout is similar to eq. 1.2.8. Two
heuristic compensation strategies in event of dropouts are proposed: reusing latest
control, i.e. up = ug_1, and constructing control from the estimate of the dropped
measurement. Examples were used to compare the two strategies.

In [28], a first order NCS with both input and output noise is studied. In
the NCS, the feedback measurement is dropped in an i.i.d. fashion. In the event
of dropouts, the control will be set to 0. The work presented a necessary and
sufficient condition for mean square stability and found the optimal feedback gain

to minimize the output power. In [59], a necessary and sufficient stability condi-
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tion of an NCS with i.i.d. dropouts takes an LMI form and stabilizability with
constant state feedback gain was discussed. A Matlab toolbox: Jitterbug [42]
was developed, which can numerically compute both the output power and the
output’s power spectral density under the given network delay and/or dropout
modeled as a Markov chain.

By assuming stochatic models on the NCS, aggressive results can be obtained.
For example, necessary and sufficient stability conditions can be established. It is,
however, always disputable whether the stochastic models are practical. So some
researchers choose weaker a weaker class of models which bound the dropout rate
and the network delay from above.

In [70], the NCS with dropout is studied. It replaces the true switched system
with an “averaged system” and then provides some sufficient stability conditions
on the system. In the stability condition, only average dropout rate is used and
there is no assumption on the dropout pattern. So the results are quite general,
though, at the cost of more conservatism. [70] also gave a good start on network
scheduling of the NCSs. A network is shared among a group of NCSs. It was
shown that the sampling periods of the NCSs can be chosen in some optimal way
to obtain best performance and satisfy the network sharing constraint (all packets
can be successfully transmitted). When the network is overloaded, i.e. the sharing
constraint cannot be satisfied, the stability of all the NCSs may still be guaranteed
by dropping some packets. The dropout policy design was demonstrated through
examples

In [6], discrete network delay is considered, which is really dropout. In the
event of dropouts, the latest control is reused. In that work, the number of

consecutive dropouts at time k, dj, is bounded, i.e. dp < M. Then the control
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takes the following form.

Up = Co(k‘)ﬁk + Cl(k‘)ﬁk_l 4+t eyl
1, dp=1
alk) = '
0, dp#1

where uy_; is the control variable designed for dy = [. If one substitutes the above
control law into the system dynamics equation, e.g. an ARMA (autoregressive
moving average) model, we obtain a dynamic system with time-varying parameters
¢i(n). So the system with uncertain dropouts is converted into a system with
uncertain parameters. Based on results from robust control theory, a sufficient
condition for the asymptotic stability of the NCS with discrete network delay

(dropout) can be established [6].

1.2.3 Related work on quantization

Because of quantization, the received feedback measurement is different from
the one originally sent. Quantization can be treated as a kind of spatial limita-
tion of feedback information. The literature review here briefly goes through the
history of quantization. A detailed (and technical) review will be found in later
chapters.

Quantization is an old topic. At the beginning of computer-controlled sys-
tems, quantization is treated as ADC (analog-digital) conversion. The quantiza-
tion (ADC) policies at that time are usually static, i.e. the quantization result
depends only on the current measurement input. The major advantage of static
quantization policies is the simplicity of their coding/decoding schemes. They may

be realized through hardware, e.g. an ADC converter. Such quantization policies
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usually choose uniform sensitivity. Their weakness lies in possible overflow and
underflow, i.e. the distinguishable measurement magnitude is bounded both from
below and from above due to the finiteness of the number of quantization levels. It
was proven that static policies with a finite number of quantization levels cannot
achieve asymptotic stability [19]. The best thing to expect with a finite number of
quantization levels is locally practical stability (i.e. states converge into a bounded
set under “good” initial condition) [69] [5] [21]. The aforementioned static uniform
quantization policy processes all possible measurement with the same sensitivity.
This may result in significant relative quantization error for measurements with
small magnitude and may therefore degrade the system performance. This effect
can be magnified by an example with an infinite number of quantization levels,
where constant uniform sensitivity is enforced everywhere, particularly around the
origin and asymptotic stability cannot be obtained [19].

After digital communication networks are introduced into control systems
(networked control systems), quantization, named as network quantization here,
caught more and more attention because all variables sent over such networks
have to be quantized before transmission. Network quantization may be realized
through software with a powerful processor and the quantization complexity is no
longer a bottleneck. One may therefore pursue more complex quantization poli-
cies for better performance. One choice is static logarithmic quantization policies,
where the quantization levels are marked in a logarithmic scale. Such logarithmic
policies can guarantee almost constant relative quantization error. When an infi-
nite number of quantization levels are available, asymptotic stability under static
logarithmic quantization can be obtained [25] [33]. It was shown in [20] that the

logarithmic quantizer is the least dense among all static quantizers to guarantee

16



asymptotic stability. When there is only a finite number of bits, it is still im-
possible to achieve asymptotic stability with the static logarithmic quantization
policies.

Based on the above arguments, one may ask whether asymptotic stability can be
obtained with a finite number of bits? An affirmative answer is given in [14]. The
creativity in [14] is to choose a dynamic quantization range. In order to illustrate
the dynamic procedure in [14], we compare it against a static quantization policy
with static quantization range Py 2. If the state is known to lie in a set P[k] at
time k, then the system dynamics and the control law are used to predict the state
range P[k+1] at time k+1. P[k+1] must be a subset of Py; otherwise an overflow
happens. Under the static policy, P, is partitioned with the given number of bits.
Under the dynamic policy in [14], P[k + 1] is partitioned with the same number
of bits. It is usually the case that P[k + 1] is much smaller than Py. So smaller
quantization errors can be expected under the dynamic policy. It is further proven
that asymptotic stability can be achieved if the number of quantization levels is
above a threshold, i.e. a sufficient stability bound on the bit rate is achieved.

A sufficient stability condition is established in [14]. In order to save band-
width, one pursues the minimum bit rate for stability, i.e. a necessary and suffi-
cient stability condition. Following the dynamic quantization range idea in [14],
Tatikonda obtained the desired minimum bit rate for asymptotic stability [61]
[62]. In [53], stability is interpreted in the stochastic sense, i.e. a certain moment
of state converges to 0. The same minimum bit rate as the one in [62] is proven
to guarantee stochastic stability. The minimum bit rate in [62] [53] is achieved
through a time-varying bit-rate configuration. Real networks, however, prefer to

constant bit rates under bandwidth and power constraints [29]. In [48], the con-

2The quantization range of a static policy is a constant set, denoted as Py.
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stant bit rate constraint is considered and the minimum bit rate for asymptotic
stability is derived.

In the above paragraphs, noise-free quantized systems are assumed and stabil-
ity is characterized as asymptotic stability. If the quantized systems are per-
turbed by bounded noise, stability should be interpreted as BIBO (bounded-
input-bounded-output) stability. The minimum bit rate for quantized systems
with bounded noise has been derived for both time-varying bit rate configuration
[62] and constant bit rate configuration [45].

Based on the previous minimum bit rate results, we know that the quantized
control system is stable (either asymptotically stable or BIBO stable) if an enough
number of bits are available. For a stable quantized system, we may further require
a minimum level of performance 2. More specifically we pursue the quantization
policy which yields the best performance. In [63], the perturbation noise is as-
sumed to be Gaussian and the performance is defined as a linear quadratic form
of the system state. It is shown that the optimal performance decomposes into
two terms. One is determined by the perfect (without quantization) state feed-
back. The other comes from the quantization error. The optimal quantization
policy is the one which minimizes the quantization term in the optimal perfor-
mance equation. Although the results in [63] are intuitively pleasing, they are less
realistic because of their estimation policies. In [63], the state is estimated as the
conditional mean based on the received bit squence. It is not trivial to compute
such conditional mean because the quantization operation is non-linear. It may
therefore difficult to find a recursive way of computing the mean. The only possi-
ble way is to compute it with the probability density function (pdf) of the state.

So the state’s pdf has to be updated at every step which may be unrealistically

3There are various performance indexes which will be specified late.
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complicated. In [40], a scalar quantized system is studied, the input noise is as-
sumed to be bounded and performance is measured by the eventual upper bound
of quantization error. The relationship between the number of quantization levels
and the packet dropout pattern is established. Note that a simple estimation pol-
icy is chosen in [40] and the proposed quantization policy is realistic. The results
in [40] are extended to 2-dimensional systems in [46] and [47]. In [22], a noise-free
quantized system is considered and the convergence rate of the quantization error
is used to measure system performance. It proves that the quantization policy
proposed in [48] achieves the best (fastest) convergence rate.

Up to now, we have reviewed the literature on quantized control systems.
In fact, quantization is also a hot topic in the information theory community
[27]. The idea of quantization in that community is to transmit a random process
through a channel with finite bandwidth. The configuration is similar to ours. We,
however, cannot apply those results directly to our quantized control systems. The
major reason is “feedback”. In the information theory community, the source of
quantization may be a Guassian process, which is independent of the quantization
error. The quantization error is used only for performance evaluation. In the
quantized control community, the source of quantization is usually the system’s
state (or output). The quantized state is fed back for control purpose. Specifically
we consider the following quantized control system.

zlk+1] = Az[k] + Bulk] (1.2.9)

ulk] = Fai[k]

where z[k] € R" is the state, 27[k| is the quantized version of z[k]. If we treat the

quantized state as the summation of the true state and the quantization error,

19



we can say that the quantization error is fed back. If the quantization error is
large, the control will be less desirable and the range of state will be enlarged so
that the quantization error will be increased. Note that we ususally have a fixed
number of quantization bits. If the quantization range is large, the quantization
error is also large; vice versa. If the number of available bits is too small, the
above “positive” feedback, i.e. large quantization error — large state range —

larger quantization error — ..., may destabilize the whole system.

1.3  Summary of thesis

This thesis focuses on two types of limitations on feedback information, dropout

and quantization. It is organized in the following way.

e In chapter 2, we consider a linear control system with i.i.d. (independent
identically distributed) dropouts. We study the stability condition, derive
the closed-form expression for the output’s power spectral density (PSD),
propose an equivalent linear time-invariant (LTT) system that has the same
stability condition and the same output PSD as the original time-varying
system with dropouts. Therefore the synthesis of the original system can
be performed for the equivalent LTI system. As an example, we show a
dropout compensator design, which is formulated into an optimization prob-

lem among a group of LQG controllers.

e In chapter 3, we study a linear control system with dropouts governed by
a Markov chain. We provide a necessary and sufficient stability condition
and compute its performance characterized by the noise attenuation prop-
erty. Based on the achieved performance results, we design the optimal

dropout policy under an average dropout rate constraint. The obtained op-
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timal dropout policy is enforced on a real-time control system as a novel QoS
(quality of service) constraint. Simulations show that the scheduling algo-
rithms considering the optimal dropout policies well outperform the others.
The performance computation and optimal dropout policy results are also

extended to distributed control systems.

e In chapter 4, we study the stability of a quantized control system under the
constant bit rate constraint. Minimum bit rate is obtained for both noise-
free quantized systems (for asymptotic stability) and quantized systems with
bounded noise (for BIBO stability). The minimum bit rate results based on

state feedback are extended to the output feedback cases.

e In chapter 5, we study the performance of a 2-dimensional quantized control
system under the constant bit rate constraint. The performance is measured
by the quantization error. The main goal is to find the quantization pol-
icy that optimizes such performance. For noise-free quantized systems, we
obtain the optimal quantization policy, which is a modified version of the
policy in [48], named DBAP (dynamic bit assignment policy). For quantized
systems with bounded noise, we derive both upper and lower bounds on the
optimal performance. The upper bound can be achieved with DBAP. The
lower bound provides a threshold for achievable performance under a given
number of bits. If the performance is required to be better than some level,
we can predict the required number of bits based on the upper bound. All
performance results may be extended to multiple-dimensional diagonalizable

quantized systems.

e In chapter 6, we summarize the achieved results.
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e In appendix A, we present mathematical preliminaries on stochastic pro-

cesses and Kronecker product, which may be used by Chapters 2 and 3.
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CHAPTER 2

STABILITY AND PERFORMANCE OF CONTROL SYSTEMS WITH I.I.D.
FEEDBACK DROPOUTS

This chapter studies linear control systems with the feedback information
dropped in an i.i.d. (independent identically distributed) fashion. It is orga-
nized as follows. Section 2.1 presents a mathematical model for such systems.
Section 2.2 provides a necessary and sufficient condition for stability and wide
sense stationarity of such systems. The main result, a closed-form expression of
the output’s power spectral density (PSD), is presented in section 2.3. Based on
the PSD results, a linear time-invariant (LTI) system is obtained in section 2.4.
That LTI system is equivalent to the original time-varying system in the sense of
the same stability condition and the same output’s PSD. This equivalent system
is easy to deal with and can be used to do synthesis for the original system. As an
example, section 2.5 designs the optimal dropout compensator for the equivalent
system. Section 2.6 places some concluding remarks. To improve readability, all

proofs are moved to the appendix, section 2.7.

2.1 System model

We consider a single-input-single-output (SISO) control system with i.i.d.

dropouts in figure 2.1. The system has two inputs, w and d. w is white noise
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with zero mean and unit variance. d is an i.i.d. binary process with the distribu-

tion of

Pk =1)=e, P(dk] =0)=1—¢ (2.1.1)

where ¢ is the dropout rate. The loop function L(z) is strictly proper. The output

signal y drives a data dropout model:

ylk] = (2.1.2)

where {g[k]} is the output of the dropout compensator F'(z). F(z) is assumed to
be strictly proper. The control signal of L(z) is assumed to be u[k] = w[k] + y[k].
The output power, E [y?] ! | is taken as the control performance. Such performance

characterizes the noise attenuation of y with respect to w and d.

wlk] k k
_>Q£> L(2) 1 ]=
Sk >0
F(z) Xe——

* dlk]
A O
ylk]

Figure 2.1. A control system with i.i.d. dropouts and dropout
compensation

Tt will be proven in theorem 2.2.2 that the process {y[k]} is wide sense stationary. Based
on the definition of wide sense stationarity in appendix A, we know E [y2 [k]] is constant with
respect to k. So the time index k is dropped in the output power.
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Based on the above model, we know the system will jump in an i.i.d. fash-
ion between two configurations: open loop and closed loop. So the state space

equation of the system takes the following form:

zlk+1] = Alk]z[k] + Bw[k]
ylk] = Culk]

(2.1.3)

where P(A[k] = Acose) = 1 — ¢, P(AIk] = Aopen) = €. Acioses Aopen, B, C' are

system parameters, which come from L(z) and F(z). Assume that L(z) and F(z)

s | An| Bn s | Ar| By

have state space realizations, L(z) = and F(z) = , then
Ch| O Ce| O

Aclose = Ah " BhCh ! > Aopen = Ah Bth > B = B ) C =
BiC, Ay 0 A+ By 0

Cn 0

Throughout this chapter, the following assumptions are taken:
1. w is a white input noise with zero mean and unit variance.

2. The disturbance process {w[k]} is independent from the dropout process

{d[k]}.

3. The initial time of the system is —oo.

2.2 Stability and wide sense stationarity

For a control system, stability is the most important property. We establish

the following stability condition for the system in eq. 2.1.3.

Theorem 2.2.1 The system in equation 2.1.3 is mean square stable if and only
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if A = (1 — €)Aciose ® Actose + EAopen @ Aopen has all eigenvalues within the unit

circle, where ® is Kronecker product defined in Appendiz A.

Theorem 2.2.1 is a special case of Theorem 3.2.1 where dropouts are governed by
a Markov chain. So the proof of Theorem 2.2.1 can be obtained directly from
Theorem 3.2.1 which is presented in Chapter 3.

If a system is mean square stable, we know the initial condition will be even-
tually forgotten. By assumption 3, the initial time is —oo. Therefore we can
assume a zero initial state without loss of generality. Thus the output y[k] will be
uniquely determined by the input noise sequence {w[k]|}. Because of the station-
arity of {w[k|} ({wlk]} is white), {y[k]} is expected to be wide sense stationary

too (the definition of wide sense stationarity is presented in Appendix A).

Theorem 2.2.2 All linear outputs of the system in equation 2.1.3, i.e. the output
with the form of z[k| = Ex[k] + Fwlk|, are wide sense stationary if A = (1 —

€)Aciose ® Aciose + €Aopen @ Aogpen has all eigenvalues within the unit circle.

Again the stationarity in theorem 2.2.2 is a special case of the stationarity in
theorem 3.2.2 (presented in Chapter 3) where Markovian dropouts are considered.
So we omit the proof of theorem 2.2.2.

It can be seen that the system is wide sense stationary if it is mean square
stable by theorems 2.2.1 and 2.2.2. Throughout this chapter, we will assume the
system is mean square stable. So the output {y[k]} is wide sense stationary and
we can compute the power spectral densities and cross spectral densities of the

system with i.i.d. dropouts.
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2.3 Power spectral density

This section states a closed-form expression for the output’s power spectral
density (PSD). The system’s output power is then computed from the PSD. Sim-
ulation results are used to verify the correctness of our predicted system’s output
power. The main result is stated below in theorem 2.3.1. The theorem is proven

in the appendix (section 2.7).

Theorem 2.3.1 Consider the system in equation 2.1.3. Let glk] = y[k] — ylk].
If the system is mean square stable, the power spectral densities and the ouput’s

power can be computed as

2

Syy(z) = ‘1 D(z L(z) ()| Suww(z +‘1 D(z)L )z) 1A—e
2
_ L(z)(D(z)—1 D(z)(1-L(z A
Silz) = ‘% o(2) + | REGER | 2 (23.4)
El] = 5 )7 Sy (™) dw
where | - | means magnitude, D(z) = = eF(Z) When e =0, A =0; whene >0, A

is the unique positive solution of the following equation

L [T L) (D) —1)| ju
A= 5 ) | T =D)L Sww(€7)dw (2.3.5)
1 [™|D(e)(1— L) [? . 1
o | T Demnes | 1=t

Remark: A is an important parameter in the the output’s PSD expression in eq.
2.3.4. The proof of theorem 2.3.1 shows that A corresponds to the reconstruction
error §[k] = y[k] — y[k].

= = [(y[k] — 9[k])*] (2.3.6)



where the second equality comes from the fact that y[k| = y[k] for d[k] = 0 and
ylk] = glk] for d[k] = 1 and P(d[k] = 1) = . By eq. 2.3.6, A is determined by
the compensation error y[k] — y[k].

Remark: The power spectral density S,,(z) in equation 2.3.4 consists of two
terms. The first term is the usual term we would expect to see if a wide sense
stationary process w were driving a linear time-invariant (LTI) system with a
feedback gain D(z). The second term in equation 2.3.4 models the explicit effect
the dropout process d has on the system’s output.

Theorem 2.3.1 can be used to make quantitative predictions about the sys-

tem performance as a function of the dropout rate €. The following example

illustrates such a prediction. Consider a feedback control system with an unstable

240.8
2242417

loop function L(z) = and a dropout compensator F'(z) = % This dropout
compensator simply reuses the latest feedback measurement when a dropout oc-
curs. The input noise, w, is white Gaussian with zero mean and unit variance.
By theorem 2.2.1, the system is mean square stable for dropout rates below 7.0%.
A Matlab simulink model was written to simulate this system. The simulations
experimentally estimated the output power using the time average

Er[vY] =~ (VIL+ 1+ 2L +2]+ -+ L+ 1)), (2.3.7)

Sl

where L is half of the length of the simulation run. By the ergodicity theorem
(theorem 3.3.2) in chapter 3, we know that when € < 3.9%, the system’s ergodicity
is guaranteed, i.e. lim;,_ E; [12] = E[4?].

The control system was simulated with various dropout rates between 0 and
6.4%. For each value of e, we ran 5 different simulations for 200, 000 time steps

and estimated the output power by equation 2.3.7. The simulation results are
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shown in figure 2.2. When ¢ < 3.9%, the figure shows close agreement between
the experimentally estimated and theoretically predicted output power. The dis-
agreement between the predicted and experimentally estimated output power is
significant if ¢ > 4.4%. We believe this is because the system is no longer ergodic
under the large dropout rates. Remember that we are using time-averages to esti-
mate the output power. We can only expect such averages to be a good estimate

of the power when the system is ergodic.

140 - —
—— Theoretical prediction

O Experiments

120 -

Output power, E[y?]

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Dropout rate,e

Figure 2.2. output power under different dropout rates
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2.4 Equivalent linear time-invariant system

By theorem 2.3.1, we obtained a closed-form expression for the ouput’s PSD,
Syy(2). Such a PSD can also be generated by a constrained LTI system. This LTI
system is shown in figure 2.3. It is equivalent to the original system in the sense

that both system generate the same output’s PSD.

wlk] ylk]

L ?4— l-¢ ‘—Ln[k]
F(2)

A\ 4
)

yIk]

Figure 2.3. Equivalent system

The equivalent LTT system is driven by two zero-mean white Gaussian noise

. E|g? .
processes, w and n, whose variances are 1 and % respectively. Note that the
variance of the noise process n is dependent on the variance of one output 7.

Obviously, the first question we must answer is whether or not this particular LTI

system is well-posed. In other words, does there exist an input noise n such that

E [n?] = (2.4.8)
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That question is answered in the affirmative by the following theorem. The theo-

rem is proven in the appendix.

Theorem 2.4.1 Consider the LTI system shown in figure 2.3 with exogenous
white zero-mean Gaussian inputs w and n where E[w?| = 1. If the closed-loop

system is internally stable and the transfer function G,(z2) satisfies the inequality,
1Ggnlly <1 e, (2.4.9)

then there exists a unique noise signal n (by unique, we mean the variance of n is

unique) such that
E [7°] = (1 —-¢)E [n’] (2.4.10)

The LTT system whose existence was established in theorem 2.4.1 is equivalent
to the original time-varying system in figure 2.1 in the sense that both systems
have the same stability conditions and generate the same power spectral densities.
This assertion is stated in the following theorem whose proof will be found in the

appendix (section 2.7).

Theorem 2.4.2 When e > 0, the LTI system in figure 2.3 is asymptotically stable

and its transfer function Gy, (z) satisfies
|Ganlls < 1—¢ (2.4.11)

if and only if the system in eq. 2.1.3 is mean square stable. Furthermore, when

the two systems are stable, they will generate the same power spectral densities,

Syy(2) and Sy(z).
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Remark: The power spectral density is a complete description of a process’
second-order moments. By theorem 2.4.2, we know that the two systems, the
equivalent LTT system and the original time-varying system, generate the same
PSDs, Sy,(2) and Sjz(%). So they will also generate the same second-order mo-
ments, {R,,[m|} and {Rz5(m]}. In this chapter, we only care about second-order
moments, such as R,,[0](= E[y?]) and Ry;[0](= E[g%]). We can, therefore, use
the equivalent LTI system to study the performance of the original time-varying

system.

2.5 Optimal linear dropout compensation policy

In a system with dropouts, the dropout compensator is an essential part.
When a packet is dropped, the dropout compensator will decide what to do in
the absence of data from a pragmatic standpoint. It is important to design the
optimal compensator. By optimal, we mean that the compensator achieves better
performance than any other compensator.

There is little work on optimal dropout compensation. There are several
heuristic compensation strategies, such as holding the latest received data [55],
using constant data [28], and estimating the lost data based on the system dy-
namics [55]. Among these dropout compensators, which one is the best? Examples
have shown that none of the aforementioned strategies is always the best [55] [43].

For mathematical tractability, we confine our attention to the optimal “linear”
compensator. The system in figure 2.1 includes a linear time-invariant compen-
sator F'(z). So we need to find the F'(z) that optimizes the performance, E [y?].

In [43], we solve this problem by the brute force methods. We first assume that
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F(z) has the following structure

N i
Zj:l b]Z !

= 2.5.12
1 + Zf\il aiz—i ( )

F(z)

where N is prespecified, and b; and a; are compensator parameters. Theorem
2.3.1 may be used to compute the performance, E [y?], which is a function of b;
and a;. We therefore optimize the function with respect to b; and a;. The problem
inherent in this method is that we don’t know how large /N should be. This section
uses the equivalent LTI system to propose a dropout compensator design method,
which is not only more efficient than the one in [43], but also guarantees to be
optimal over the class of linear time-invariant compensators.

Theorem 2.4.2 may be used to design F'(z) in the equivalent system of figure

2.3. In order to clarify the situation, let’s redraw figure 2.3 as shown in figure 2.4.

Ly(2) -
Wik — 4 yIk]
O¢—— 1-¢ nlk]
u, k] Dy(z) |«
' z[k]

Figure 2.4. Redrawn equivalent system
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In figure 2.4, Dy(z) is a proper transfer function, which is related to F'(z) by 2

(I —e)zF(2)

Doz = =105 (2.5.13)

Equation 2.5.13 presents an one-to-one map between Dy(z) and F'(z). We can
therefore design F'(z) through Dy(z). As shown in figure 2.4, Dy(z) constructs
the control {us[k]} from {z[k|}, the output of the generalized plant Ly(z). We can

therefore formulate the synthesis of Dy(z) into the following optimization problem.

Optimization 2.5.1 minp,,) E [y?] subject to *

E[7’] = (1-¢)E[n’] (2.5.14)

This particular optimization problem is awkward to solve directly because the
dropout noise n has a variance that’s proportional to the reconstruction error’s
variance E [j?]. The size of the reconstruction error’s variance, of course, is depen-
dent on our choice of Dy(z). This means that both sides of the equality constraint
are dependent on our choice of Dg(z), thereby leading to a problem whose form
is inconsistent with many optimization software packages.

In order to solve our synthesis problem, we need to recast the optimization
problem in equation 2.5.1 into a more standard form. Without loss of generality,
we take A as an additional design parameter that satisfies E [n?] = 7=A. We also

note that the error signal § can be rewritten as g[k| = ey[k] — us[k] — (1 — e)n[k].

2By eq. 2.5.13, we know that F(z) is strictly proper is equivalent to that Do(z) is proper.

3Eq. 2.5.14 implies ||Ggnl|3 < 1 — ¢ for € > 0, which can be briefly proven as follows. By
E [7%] = |Gy |3E [n?] + |Gyu|3E [w?], E [w?] =1 > 0 and ||Gyu||3 > 0 for € > 0, we get
E[7?] > ||Gn|3E[n?]. Combining the above inequality and eq. 2.5.14 yields |Gy, /|3 <1 —e.
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The reconstruction error’s variance therefore can be written as
E[§°] = E [(ey — up)’] + (1 - ¢)*E [n’] (2.5.15)

Without loss of optimality, We rewrite the equality constraint in eq. 2.5.14 as an

inequality constraint

E [gjﬂ < (1-9)E [nz}

= A

The above inequality can be intuitively interpreted as a constraint on the
reconstruction error. When the equality holds, the tightest constraint is obtained.
So we expect the optimal configuration occurs when the equality holds, i.e. on the
border of the feasible region. In the above inequality, A acts as an upper bound
of the the reconstruction error’s variance, E [%]. If one substitutes eq. 2.5.15 into

the above inequality, we obtain

E [(ey —uy)’] <eA (2.5.16)

1

75 optimization problem 2.5.1 is

By multiplying both w and n by the same gain

transformed into the following problem.

Optimization 2.5.2 mina minp,) A - E [y?] subject to

E[(ey —up)’] < e (2.5.17)

E [n’k] = E [wlk] = <

4In fact, A is the upper bound of the acceptable reconstruction error’s variance.
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This particular characterization of the synthesis problem is now in a more “stan-
dard” form that can be tackled by existing optimization software.

We solved optimization problem 2.5.2 in two steps. We first note that the
inner optimization problem takes the form of a standard linear-quadratic Gaussian
(LQG) synthesis [2]. We incorporated the constraint into the performance index as
a penalty and solved the unconstrained optimization problem for the augmented
performance index E [y2 +A(ey —u f)2j| where A is a specified positive number.
The solution of this optimization problem is a standard LQG controller, denoted
as Daa(z). It can be shown that smaller A\ will lead to smaller E[y?]. This
relationship between A and E[y?| stems from the fact that A plays the role of
a weighting function in the LQG performance objective. A small A, therefore,
corresponds to a larger penalty being assigned to E[y?. The idea, therefore,
is to search for the smallest A whose corresponding controller Da ,(z) satisfies
the constraint in eq. 2.5.17. We denote AE[y?], under the smallest ), as p(A).
This is exactly the optimal value for the inner part of optimization 2.5.2. This
inner optimization problem was solved for a range of fixed A, so that p(A) now
becomes a univariate function showing how the optimum performance E[y?] varies
as a function of the upper bound of the reconstruction error’s variance A.

We used the above approach to design an optimal dropout compensator for
the plant in section 2.3. We refer to this as the LQG dropout compensator. We
compared the LQG compensator’s performance against 3 popular heuristics. The
first heuristic sets F'(z) = 0 and corresponds to zeroing the control signal when a
dropout occurs. The second heuristic is F/(z) = z~* which is equivalent to reusing
the last feedback measurement when a dropout occurs. The third heuristic uses

an F'(z) that minimizes the reconstruction error A. We refer to this as the recon-
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struction compensator. The output power achieved by all dropout compensators
is plotted as a function of the average dropout rate £ in figure 2.5. The figure
shows that the reconstruction estimator and LQG compensation schemes clearly
outperform the other two heuristics. The LQG compensator actually does a little
better than the reconstruction compensator and surprisingly it’s minimum value
does not occur for ¢ = 0. This is because the LQG compensator is a better

regulator than the default unity output feedback.

45 —— Optimal
— — Estimator
+ F(2)=0
40+ T O F(z)=1/z A

Qutput Power, E[yz]

0 0.1 0.2 0.3

Dropout rate, &

Figure 2.5. Performance comparisons under different dropout
compensators

As mentioned in the introduction of this section, the two terms in equation
2.3.4 suggest that the optimal dropout compensator does not always attempt to

minimize the reconstruction error. This fact is illustrated in figure 2.6. This figure
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plots the optimum performance level, p(A), achieved for reconstruction errors in
the range 0 < A < 0.8 assuming ¢ = 0.1. Note that this function is not a
monotonically increasing function of A. It has a definite global minimum that
appears to occur for a reconstruction error variance, A, of about 0.38. This result
confirms our earlier suspicion that the optimal dropout compensation should not

always try to minimize the reconstruction error.

10.2

9.8 ml

9.6 .l

Output power, E[y?]

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Figure 2.6. Value function p(A) for e = 0.1

2.6 Conclusions

This chapter studied a control system with i.i.d. dropouts. We derived a

necessary and sufficient stability condition and the performance results (a closed-
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form expression of the output’s power spectral density). The PSD results were
used to obtain a linear time-invariant system that is equivalent to the original
time-varying system with dropouts in the sense of the same stability condition
and the same output’s PSD. This equivalent system was used for synthesis. As a
synthesis example, we designed an optimal dropout compensator for the system
with i.i.d. dropouts.

Because the power spectral density is a full description of the process’ second-
order moments, we know that the “equivalent” system is equivalent to the orig-
inal system with respect to second-order moments. Besides the aforementioned
dropout compensator, we can follow the same procedure to design an optimal con-
troller (with performance measured by the output process’ second-order moment).

This chapter considered a SISO system. Future research should try to extend

these methods to MIMO (multiple-input-multiple-output) systems.

2.7 Appendix: proofs

2.7.1 Proof of Theorem 2.3.1

Let h and f denote the impulse response functions for L(z) and F'(z), respec-
tively. Let w denote the exogenous disturbance signal. The signals, y, ¥, and ¢
represent the loop function’s output signal, the control signal re-injected into the
plant, and the dropout compensator’s output signal, respectively. These three
signals are related through the convolution equations,

v = hx{gtw) (2.7.18)

g = fxy
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We first compute the power cross-spectral densities Sy, (2), Syw(2) and Sy, (2)

relating these output signals to the input w. From equation 2.7.18, we get

Syw(2) = L(2) (Sgu(2) + Sww(2))
Sgw(2) = F(2)S5u(2)

(2.7.19)

For any m, the correlation Ry, may be written as

Ryy[m] = E[y[k +m]wlk]
= E gk + mlwlk]|d[k +m] = 0] P(d[k + m] = 0)

+E [glk + mw[k]|d[k + m] = 1] P(d[k +m] = 1)

Because L(z) and F'(z) are strictly proper, we know that y[k] and g[k] are inde-
pendent of current and future dropouts, so that the last equation can be rewritten

as

Ryw[m] = E[ylk + m]w[k]] P(d[k +m]| =0)
+E [g[k + m]w[k]] P(d[k +m] =1)

= (1 =&)Ryu[m] + eRyu[m]

We then take the double-sided z-transform of the above equation to obtain

Syw(2) = (1 —€)Sy,(2) + €S, (2) (2.7.20)
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Combining equations 2.7.19 and 2.7.20 generates the following expressions for the

cross-spectral densities,

D(2)L(z
Syu(2) = 1-é(i)(L(L)Sww(z)
L(z
Spw(2) = o (<Z )>L =5 Sun(2) (2.7.21)
D(z)L(2)F(z
SQw(Z) = 1(—)D(i))L(,(z)) Sww(?)

where D(z) = —==2

The convolutions in equation 2.7.18 also generate the following equations

Syy(2) = L(z7") (Sgy(2) + Syu(2)) (2.7.22)

Syy(2) = L(z)L(z7") (Sgz(2) + Sguw(z) + Spu(z7") + Suww(z)) (2.7.23)

Syi(2) = F(2)F(27")Sp(2) (2.7.24)
Spy(z) = F(2)Sg(2) (2.7.25)
Sya(2) = F(27)Sp(2) (2.7.26)

There are six unknown spectral densities in these equations, including three PSD’s
Syy:Syi, and Sy, and three cross-spectral densities Sy, Sy, and Sy,. There are,
however, only 5 equations given above. Since there are six unknowns and only
five equations, we must find another independent equation. The signal 7 is not
related to y and g through a simple convolution because 7 switches between these
two signals.

In order to properly model the correlation of such switching signals, it is con-

venient to define single-sided power spectral densities.

S5 =3 Ruylmlz™, So(2) = 3 Ruylm]z

m=1 m=—o0
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The above definitions imply

Sey(2) = S;_y(z) + S:c_y(z) + Ray[0]
Sw(z) = Sz (2.7.27)
Syy(z) = S;;/(Z) + S;;/(Z_l> + Ry, [0]

The sixth equation will be obtained by deriving an expression for Sg;(z). We

first note that for m > 0,

Ryglm] = E[glk + mglk]
= E([g[k + mlglk]|d[k + m] = 0] P(d[k + m] = 0)

+E [y[k + m|glk]|d[k + m] = 1] P(d[k +m] = 1)
Because L(z) and F'(z) are strictly proper, we know that

Ryy = Elylk+mlylk]] P(dk +m]=0)
+E [y[k + mylk]] P(d[k +m] = 1)

= (1 —e)Ryylm] + eRyy[m]
which immediately implies that
Si(2) = (1= €)S,(2) +eS5(2) (2.7.28)
From the PSD identities in equation 2.7.27, we know that

Sy5(2) = Syz(2) — Si(2) — Syz[0] (2.7.29)
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Following a similar derivation to that used in equation 2.7.28 we obtain, for m < 0,
Rygm] = (1 — )Ry, [m] + eRyy[m] (2.7.30)

Taking the single sided z-transform of equation 2.7.30 yields
Su(2) = (1 —¢)S,,(2) +5,,(2) (2.7.31)

Substituting eq. 2.7.31 into eq. 2.7.29 yields
Sy5(2) = Syy(2) — (1 —€)S,,(2) — S, (2) — Syy[0] (2.7.32)
Similarly we obtain

S;y(z) = Sgy(2) — (1 =€), (2) —eS;;(2) — Sgl0] (2.7.33)

We now substitute equations 2.7.32 and 2.7.33 into equation 2.7.28 to obtain

Syp(2) = (1= )Syz(2) +eS55(2) — (1 - )5, (2)
—e?S(2) —e(1 — €)S,5(2) —e(1 —¢€)S;,(2)

vy

—(1 — €)Ryp[0] — e Ryg[0] (2.7.34)
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Substituting eq. 2.7.34 into the third identity in equation 2.7.27 yields

Syp(2) = (1—¢) (Sy5(2) + Syy(=™1))

+e (Sgz(2) + Sgz(z7h)

—(1—=2)*(S,,(2) +5,,(z7"))
e (S55(2) + 855(=7h)
e(1—¢) (S,;(2) + 5;,(=71)
e(1—e) (S,;(z71) + 5;,(2))

—2(1 = &) Ryz[0] — 2e Ryg[0] + Ry 0]

We apply the properties of single-sided PSD’s in eq. 2.7.27 to cancel the sum of

single sided PSDs in the above equation to obtain our final expression

Syp(2) = (1—e) (Syz(2) + Syp(z7")) + £ (Sgy(2)
+S55(271)) — (1= €)%Syy(2) — €°Sy4(2) (2.7.35)

—e(1 —¢€)Syy(2) —e(1 —€)Sgy(2) + (1 —e)A

where

2

€ 1
A = (2SRl + Rl + 1 Rl

1_¢
“OR[0] + (1 — £)Ryy[0] + eRy5[0] + 2Ry [0]) . (2.7.36)

Equations 2.7.22-2.7.26 and 2.7.35 represent 6 independent equations that we
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can then solve for the 6 PSD’s. In particular, solving for Sy, () yields the following

2 D(2)L(2)

2
DA A (2.7.37)

L(z
Syy(z) = ‘%

ww(2) + é
Because glk] = y[k] — y[k], we know that

Syz(2) = Syy(2) + Syy(2) — Syy(z) — Syy(2)

2 2
_ | LG)(D()-1) 1 D(z)(1—L(z)
| 1-D(2)L(2) Sw ( ) + 1—¢ | 1-D(2)L(z)

which matches the PSD’s stated in the theorem.

A simpler, more meaningful, expression for A can be computed. With the
switching property of 7[k], we get the identities, such as Ry, [0] = eRy,[0] + (1 —
£)R,,[0], and then use these identities to simplify the expression in eq. 2.7.36 to
the form A = Ry;[0], where § =y — 7. When e =0, g =0 and A = 0.

Because the system in eq. 2.1.3 is stable in the mean square sense, 7, as a
linear output, has finite variance by theorem 2.2.2, i.e. Ry;[0] is finite. When
e > 0, i.e. there is dropouts, we can show that Ry;[0] > 0.

Because Ry;[0] = f Sg5(e7*)dw, we can further reduce this expression to
that stated in eq. 2.3.5. Therefore A = Ry;[0] is a positive solution to eq. 2.3.5
for e > 0.

Take a close look at eq. 2.3.5. When ¢ > 0, the first term

) ) 2
L(e*)(D(e?*)—1) jw
e pee) | Sww(

1 m

Jdw > 0. So eq. 2.3.5 has a positive solution

21 J—n

implies the solution is unique.
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2.7.2 Proof of Theorem 2.4.1

Because the system is internally stable, a straightforward computation of E [?]

for the LTI system shows that
E [7°] = Gyull; + 1Ggll; E[F]

Let A = E[k?](1 — &) = E[7?], then the preceding equation takes the form,

A

A= Gyully + 1Gall; 7=

(2.7.38)

Eq. 2.7.38 has a unique non-negative solution with respect to A if and only if

= lGml < 1. &

2.7.3 Proof of Theorem 2.4.2

The state space model of the equivalent system in figure 2.3 is

r[k+1] = Acx[k] + Bywlk] + B,nlk]
ylk] = Cyz.lk] (2.7.39)
gkl = Cyrelk] + (1 —e)n[k]

where
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and A, = (1 —e)Ap + €A;. The matrices Ay, Ay, By, By, C), and C; are defined

n section 2.1.

2.7.3.1 Proof of stability equivalence

When the equivalent system is asymptotically stable and the con-
straint in eq. 2.4.11 is satisfied
The stability of the LTI system means that |Gy, |5 = C5W,,C; 4 (1 —¢)?® where

W, satisfies the Lyapunov equation
AW, AT + B,BF =W, (2.7.40)

Moreover, because all eigenvalues of A, lie within the unit circle, we also know

there exists a unique Py > 0 that satisfies the Lyapunov equation
AP AT + 1 =P, (2.7.41)

Combining the assumption that ||Gg,l|3 < 1 — ¢ with the expression of ||Gy,||3

yields
CW,.Cl <e(1—¢) (2.7.42)

Because this is a strict inequality, we know there exists a small positive real number

v such that
Cy Wy +7Py) C] <e(l—e) (2.7.43)
We now define a symmetric matrix P = W,, + v F,.
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Based on the matrix definitions in eq. 2.7.39, we know that for any symmetric

matrix P

(1 —e)AgPAL + A PAT) — A,PAT = B,C3PCI Bl (2.7.44)

e(l1—¢)

In particular, we set P equal to the matrix P defined in the preceding paragraph.
For this particular P we know that CQPC’g < (1 — ¢), so that equation 2.7.44

becomes,

(1 —e)AgPAL + A, PAT < A PAT + B,BF
= (AW,A" + B,BY) + yA. P, AT
= Wo+~v(Py—1)
< W,+~vF

= P
Therefore there exists a P > 0 such that
(1 —e)AgPAL + A, PAT < P. (2.7.45)

We now construct a free jump linear system with the system matrix, A[k], of

the original system in equation 2.1.3.
z[k + 1] = AT[k]x[K] (2.7.46)

We construct a candidate Lyapunov function V[k] = z”[k]Pz[k]. Because the
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switching is i.i.d. in the jump linear system, we use equation 2.7.45 to show that

[VIE+1]]
2"k + 1) Pk + 1]]

LL’T

[="]
(2" (] A[k] P A" k][]
(2" [k]E [A[k] PAT[K]] x[K]]
=71
[+"]

LL’T

E
E
E [27[k]
— E[z7[k]
E [z"[k] ((1 — e)AoPA] + A1 PAT) z[k]]
E [z"[k]Pz[k]]
E

[VIK]

So the system in eq. 2.7.46 is mean square stable. By theorem 2.2.1, we know
(1 —e)AT @ AT + AT @ AT = A%;} has all eigenvalues within the unit circle.
This implies that Ay has all eigenvalues within the unit circle and we again use
theorem 2.2.1 to infer the mean square stability of the original system.

When the original system is mean square stable We will first prove the
equivalent system is asymptotically stable. We will prove there exist P > 0 such

that
A PAT < P (2.7.47)

For any square matrix () > 0, we construct the following matrix sequence

Pn+1 = (1 — €)AOPnAg + €A1PnA{ + Q

Bo= Q

(2.7.48)

49



By the definition of {P,}, we can prove

Py > P, (2.7.49)

Use the operator vec(), we can transform eq. 2.7.48 into

vec(Ppi1) = Apvec(P,) + vec(Q) (2.7.50)

Because Ajy is stable by theorem 2.2.1, we obtain the limit lim,,_,, vec(P,) exists
and is finite. By the linearity of vec(), we know lim,,__. ., P, exists and is finite

and definite positive, denoted as P. By eq. 2.7.48, we get

P=(1-¢)AgPAl +cA PAT +Q (2.7.51)

By the definition of A., we obtain

APAT = (1 —e)Ag+eA) P ((1—e)Ag+eA)"
= (1—e)AgPAY + A PAT — (1 —¢) (A — A P (4Ag — A"
= P—Q—c(1—e)(Ag—A)P (A —A)"

< P

The above third equality uses eq. 2.7.51. By P > 0 and A.PAl < P, we know
A, is stable, i.e. the equivalent system is asymptotically stable. In the following,
we will prove the constraint in 2.4.11 is satisfied.

Because the original system is stable in the mean square sense, we know that

by theorem 2.3.1, eq. 2.3.5 has a unique positive solution. We may use the
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configuration of the equivalent system in figure 2.3 to rewrite eq. 2.3.5 as

1
A = |Gyullz + ||ng||§1—_€A (2.7.52)

Because |Gy l|3 > 0 for € > 0, the uniqueness of the solution of the above equation

yields
|Ganllz <1—¢ (2.7.53)

2.7.3.2 PSD equivalence

We now show that both systems generate the same power spectral density.
Since the equivalent system is stable, it will generate WSS signals y and §. The

PSD’s for these signals are readily computed as

2
B L(z) D(2)L(2)
Syy(z) = ‘_1—D(Z)L(z) Suww(2) + ‘1 D(z)L(z) E[RQ]
2 2
_  |[L=xDk)-1 D(z)(1-L(z))
S@g(z) = ‘(1—D(z)L 2)) Sww(2) + 1-D(z)L(2) [nz]

In the above expression, we have already considered the white nature of n, which
yields S,,(z) = E [n?]. From theorem 2.4.1, we know that E[n?] = E[g%]/(1 — ¢).

Define Ag = E[§?]. Then E[n? = 2% and A, satisfies eq. 2.4.11. By the

uniqueness of the solution of eq. 2.4.11, we know A = A,. Therefore E [n?] = 2.

l—¢

Substituting this into the above equations for S,,(z) and Sy;(2), yields the same
PSD’s found in theorem 2.3.1. $

ol



CHAPTER 3

STABILITY AND PERFORMANCE OF CONTROL SYSTEMS WITH
FEEDBACK DROPOUTS GOVERNED BY A MARKOV CHAIN

This chapter considers a control system with dropouts governed by a Markov
chain. It is organized as follows. Section 3.1 presents a mathematical model for
the concerned system. Section 3.2 provides a necessary and sufficient condition
for stability and wide sense stationarity of such systems. Section 3.3 proposes a
method to compute system performance measured by the output power. The com-
putation may be cast as an LMI (linear matrix inequality). Section 3.4 utilizes the
achieved performance result to design the optimal dropout policy under the over-
loading circumstances, for example the communication network is congested. The
optimal dropout policy design is formulated as a BMI (bilinear matrix inequal-
ity) and the resulting optimization problem is solved with a branch-and-bound
method. The optimal dropout policy we obtain works as a guideline for real-
time engineers to design scheduling algorithms. We also did some experiments to
verify the optimality of the proposed dropout policy. Section 3.5 extends the per-
formance results of a system with feedback dropouts governed by a Markov chain,
including the performance computation and the optimal dropout policy design, to
distributed systems. Section 3.6 concludes this chapter with some final remarks.

The appendix, section 3.7 includes all technical proofs.
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3.1 System model

The block diagram of the concerned system is shown in figure 3.1. H(z) is
the loop function which is the combination of the plant and the controller. H(z)
generates the output signal y. The output signal y and the random dropout
process d drive a model of the feedback channel which generates the feedback
signal 7. The loop function, H(z), is driven by the input signal u = 7 + w where
w is an exogenous noise signal. The system performance is measured by the output
power E[y?y]. ! Such performance characterizes the noise attenuation of y with

respect to w and d.

Figure 3.1. A control system with data dropouts

The system shown in figure 3.1 has two inputs. The exogenous input distur-
bance process w is assumed to be white with zero mean and unit variance. The

other input is the dropout process d = {d[k]}. When d[k] = 0, the feedback

'It will be proven by Corollary 3.2.1 that E [y” [k]y[k]] is constant with respect to n. There-
fore the index n in E [y” [k]y[k]] is dropped.
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measurement is successfully transmitted over the channel and y[k| = y[k]. When
d[k] = 1, the measurement is dropped by the channel and the feedback signal
simply reuses the last transmitted value, i.e. y[k] = y[k —1]. The random dropout
process, d, has a distribution selected from an underlying Markov chain. The
Markov chain is homogeneous, irreducible and aperiodic with N (N < oo) states,
{¢1,92, -+ ,qn}, and the transition matrix @ = (¢;;)nvxn. At time step n, d[k]
is uniquely determined by the state of the Markov chain g[k], i.e. there exists a
function d[k| = f(q[k]).
. | Ap | Bp
We assume that H has a minimal state space realization, H = ,

Cp| O

where the column number of Bp equals to the row number of Cp. Thus a state
space representation of the system in figure 3.1 is
xlk+1] = Alqlkllx|k] + Bwlk
k1) = Aol + Buli] -
ylk] = Cuxlk]
where z[k] € R™, w[k] € R?, ylk] € R™(m = p). {A[¢[k]]} is a switching matrix-
valued random process. When d[k] = f(q[k]) = 0, A[k] = Acpse; when d[k] =

Ap+ BpCp 0 Ap Bp
f(Q[k?]) = 17 A[q[k“ = Aopen- Aclose = ) Aopen = s
Cp 0 0 I,
Bp
B = ,C = [ Cp 0 } , I,, denotes an identity matrix with the dimension of
0

m. The 0 matrices have the appropriate dimensions. For notational convenience,
Alq[k]] is denoted as A; when ¢[k] = ¢;. Obviously A; = Agese Wwhen d[k] = f(q:;) =

0; A; = Agpen, when d[k] = f(g;) = 1. With the above notational conventions, we
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define the matrix
Apy = diag (A; © A),_y . (QT ® L2) (3.1.2)

Throughout this chapter, the following five assumptions are taken:
1. w is a zero-mean white noise process with unit variance.

2. The dropout process is a Markov chain which is finite, time-homogeneous,

irreducible and aperiodic with transition matrix of @) = (g;;) The

NxN*

steady state of the Markov chain is denoted as 7= | 7, 75 -+ 7y
3. The disturbance process, w, is independent from the dropout process .
4. The initial time of the system is —oc.

5. The matrix Ay, defined in equation 3.1.2, is stable, i.e. all eigenvalues of

Ajg lie within the unit circle.

3.2 Stability and wide sense stationarity of control systems with feedback dropouts

governed by a Markov chain

As mentioned in chapter 1, the system with feedback dropouts can be modeled
as a jump linear system, so we adopt the results in [16], [51], [24] and [11] to get

the following stability condition.

Theorem 3.2.1 (/16], [51], [24], [11]) Consider the free control system (w = 0)
given in equation 3.1.1 under assumption 2. It is mean square stable if and only
if the matriz defined in eq. 3.1.2, Ay, is stable, i.e. all eigenvalues of Ay lie

within the unit circle.
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In the previous literature, only a sufficiency proof was provided. It is in [17] that
the necessity was rigorously proven for the first time [23]. We came up with an
alternative proof for necessity that is more direct than the proof in [17] ([15]). We
present our proof in the appendix, section 3.7.

If the system is mean square stable, its initial condition will be eventually
forgotten. By assumption 4, the initial time of the system is set to —oo, so
the state {z[k]} will be uniquely determined by the input noise sequence {w[k|}.
The stationarity of {w[k]} ({w[k]} is white) guarantees that {x[k|} is wide sense
stationary, which is presented in the following theorem 3.2.2. The proof of theorem

3.2.2 will be found in the appendix.

Theorem 3.2.2 Consider the system in equation 3.1.1. Under assumptions 1—

5, the state process x = {z[k|} is wide sense stationary.

Remark: Comparing the conditions in theorems 3.2.1 and 3.2.2, we find that the
system is WSS if it is mean square stable. Only when a system is stable does it
make sense to study its wide sense stationarity. So the conditions in theorem 3.2.2
is not only sufficient but also necessary.

The following corollary extends theorem 3.2.2 to show that all linear outputs of
the system are WSS. The proof of corollary 3.2.1 is similar to the one of theorem

3.2.2. So it i1s omitted.

Corollary 3.2.1 Consider the system in equation 3.1.1. Under assumptions 1—

5, any linear outputs are WSS, where a linear output stands for a signal of the
form z[k] = E[q[k]]x[k]+Fq[k]Jw[k] and E[q]k]] and F[q]k]] are matrices switching

between the closed-loop and open-loop configurations.

Remark: Corollary 3.2.1 guarantees the wide sense stationarity for general linear

outputs. It particularly holds for y[k] = Cz[k]. Therefore E [y[k]y”[k]] is a
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constant matrix with respect to n. Because E [y” [k]y[k]] = Trace (E [y[k]y”[K]]),
E [y”[k]y[k]] is constant with respect to n and the index n in the output power

can be dropped. We measure the system performance by E [yTy].

3.3 Performance of control systems with feedback dropouts governed by a Markov

chain

As mentioned in the beginning of this chapter, we measure the system perfor-
mance by the output power. This section computes that power through a group
of Lyapunov equations in theorem 3.3.1. The computed power is a function of
the dropout Markov chain’s transition matrix. Simulation results are presented
to support the correctness of the result. In theorem 3.3.1, the power is measured
by the ensemble average of the output power. In simulations, the power was mea-
sured by the the time average of the output power. Only when the system is
ergodic are the two kinds of averages equal to each other. Theorem 3.3.2 provides

sufficient conditions for the system to be ergodic.

Theorem 3.3.1 Consider the system in equation 3.1.1 under assumptions 1—
5. Denote the conditional correlations as P; = mE [z[k|zT [k] | [k — 1] = ¢;] for

i=1,2,---,N 2. Then the power of y can be computed as

E [y"y] = Trace (CZ PZ-CT> . (3.3.3)

i=1

where P; satisfies the equation

N
k=1
It can be shown that E [z[k]zT[k] | g[k — 1] = ¢;] is constant with respect to n due to the
wide sense stationarity in Theorem 3.2.2.
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Az’ = Aclose when f(qz) = 0; Az = Aopen when f(%) =L

In [16], there is a formal computation of output power for a jump linear system.
Theorem 3.3.1 can be viewed as an application of the results in [16]. We provide
a proof of theorem 3.3.1 in the appendix for completeness.

Remark: Note that the existence of P; > 0 in eq. 3.3.4 is equivalent to the
mean square stability of the system [16]. From eq. 3.3.4, we see that E [yTy} is a
function with respect to ¢ = (g;;), denoted as f(Q)). Let f(Q) = +oo if eq. 3.3.4
does not have non-negative definite solution, i.e. the system is not mean square
stable.

Theorem 3.3.1 provides a method for predicting the output signal’s power. We
did simulations to verify the correctness of the prediction. We created a Matlab
simulink model to generate the system’s output signal under specified dropout
conditions. We used these output traces to compute a time average of the output
signal’s power. This time average was taken as an estimate of the system’s true
expected output power E [yTy] = Trace (devec (E [y®])), where the operators
devec(+) and @ are defined in Appendix A. For a sample path of length 2L time

steps, the time average can be computed as
E. [y"y] = Trace (devec (EL [ym})) , (3.3.5)
where
B, [y?] = % (WP(L 1) +yP(L 12+ y?[L 4 1)) (3.3.6)

The following theorem provides the conditions for E; [yp]} to approach E [ym}.

The proof of theorem 3.3.2 is moved to the appendix for readability.
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Theorem 3.3.2 Under the assumptions of theorem 3.3.1, if the following two

additional assumptions are satisfied,
1. w is i.i.d., whose fourth order moments exist, i.e. E [(wT[k‘]w[k‘])z} < 00.

2. Ay = diag(A?])i:l,...,N(QT ® I,4) is stable, where n is the dimension of the

system in 3.1.1.

Then
Llim B, [y[z]} =E [y[z]} in mean square sense, (3.3.7)

where Ef [yp]}, the time average of the process {yP[k]}, is computed through

equation 3.3.0.

Remark: Theorem 3.3.2 may be used to determine the conditions for the time-
average power E, [yTy] (equation 3.3.5) to converge to the true ensemble average
E [yTy} predicted in theorem 3.3.1. When the conditions are satisfied, we can
verify theorem 3.3.1 by simply comparing E;, [y"y] and E [y"y]. Otherwise, no
conclusions can be made.

We applied theorems 3.3.1 and 3.3.2 on a simple example. The assumed plant

z+2
224242"

was unstable with transfer function of H(z) = Assuming positive unity
output feedback, the closed loop transfer function becomes z=! + 2272, which
is stable. The dropout process therefore switches our system between a stable

configuration and an unstable configuration. The input noise, w, is white zero-

mean Gaussian with unit variance. The dropout Markov chain has N = 3 states.

1—¢ ¢ 0
Its transition matrix is () = 0 0 1 |, where € is a parameter between 0
100
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and 1. This particular Markov chain specifies a soft (m, k) scheduling model with
m =2, k=3 [56].

We used theorems 3.2.1 and 3.2.2 to determine that the system is mean square
stable and wide sense stationary when ¢ < 24.9%. By theorem 3.3.2, we know
when & < 6.1%, the convergence of the estimate in equation 3.3.7 can be guar-
anteed. This upper bound 6.1% is smaller than the upper stability bound 24.9%
predicted by theorem 3.3.1. The system with i.i.d. dropouts was simulated with
various dropout rates between 0 and 6%. For each value of ¢, we ran 5 different
simulations for 200,000 time steps and then estimated the output power by the
time average in equation 3.3.6. The simulation results are shown in figure 3.2.
The figure shows close agreement between the predicted and the experimentally
estimated power of the output. So we have high confidence in the correctness of
the results stated in theorems 3.3.1 and 3.3.2.

For completeness, we also present results for the system with dropout rates
between 7% and 24%. Figure 3.3 shows that the predicted and the experimentally
estimated power of the outputs disagree under large dropout rates. As discussed
earlier, the disagreement comes from the violation of the ergodicity conditions
in theorem 3.3.2. Figure 3.3 still shows close agreement for dropout rates less
than 10%. This thereby shows that theorem 3.3.2 is somewhat conservative in its

estimate of the ergodic interval with respect to ¢.

3.4 Optimal dropout policy

Theorem 3.3.1 establishes the relationship between control performance and
the transition matrix of the dropout Markov chain, ). In reality, the chan-

nel’s quality of service (QoS), e.g. the network’s QoS, is usually measured by
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Figure 3.2. Output power(0 < & < 6%)

its throughput rate (the number of packets that are successfully delivered per
unit time) rather than @). Since our feedback control systems strive to transmit
a feedback measurement every sampling period, the average rate at which such
feedback measurements are dropped actually measures the network’s throughput.

Under some conditions, the dropout rate of a control system has to be above
a certain level, i.e. some feedback packets of the system have to be dropped. The
reason to drop packets lies in the resource sharing. We illustrate this motivation
through a networked control system. In networked control systems, the feedback
path is implemented over a network [7]. Such a network may be shared among
control systems whose performance is measured by the output power and non-
control systems whose performance is measured by the dropout rate. When the
network is congested, every (control or non-control) system may have to drop some
packets to reduce network congestion, which is exactly presented as the preceding

constraint that the dropout rate is above a given threshold. There may exist
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Figure 3.3. Output power(7% < e < 24%)

many dropout policies to realize the average dropout rate requirement. Our aim
is to find the optimal dropout policy among all feasible ones. We choose the same
performance measure as section 3.3, the output power. In a word, the objective
of optimal dropout policy design is to minimize the output power with respect to
all possible dropout policies under the average dropout rate constraint.

This section is organized as follows. In subsection 3.4.1, we review the liter-
ature on dropout policies. In subsection 3.4.2, we compare the performance of a
control system under different dropout policies, where the implemented dropout
policies have the same average dropout rate. Based on the comparisons, the
optimal dropout policy design is formulated into an optimization problem. In
subsection 3.4.3, several methods are proposed for solving the dropout policy op-
timization problem, including a gradient descent method and a branch-and-bound
method. In subsection 3.4.4, the achieved optimal dropout policy acts as a guide-

line for real-time engineers to design scheduling algorithms. In subsection 3.4.5, a
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helicopter simulator is used to verify the achieved optimal dropout policy.

3.4.1 Literature review on dropout policy

The impact that dropout policies have on system stability has been studied
in [32] and [12]. Both of these papers consider a set of decoupled control systems
that share a single communication network as the feedback paths. In [32], an
admission policy is studied in which the control system with the largest error
is given network access. This means that the other control systems must drop
their measurements, i.e. working in the open loop. The paper then provides
a sufficient condition on the control system’s eigenvalues that ensures stability
under the proposed admission (dropout) policy. In [12], examples are used to
demonstrate that the occasional dropping of control tasks enhances overall system
stability, i.e. there exists a dropout policy to both satisfy the resource sharing
(dropout) requirement and guarantee the overall stability. Both of these paper
only analyze the impact specific dropping protocols have on stability. They provide
no guidelines for the selection of “good” dropout policy for performance.

The idea of using dropout policies to characterize network QoS has been re-
cently employed to design real-time schedulers that are more responsive to the
needs of control systems. Prior work in the real-time systems community has
used ad hoc strategies such as “skip-over” [38] and the (m, k)-firm guarantee rule
[57] [9] to control the impact dropouts have on control system performance. The
skip-over constraint [38] can drop a packet every s consecutive transmission at-
tempts. Systems satisfying the (m, k)-firm guarantee rule [57] guarantee that at
least m out of k consecutive transmission attempts are successful. An example

of a prioritized real-time system satisfying (m, k) constraints will be found in [9].
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The skip-over and (m, k) constraints attempt to control the number of consecutive
dropouts. The intuition behind this approach is that controlling the number of
consecutive dropouts will minimize the impact such dropouts have on the appli-
cation’s performance. This heuristic reasoning has only been validated through
simulations [57] on specific examples. This work, however, provides little in the
way of concrete analysis suggesting that these particular dropout schemes always
result in improved control system stability and performance.

More recently a novel Markov-chain (MC) constraint on the dropout policy
was proposed [49] [50]. The MC-constraint is based on the optimal dropout policy
results in [44] and further developed below. The value of the MC-constraint is that
its enforcement ensures a specified level of application performance. The results
in [49] [50] thereby provide a concrete example where control theoretic approaches
guide the design of real-time schedulers. Subsection 3.4.4 presents such results in

detail.

3.4.2 Performance comparison and problem formulation

Let’s consider a system whose plant is unstable with transfer function L(z) =

z+2
2242+42"

Assuming positive unity feedback, the closed loop transfer function be-
comes z~ ! 4 2272, which is stable. The dropout process therefore switches our
system between a stable configuration and an unstable configuration. The in-
put disturbance, wlk], is white noise with zero mean and unit variance. First we

consider a special dropout process {d[k]}, which is generated by a Markov chain
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{q[k]} that has four states

¢, ifdk—1=0anddk]=0
G2, ifdlk—1]=0and d[k] =1
g3, ifdlk—1]=1andd[k]=0

qs, ifdlk—1]=1anddk]=1

In other words, the dropout decision, d[k + 1], is made based on the last two
steps of the history, d[k] and d[k — 1]. When q[k] = ¢; (i = 1,2,3,4) the next
measurement is dropped with probability ;. Denote the dropout rate vector as
€ = [e1, €9, 23,€4)T. With these notational conventions, the transition matrix from

the dropout process’ Markov chain is

1—81 €1 0 0
0 0 1—82 9
1—83 €3 0 0

0 0 1—54 4

Let m = [ T Ty T3 T4 } denote the steady state distribution for this Markov

chain. m; (i = 1,---,4) are computed from the following equation.

Zj:lqjiﬂj = T,t=1-,]

Z?:l Up =1

(3.4.8)

When the Markov chain characterized by @ is ergodic, equation 3.4.8 has a unique
solution. Some remarks on relaxing this assumption will be placed in section

3.4.3.1.
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The average dropout rate for this process can therefore be computed as

4
g = E TiE4
=1

From the structure of (), we obtain
E=1T9 + My (349)

To emphasize the dependence of £ upon e, we denote z as £(¢). In section 3.3,
we denote E [yTy} as f(Q). Here @ is determined by . So we may replace f(Q)
with f(e).

A directed graph representing this 4-state Markov chain is shown in figure 3.4.
We can change the actual dropout policy by changing the probabilities, ;. The
table in figure 3.4 defines five different dropout policies that we denote as P; for
t = 0 to 4. The table’s columns show the dropout probabilities €; for each state g;
as a function of the average dropout rate €. These dropout policies are described

below:

e Process P, assumes that at any state ¢;, the next measurement can be
dropped with probability . Py, therefore, generates dropouts in an inde-
pendent and identically distributed manner and so we refer to Py as the i.i.d.

dropout process

e Processes P; and P, are special cases of a dropout process that adheres
to the so-called (m, k)-firm guarantee rule [57]. The (m, k)-firm guarantee
rule is a heuristic constraint used by real-time system engineers. Dropout
processes satisfying the (m, k)-firm guarantee rule require that there are least

m successful transmissions in & consecutive attempts. A quick inspection
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shows that process P; satisfies a (1, 3)-firm guarantee constraint and that

process P, satisfies a (2, 3)-firm guarantee constraint.

e Process Pj3 is a dropout process that satisfies the constraint that two consec-
utive dropouts occur with probability ;. So we refer to this as the “drop-2”

process.

e Process P, is a variant of process Ps that allows extra dropouts with a
probability of ¢’. Note that as & goes to zero, process P, approaches the

drop-2 process, Ps.

When the dropout process adheres to a Markov chain, then there may be
a maximum achievable average dropout rate, €,.c. For instance, since process
Py never drops more than 1 packet in 3 consecutive tries, its maximum average
dropout rate will be one third. The maximum achievable dropout rates for each
dropout process are tabulated in table 3.4.

Given a dropout process, we may use theorem 3.2.1 to determine the largest
average dropout rate for which the control system is mean square stable. Let &,
denote this largest stable dropout rate. A direct application of theorem 3.2.1,
for example, shows that our control system is mean square stable under dropout
process, Ps, if and only if € < 0.1662. For this dropout process, therefore, €, =
0.1662. The values for g, are tabulated in table 3.4. From this table it is apparent
that the system’s stability is highly dependent on the random process driving the
data dropouts.

Given a dropout process, we may use theorem 3.3.1 to determine the output
signal power of the example’s control system. The results from this computation
are shown in figure 3.5. In this figure, we see that the output signal power is

a monotone increasing function of the average dropout rate, €. How quickly
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Dropout rate for state q;

(i=1-4)

Maximum Largest stable

Dropout Process— — dropout rate dropout rate
€ 5] €3 & é_‘max 6_‘5

? (i.id) z z z z 3 0.189

P (1.3) _l+*/1+35 _l+*/1+3§ _1+\/1+3§

2 2-28 2 2-28| 2 2-2¢ | 0 | 667 | 0.189

223 z

2622 £ 0 0 0 | 0333 | 0.166
1-2¢€

P; (drop 2 z

7 (dropi2) £ 1 0 0 | 0500 | 0500
2-3¢

P, (drop 2) £(1-¢&)

(£=03) | 2_¢—-(3-2¢)F 1 0 g [0.556 0.406

Figure 3.4. (top) Directed graph of 4-state Markov chain; (bottom)

Table characterizing different dropout policies P; (i =0 —4) as a
function of the average dropout rate €.

rate € is a poor predictor of application (i.e.
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the output signal power increases, however, is dependent on the type of dropout
process driving the system. In particular, for a given average dropout rate, the
figure shows large difference between the performance levels achieved by different
dropout policies. These results, therefore, suggest to us that the average dropout
control system) performance. If
we are to constrain network dropouts in a manner that provides guarantees on

application performance, the results in figure 3.5 suggest we should attempt to




force the dropout process to adhere to an underlying Markov process.
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Figure 3.5. Performance of various dropout processes

It is interesting to observe that the drop-2 process, Ps, significantly outper-
forms the dropout process P, satisfying the (2, 3)-firm guarantee rule. Not only
does the drop-2 policy have lower output power, but its maximum stable dropout
rate £, is much larger than the rate for dropout process P,. This is somewhat
surprising, as the (m, k)-firm guarantee rule was suggested as a means of limiting
the effect dropped data have on control system performance [57]. From a heuristic
standpoint, the reasoning behind the (m, k) rule seems very plausible. By limit-
ing consecutive dropouts, we may limit the effect of dropouts on system behavior.

The results in figure 3.5, however, demonstrate that this reasoning need not always
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hold true. For our particular control system, we get better performance by forcing
the real-time system to always drop two consecutive measurements; a policy that
runs directly counter to the intuition behind the (m, k)-firm guarantee rule. The
optimality of the drop-2 rule will certainly not be valid for all control systems,
but it is true in this particular case. It suggests, to our mind, that control theory
may provide a useful tool by which engineers can guarantee the performance of
real-time control systems in the presence of dropped data.

The fact that the drop-2 process outperforms all of the other dropout processes
is no accident. In reviewing the statement of theorem 3.3.1, it is apparent that

we can formulate an optimization problem of the following form

ming, ... ., f(e),

subject to:  E(g) > &g (3.4.10)

This optimization problem seeks to minimize the output signal power, with
respect to the individual dropout probabilities €; in the Markov chain’s transi-
tion matrix. A solution to this optimization problem, if it exists should be the
“optimal” dropout process generated by a 4-state Markov chain. The constraints
imposed on this optimization problem arise from three sources. The first is the
structure constraints imposed by eq. 3.3.4 and 3.4.8. The second is the implicit
stability constraint. It is imposed by setting f(g;) = +o0o when the system is not
mean square stable. The last one that (¢) > gy simply requires that the aver-
age dropout rate be greater than 9. The specified drop rate £y has the physical
interpretation of the resource occupation that has been allocated to the control

system, thereby leaving sufficient space for other users. The regularizing constant
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go is chosen by the resource manager and the resulting solution (if it exists) will
always be a Markov chain whose average dropout rate equals .

We now consider the optimization problem 3.4.10. One may arise the follow-
ing questions, “Does the problem have globally optimal solution”, “how can we
find the globally optimal solution if it exists?”, etc. Because optimization prob-
lem 3.4.10 takes a nonlinear form, we don’t have trivial answers to the previous
questions. Subsection 3.4.3 will answer the questions concerned with optimization
problem 3.4.10.

Based on the methods in subsection 3.4.3, we can solve optimization problem
3.4.10. Figure 3.6 plots the output signal power for this particular control system
as a function of the average dropout rate for the “optimal dropout process”.
Solving optimization problem 3.4.10 for g < 0.5 produces the dropout process
Ps, “drop-2” described by the table in figure 3.4. Note, however, that this Markov
chain is unable to support dropout rates greater than 0.5. It is still possible,
however, to solve optimization problem 3.4.10 for average dropout rates above
0.5. In this case, we obtain a different optimal Markov chain whose structure
is shown in figure 3.6. In other words, the optimal dropout process changes its
structures in a discontinuous fashion as we increase the average dropout rate. In
this particular example it was impossible to find a 4-state Markov chain dropout

process that was able to support average dropout rates in excess of 0.533.

3.4.3 Solving optimization problem 3.4.10
3.4.3.1 Computations on f(e) and £(¢)

f(e) and g(¢) are governed by coupled Lyapunov equations in 3.3.4 and 3.4.8.

We assume that the markov chain characterized by @ is ergodic. Under that
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Figure 3.6. Performance vs. average dropout rate under the optimal
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condition, we know the solution to 3.4.8 ({m;,i = 1,---, N}) exists and is unique.
If the system is also mean square stable, then the solution to eq. 3.3.4 ({P;,i =
1,---,N}) also exists and is unique. Eq. 3.3.4 can be solved through the following

LMI (linear matrix inequality) method.

f(e:) = minp, Trace (C’ SN PZ-C'T)
st. Pi—al <Y qiA;PAT + ;BBT < P+ al (3.4.11)
P>0i=1,--- N

where « is a small positive number to transform equality constraints to their strict
inequality versions. It is interesting to note that the LMI problem in eq. 3.4.11 has
feasible solutions if and only if the system is mean square stable [16]. Therefore
we assign f(e) = 400 if the LMI problem has no solution, which is consistent with

our previous setting when the system is not mean square stable.
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From eq. 3.3.4 and 3.4.8, we can get not only f(¢) and £(¢) but also their
derivatives. Suppose the solution to eq. 3.4.8 is {m;}. Because g(¢) = my + m4, we

know

0z o 062 064

e = o + E (3.4.12)

where [ =1,--- | N (N=4). We compute ggz’ by taking the derivative of eq. 3.4.8

with respect to ¢

N 9gj; or; _ Om;
Zj:l e, 7r]+2] 195z, = 950t = L. N

N (3.4.13)
PO a;i = 1

9g;i
85;

In the above equations, and 7; are known. Because of the ergodicity of the

Markov chain, eq. 3.4.13 has a unique solution with respect to {6’”} for any

[=1,---N.

o/()

The above method can also be applied to compute 5er

0f(e)
o, = Trace (CZ o5, ) (3.4.14)

% A Pz
st Zqﬂ ’AT Z 045 S APAT + g; BBT = ggl (3.4.15)

Again we know eq. 3.4.15 has a unique solution with respect to aP N if the
system is mean square stable. Therefore we obtain the derivatives of f (¢) in the
mean square stable systems.

Remark: In the above discussions, we assume the Markov chain is ergodic.
When 0 <¢g; <1 (i=1,---,N), the Markov chain is ergodic. If that ergodicity

assumption is violated, what will happen? Under that situation, the Markov chain
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has multiple stationary distributions. For every stationary distribution, we can
evaluate its average dropout rate and output power (performance). Among the
stationary distributions satisfying the average dropout rate constraint, we will

choose the one with the best performance (the minimum output power).

3.4.3.2 The existence of global optimal solution to optimization problem 3.4.10

The feasible set of optimization problem 3.4.10, denoted as Sy, is the cross
product of the set {¢|0 <¢e; <1,i=1,---, N}, the set {¢|g(¢) > o} and the set
{e]f(e) < oo}. The last set is really the one where Ay = (Q7 ® I) diag(A;®A;)X,
is Schur stable, i.e. Amaz(Ajg) < 1 (Amaz(-) denotes the maximum magnitude of
eigenvalues of a matrix). Because £(g) is a continuous function with respect to
e, the set E(g;) > € is a closed set. Because Apqq(Apy) continuously depends
On €, Amaz(Apz) < 1 specifies a closed set. Therefore the set S. = {€|0 < ¢ <
1} N {elg(e) > o} N {e|Amaz(Afz) < 1} s a closed set. The difference between Sy
and S, is only the boundary, {€;[Amaz(Ap) = 1)}. From eq. 3.3.4, we know f(e)
is +00 on that boundary. Therefore we know

min f(¢) = min f(e) (3.4.16)

€€Sy e€Se

Because of the continuity of f(e) for ¢ € S. and S, is a closed set, we know f(¢)
has a globally optimal (minimum) solution over S., which is denoted as f(g*).

Again from the continuity of f(e), we know for any 0 > 0, there exists 6 such that

fle) = f(e") < of(e),V|e—¢e*|l <O (3.4.17)
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This property will be used to guarantee that the global optimal solution can be

determined after a finite number of steps.

3.4.3.3 Gradient method to solve optimization problem 3.4.10

As we show in section 3.4.3.1, f(¢), £(¢) and their derivatives all can be com-
puted. So we can use the gradient descent method to solve optimization problem
3.4.10. In section 3.4, we used the gradient descent method of MATLAB func-
tion fmincon() to solve optimization 3.4.10. That method needs only the value
functions of f(e) and £(¢) and estimates the derivatives from the value functions.

The gradient descent method converges very fast. That method, however,
may be stuck at local optima. Only when the performance index and the feasible
set are all convex with respect to its arguments is the gradient descent method
guaranteed to converge to the global optimal point. Unfortunately we don’t know
whether f(e) and £(¢) are convex with respect to €. So it is quite possible that
the gradient descent method converges to a local optimal solution. We will search
the globally optimal solution using a branch-and-bound method in the following

subsection.

3.4.3.4 Branch-and-bound method to solve optimization problem 3.4.10

Optimization problem 3.4.10 is nonlinear. The branch-and-bound method will
relax that problem into a linear problem, which will provide lower and upper
bounds on the globally optimal solution. These lower and upper bounds will
be loose when the feasible set is “large”. By branching operations, the method
partitions the feasible set into smaller subsets, over which the bounds will be

tighter. After enough branching operations, the lower bound will approach the
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upper bound. We can use the gap between the two bounds to approximate the
error in our approximately optimal solution. During the branching operations,
many subsets will be produced. In order to improve computational efficiency,
we have to prune the generated subsets. The above bounding, branching and
pruming ideas come from [64]. Their applications to our example will be explained
as follows.

3.4.3.4.1 Bounds on f(¢*) Suppose ¢ lies in a box B = [g,2] 3. Following
the arguments in section 3.4.3.2, we know that there exists an € in BN .Sy that

minimizes f(¢). Let €5 denote this optimal € and let f(e%;) denote the performance

at €. f(e}) is an upper bound on f(g*).

f(e") < feB) (3.4.18)

We state the following upper and lower bounds on f(¢%).

Upper bound on f(e%): For any ¢’ € B and g(¢’) > &, it is true that
1) > () (3.4.19)
It particularly holds for 2, one vertex of B, i.e.
f(E) > f(ey),if 2(E) > & (3.4.20)

Lower bound on f(&}): In optimization problem 3.4.10, ¢; has both a lower
bound g; (= 0) and an upper bound ;(= 1). These bounds are known. Based

on the expression for (), we obtain lower and upper bounds of gj;, denoted as 4

3e, 2] stands for the set {e = [e1,¢62,€3,4] T |g; <&; <Fiyi=1,---,4}.
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and G;;. As argued before, f(¢) and Z(¢) are computed by solving eq. 3.3.4 and
3.4.8. These equations are non-linear (bi-linear to be more precise) with respect
to variables ¢;, P; and m;. It is difficult to solve such non-linear equations. If we
substitute the upper or lower bounds g;; and 4, for gj; for these equations, we will
get linear inequalities with respect to P; and m;. Eq. 3.3.4, for example, is relaxed

into

N

j=1

N
quiAijA? +mBB" > P, (3.4.22)
j=1

We therefore formulate an optimization problem over these relaxed linear inequal-

ity constraints.

minp, .,  Trace {C’ SN P,CT}
subject to Zj.vzlgjiAijAjT +mBBT < P,
S A P AT + mBBT > P,
Ty + Ty 2 €p (3.4.23)
Z;\f:lﬂjﬂj S T
S T >
S, =1

Denote the optimal solution to the above problem as f(g,&). It is obvious that
the feasible set for optimization problem 3.4.10 is a subset of that for optimiza-

tion problem 3.4.23. The two optimization problems have the same performance
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measurement, so

f(,8) < flep) (3.4.24)

We now introduce a small positive number to convert the non-strict inequalities
in optimization problem 3.4.23 into strict inequalities and then solve the resulting
problem using the MATLAB LMI toolbox.

When g; —¢; is large, the above two bounds, especially the lower bound f(g, ),
can be very loose. But when g; — ¢; is small, the two bounds will be quite tight.
So an intuitive idea is to decrease €; —¢; in a systematic way. When this difference
between f(g) and f(g,g) is smaller than a specified tolerance, we can say that we
have bounded the global optimal solution to the given tolerance level. The above

arguments are realized by the branching procedure in the following subsection.

3.4.3.4.2 Branching operation Suppose we start from a box B(® = [¢(0 z©)],

We equally partition every side of this box into two parts and get 2"V sub-boxes

BWI) = [¢3) z1D] (5 =1,---,2V). It is interesting to note that
=(0) (0)
. . e — g
gZ(LJ) _ EEL]) _ % (3.4.25)

We therefore expect to get tighter lower and upper bounds on for all sub-boxes

than the ones generated from the original box, i.e.

The cost for this improvement is that we have to solve 2V instances of optimization

problem 3.4.23.
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If we branch all available boxes at every step, then all side lengths will shrink
to 271 of their original lengths after L steps of branching. The global optimal
solution is inside one of these subsets. If L is large enough, we know the distance
between the optimal point and any other point in the subset, 2%\/N , is less than
0 so that the performance difference is less than the specified level § by eq. 3.4.17
(if ||le — €*|l2 < 6, then f(e) — f(¢*) < 0f(¢*)). Under that situation, we may
say that the global optimal solution has been achieved with a tolerance of 9. Of
course, the smaller the §, the more steps (the larger L) are needed. We now can

give an upper bound on L to achieve the distance 6.

(3.4.27)

VN
0

Limas = logs <—
3.4.3.4.3 Pruning operation Although we may achieve the global optimal so-
lution within a specified tolerance by the above branching operations, there are
a huge number of subsets generated by the branching operations. If we partition
all subsets at every step, we will have 21 subsets after L-step branching, which
may be beyond the available computing capability. So we must therefore prune

the achieved subsets. The pruning criterion is based on two types of constraints.

Average dropout rate constraint If the maximum dropout rate of a subset
is below the required level €y, then that subset should be eliminated. The set
we consider is a box [g,€]. It can be proven that the maximum dropout rate is
achieved by the upper vertex £ *. Correspondingly, the minimum dropout rate is

achieved by the lower vertex . If £(2) < ¢y, the subset [, €] will be eliminated.

4This statement is based on the proposition:

Proposition 3.4.1 Ife > ¢’ (in the sense that ¢, > €}, (i=1,--- ,N)), then () > g(e’).
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Upper bound of the global optimal solution The performance of any fea-
sible point is an upper bound of the global optimal solution. If we know a feasible
point ¢’ with performance f(¢’) and the solution to the relaxed LMI problem for
a subset is above f(¢’), we will eliminate that subset.

Which feasible points should we use to estimate the upper bound on the globally
optimal solution? We can choose the vertices of the subset. If a vertex satisfies the
average dropout rate constraint, we will compute its performance. We store the
best (minimum) performance of all available points in a variable min_per form.

Consider a subset B’ = [¢/,&]. If

f(€',€) > min_per form, (3.4.28)

then we discard B’ because the performance will not be improved by searching
the points of B’

Besides the above pruning methods, we usually list all available subsets in an
increasing order by f(g,2). At each step we will branch only the first set in that
list. The resulting 2V subsets are then inserted back into the list based on their
values of f(g,2). The variable min_per form is updated by checking the vertices
of the 2V subsets. If min_per form is decreased, then the pruning operations are
performed for the subsets in the list. This pruming mehtod can usually improve

the computational efficiency by discarding the “useless” subsets.

3.4.3.5 Combination of gradient descent method and branch-and-bound method

Although the branch-and-bound method can identify the globally optimal so-
lution (within a given tolerance), that method is computationally intensive. The

gradient descent method usually converges quickly but to a locally optimal solu-
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tion. We hope that by combining both methods, we can improve the computa-
tional efficiency of the branch-and-bound method.

The gradient descent method will always stop at a feasible point if a feasible
initial condition is given. That feasible point can be used to update min_per form,
i.e. the best performance of available feasible points. The execution of the gradient

descent method may help greatly in pruning the unnecessary subsets.

3.4.3.6  Algorithms for searching optimal dropout policy

Here we formally write down the ideas in subsection 3.4.3.5 in an algorithmic
form. There are two searching strategies, the breadth-first (BF) and depth-first
(DF) strategies. We describe the BF strategy in detail and briefly mention the
DF strategy. At the end of this subsection, we will analyze the complexity of the
algorithms, especially the DF strategy.

Breadth-first algorithm

1. Execute the gradient descent method. min_perform is set equal to the

J

performance value attained by the ”‘optimal”’ (probably locally optimal)

solution.

2. Initialize a list of subsets £ = { B}, where B = [¢,7] is specified by the

bounds g; = 0,8, =1 (i =1,---, N). Initialize the step index k = 0.

3. Choose the first subset in £, B*®), and delete B® from £, i.e. L = L/B®,

Check whether f(g,%) is large enough over B*)  i.e.

fle,E) > !

f mmin_perform, (3.4.29)

If eq. 3.4.29 is satisfied, then we have achieved globally optimal solution
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within a tolerance of § and we stop this algorithm. Otherwise, go to step 4.

4. Partition every side of B%*) into two equal parts. We get 2%V sub-boxes, listed

as B#9) (j =1,---,2N). For every sub-box, we do the following operations.

e Check whether the average dropout rate constraint can be satisfied by
the upper vertex of B®*J). If not, we know the average dropout rate
constraint can’t be satisfied in B*7) and discard it. Otherwise, go

forward to the next operations.

e Compute the performance over the upper vertex of B9 g Update

min_per form as

min_per form = min(min_per form, f(Z)) (3.4.30)

e Solve the optimization problem 3.4.23 over B®*). Check whether eq.
3.4.29 holds. If it is true, discard B%); otherwise, insert B%*4) into £

in an increasing order of f(g, ).

5. If min_per form was changed by eq. 3.4.30, check eq. 3.4.29 over all subsets

of L. If one subset satisfies eq. 3.4.29, it will be eliminated from L.

6. If £ is empty, the global optimal solution with tolerance of § has been

achieved by min_per form; otherwise, k = k + 1 and go to step 3.

Depth-first (DF) algorithm The depth-first (DF) algorithm organizes all nodes
(subsets) as the hierachical directed graph shown in figure 3.7.

In figure 3.7, B® is a node at the depth of k. After partitioning B*), we
get m (m < 2V) subnodes B*#*19) (j = 1,---,m). B®™ is the parents of

B*+19) as the solid arrow shows. B®**19) (j = 1,... m) are sibling to each
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B(k+l,m)

Figure 3.7. The ordering structure of all subsets in the depth-first
algorithm

other. The nodes at the same depth (siblings) are ordered in an increasing way,
fe.  f(EMULEMLY) < p(HL2 FHL2) <L < p(ghHlm ghtlm) (B
[gk+1d gk+Ld] for j = 1,---,m) as the dashed arrow shows. At the next step,
B*+LD) will be processed.

Sometimes m = 0, i.e. no valid children of B*) has been generated. It means
that B®) is useless for improving performance. We will discard it and process
the next sibling of B® . If B has no sibling, we discard the parent of B*) and
process the sibling of that parent.

The above partitioning and retrospecting procedure will be continued until
there are no nodes left in £, which means that we have achieved the globally
optimal solution within the specified tolerance.

Comparing the BF and DF algorithms, we see that the DF one digs a “hole”
deep enough at one place before trying other places; the BF one digs holes ev-
erywhere. It is hard to say which one is better. For our specific problem, the

two algorithms have almost the same time complexity ° ; the DF one occupies

5Tt was shown that the globally optimal solution of that example is achieved by the gradient
descent method. The aim of the branch-and-bound method is only to verify the global optimality
of that solution. The BF and DF will expand the same number of nodes. So they have the same
time complexity.
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less memory. In the rest of the this section, we will express that time complexity

scaled as a function of the order of the plant and the order of the Markov chain.

3.4.3.7 Complexity of the DF algorithm

The complexity of the algorithm depends on not only the complexity of a single

step but also the number of steps.

3.4.3.7.1 Complexity of a single step BW") is partitioned into m subnodes
B¥+L9) (j=1,--- ,m). For every subnode B*#*14) we solve the LMI in equation
3.4.23. What is the complexity of that LMI? Suppose the order of the plant is
M and the Markov chain has N states. There are N matrix decision variables
(P;,i = 1,---,N) with the order of M and N scalar decision variables (m;,i =
1,--+,N), 2N matrix constraints with the order of M, 2N + 2 scalar constraints.
The complexity is O(N3M?Y) [26].

We evaluate one vertex of every subnode B¥*+14) by solving the LMI in eq.
3.3.4. The time complexity of eq. 3.3.4 is also O(N3M?).

Summing the above two types of complexity together, we get the complexity

for a single step

O (m (N°M®)) (3.4.31)

where m € [0,2"]. The exact value of m depends on the pruning operations.

3.4.3.7.2 The number of required steps The number of required steps de-
pends on not only the depth of the current node but also on the number of ex-

panded subnodes at each level. Suppose the depth is d and there are m expanded
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d+1

subnodes at every level. The total number of required steps is m*™. We now

discuss the factors that effect m and d.

Comments on d As argued before, the lower bound f(g,&) over a box B is
tight when the size of B is small. At the depth of d, the length of every side of B
is 27%. So the tightness of f(e,z) will require large enough d.

Consider the physical meaning of ¢; (i = 1,---, N). They are dropout rates.
For these dropout rates, the difference of 0.01 may be significant. In order to
achieve the precision of 0.01 (i.e. the maximum side length is less than 0.01), d
has to be larger than 7. So it is reasonable that d > 7.

If min_per form is updated based only on the evaluation of the vertices of
boxes, i.e. no local optimization is utilized, the required d will be close to L,,qz.
If we do local optimization over every box, the optimal solution (perhaps locally
optimal solution) may perform better than the vertices of the box. Therefore
by updating min_per form based on local optimization, we may expect d to be

smaller than L,,...

Comments on m If there is no pruning operation, m = 2% and the number of
required steps is 2V¢ at the depth of d. Suppose N = 4 and d = 7. That number is
over 256 million. It may be impossible to deal with so many subsets. Fortunately
pruning operations significantly reduce the number. For small d, the lower bound
f(g,8) is less tight, so m may be large. When d increases, that lower bound is
tighter and more subsets are pruned so that m is reduced.

The above comments on d and m are only from a qualitative viewpoint. The

exact values d and m are problem-dependent.
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3.4.3.8 An example

We apply the combined method to our previous example H(z) =
our surprise, the results from the gradient descent method are globally optimal,
which is guaranteed by the branch-and-bound method. Table 3.1 shows the cost

to solve the optimization problem under different dropout rates and different tol-

erance 0. The CPU time comes from a Pentium-M 1.4GHz processor.

TABLE 3.1

THE COMPUTATION COST OF THE BRANCH-AND-BOUND

METHOD (N =4, M = 3)

€0 ) Number | Maximum | CPU times
(Dropout Rate) | (tolerance) | of steps depth (seconds)
0.5 0.01 84 9 204.3
0.4 0.01 61 9 194.7
0.3 0.01 83 9 247.5
0.2 0.01 186 9 568.2
0.1 0.01 913 10 7041.2
0.5 0.001 102 12 245.5
0.4 0.001 89 12 305.3
0.3 0.001 131 12 422.8
0.2 0.001 324 13 2177.8
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Table 3.1 consists of 5 columns, including ey (the given dropout rate level), &
(the specified tolerance), number of steps, maximum depth (d), and the consumed

CPU time (with the unit of second). We briefly go through table 3.1 as follows.

1. The number of computation steps is almostly proportional to the consumed
CPU time because the time complexity of the DF algorithm is almost con-

stant at every step (there is an exception for dropout rate of 0.4).

2. Under the given tolerance ¢, the number of computation steps decreases
as the dropout rate increases. One reason is that more subsets may be
discarded due to violating the average dropout rate constraint under the
higher dropout rate. Another reason is that the lower bound f (g, €) is tighter

under higher dropout rates than the one under lower dropout rates.

3. Under the same dropout rate, the number of computation steps and the
maximum depth are both increased when 0 is decreased. Smaller  means
more precise results are desired. So the size of stopping boxes will be smaller

and the depth d will be increased.

Remarks: In this example, N = 4 and M = 3. By the previous analysis, we
know the time complexity for a single step is almostly proportional to N3M®. So
when N and M increases, the increasing of that complexity will be significant,
although not exponentially. The branch-and-bound may work only for problems

with small size, i.e. smaller N and M.

3.4.4 Guide the real-time scheduling with the achieved optimal dropout policy

In the early part of this section, we derived the optimal dropout policy, which

yields the “best” performance under the given dropout rate constraint. One may
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ask a question whether this optimal dropout policy is useful in practice? Affirma-
tive answers have been obtained through our cooperation with real-time engineers.

In [49] and [50], a control system shares a single resource (a network or a CPU)
with other control systems (tasks) or non-control systems ¢ . An algorithm is
expected to schedule the single resource among all control systems and non-control
systems. It is shown that both dropout rate and window based QoS (Quality of
Service) constraints, such as the (m,k)-firm constraint and the skip-over constraint,
are not appropriate for control systems because of the lack of a control system
performance guarantee. It is pointed out in [49] [50] that the achieved optimal
dropout policy (a Markov chain) form optimization problem 3.4.10 can act as a
novel QoS constraint on the control system, i.e. the scheduler tries to enforce the
optimal Markov chain over the dropout decisions of that control system. In other
words, our optimal policy works as a guideline to real-time scheduling algorithm
design. Many simulations were done, which show that the scheduling algorithms
based on the optimal Markov chain outperform previous scheduling algorithms,
such as the EDF (Earliest Deadline First) algorithm. We may therefore conclude

that our proposed optimal policy does benefit the real-time scheduling community.

In the following, we briefly review some of simulation results in [49] [50].

3.4.4.1 Simulation results from [49]

In [49], a control system is assumed to share a single CPU resource with 4 non-
control systems. It is assumed that the overall system is overloaded, i.e. certain
percentage of dropouts is required. There are 3 priority groups in [49], Must

Finish (MF), Better Finish (BF) and Optional Finish (OF) which are ordered in

In the real-time scheduling community, a system is usually called a task, for example, a
control task. This section interchangeably uses the two terms system and task.
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the decreasing priority order. Non-control systems are assigned to either the MF
group or the BF group. Control systems are assigned to either the MF group
or the OF group. The tasks (systems) in the MF group and the BF group are
executed by using the EDF (earliest deadline first) algorithm. The tasks (systems)
in the OF group are executed by using a randomized priority assignment similar
to [37].

The control system here is exactly the one in figure 3.1 with the loop function

H(z) = zﬁﬁﬂ. For such control system, the optimal dropout policy is the drop-2

policy proposed in subsection 3.4.2. This policy is shown in figure 3.8.

10

Figure 3.8. Drop-2 policy

In figure 3.8, when the state of the control system ¢[n] stays in either ¢3 or
q4, the drop-2 policy requires to execute the control task successfully (“0” denots
success and “1” denots failure), i.e. the dropout rate equals 0. So the control

system is put in the MF group when ¢[n] = ¢3 or ¢[n| = q4. When ¢[n] = ¢», the
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dropout rate is 1, i.e. the drop-2 policy suggests to drop the control task to release
the CPU resource. So the control system is put in the OF group when ¢[n| = ¢s.
When ¢[n| = ¢, the dropout rate ¢ is between 0 and 1. Which group should the
control system be put in under the condition of g[n] = g1 ¢ Three different heuristic

rules are proposed to answer this question.

1. MC Driven Algorithm (MDA): MDA first estimates the average dropout
rate € of the control sytem by some offline algorithms. Then the individual
dropout rate £; is got from the relationship between £ and £ in figure 3.8.
When ¢[n] = ¢, a uniformly distributed random number r € [0, 1) is gener-
ated. If » < g1, the control system is put in the OF group; otherwise, it is

put in the MF group.

2. Dropout-rate Driven Algorithm (DDA): DDA maintains a long dropout
history window of the control system. From that history window, the aver-
age dropout rate of the control system is estimated, which is denoted as €.
If € is above a given upper bound ", i.e. the current average dropout rate
is too high, the control system is put in the MF group. If € is below a given
lower bound &, the control system is put in the OF group. If &/ < & < &,
the algorithm finds the individual dropout rate €; corresponding to the av-
erage dropout rate £ as MDA does. The control system is put in the OF
group with probability £1(&) (In order to emphasize the dependence of 1 on

g, we add the arguement £).

3. Feedback Driven Algorithm (FDA): FDA also maintains a long dropout
history window of the control system. Besides the average dropout rate &,
FDA estimates the individual dropout rates, for example, estimates €; with

€1 based on the history window. As DDA does, FDA puts the control
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system in the MF group when & > €% or in the OF group when & < /. On
the condition of e/ < & < &%, if & > £,(£), the control system is put in the

MF group; otherwise in the OF group.

In the simulations, 246 task sets were generated. Every task set consists of a
control system and 4 non-control systems. For every task set, the EDF algorithm
and 3 algorithms based on the optimal dropout policy (MDA, DDA, FDA) are
implemented. EDF is compared against MDA, DDA and FDA. The performance
of the non-control systems is measured by their average dropout rates. The per-
formance of the control system is measured by the output power E[yTy|. In the
comparisons, policy A is stated to beat policy B if the output power of the control
system under policy A is less than the one under policy B and the average dropout
rate of every non-control system under policy A is less than the one under policy
B. If the differece between two dropout rates is less than a specified dropout rate
accuracy, the two rates are said to be the same.

A comparison of these results is shown in the following table.

In table 3.2, “EDF vs MDA” means EDF beats MDA based on the above
comparision law. The entry for “EDF vs MDA” under the accuracy 0.001 is 0,
which means there is 0 task sets (out of 246 ones) where EDF outperforms MDA.
The entry for “MDA vs EDF” under the accuracy 0.001 are 49, which means
there is 49 task sets (out of 246 ones) where MDA outperforms EDF. Because
49 > 0, we know MDA outperform EDF. Similarly we can know that both DDA
and FDA outperform EDF. So table 3.2 confirms the efficiency of the enforced
optimal dropout policy (a Markov chain).

Among the 5 systems in every task set, we have a special interest in the

control system. In figure 3.9, each point in the plot depict the output power
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TABLE 3.2

SCHEDULER SCORES FOR 246 TASK SETS. EACH TASK SET

CONTAINS ONE CONTROL SYSTEM WITH THE OPTIMAL

DROPOUT POLICY ENFORCED [49]

Dropout Rate | EDF vs | EDF vs | EDF vs | MDA vs | DDA vs | FDA vs
Accuracy MDA DDA FDA EDF EDF EDF
0.001 0 0 0 49 43 58
0.01 0 0 0 170 166 88

obtained by applying one scheduling algorithm (dropout policy) to one task set.
The performance under the optimal dropout policy corresponds to the curve below
all the points in each plot. From the plots, one can readily see that the data
corresponding to MDA, DDA and FDA are close to the optimal dropout curve
while EDF' in general is not. This is especially true when the dropout rate is high
(say greater than 18%). A horizontal long-dashed line indicating power of 100 is
also shown in the plot for reference. It is clear that EDF resulted in much more
points above this line than the other algorithms. Since this specific control system
is considered unstable when the power value is larger than 100, MDA, DDA and

FDA again outperform EDF greatly in this regard.

3.4.4.2 Simulation results from [50]

Simulations in [49] assumed the configuration with a single control system
(task) and several non-control systems (tasks). The optimal dropout policy (an

MC constraint) is enforced on the control system as a QoS specification. The
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Figure 3.9. Output power vs. the dropout rate under four different
schedulers (dropout policies) with 246 task sets [49].

non-control systems are scheduled based on the average dropout rate, which is
more flexible than the MC contraint and may leave enough room for the control
system to satisfy the MC constraint.

Now we extend the above configuration to more general cases where more
than one, to say two, control systems have to be scheduled. In order to guarantee
performance, every control system tries to follow their own MC constraints (i.e.
the optimal dropout policies). It is quite possible that two control systems require
access to the single resource at the same time. It is true that one control system

will not get the expected resource so that it cannot follow its optimal dropout
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policy. Which system should get the resource? In preliminary studies, EDF was
implemented to resolve this access collision from control systems. It was shown
by simulations that EDF does not work well. Therefore more deliberate methods
are needed to resolve these access collisions inside every group.

In [50], there are also 3 priority groups in [49], Must Finish (MF), Better Finish
(BF) and Better Drop (BD) which are ordered in the decreasing priority order.
We may understand the BD group in [50] as the OF group in [49].

Simulations in [50] consider a task set with 5 control systems, among which 2
systems have the loop function of H(z) = %ﬁw’ named as MC1 and the others
are an inverted pendulum [1], named as MC2. The optimal dropout policy of
MCT1 is the drop-2 policy in subsection 3.4.2. The optimal dropout policy of MC2
is (2,3)-firm guarantee policy. For a control system, suppose its current state
q[n] = ¢; and the individual dropout rate is ¢; as shown in figure 3.4 (a). If &, = 0,
the control system is put in the MF group; if ¢; = 1, it is put in the BD group;

otherwise, it is put in the BF group. Two strategies are proposed to resolve the

access collision of control systems inside every group.

1. State-Sensitivity based Algorithm (SSA): SSA is based on the penalty
due to loss of resource access. If a control system does not get access to
the resource, its performance (as measured by the output power) will be
degraded. The resource is assigned to the control system with the largest

performance degradation. The performance degradation is computed from

Theorem 3.3.1.

2. Grouped Fair Dropout Rate algorithm (GFDR): GFDR is based on
the average dropout rate. A long dropout history window is maintained for

every control system and the average dropout rate is computed based on
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the history window. Inside every priority group, for example the MF group,
the resource is assigned to the control system with the largest dropout rate.
Sometime “weighted” dropout rates are used for decision. The insight of
GFDR is to guarantee fairness. Note that such fairness is achieved under
the dropout pattern specified by the MC constraints (the optimal dropout

policies).

In simulations, we randomly generated 250 task sets, each of which contains 2
MC1 systems and 3 MC2 systems. Performance is measured by the normalized

output power, which is computed as follows.

. Praw - PO }
P =min{ —rew "0 4 3.4.32
{Punstable - PO ( )

where P is the normalized performance, P,,,, is the raw output power estimated
from the simulations, Py is the output power without dropouts and Py, sape is the
upper bound on acceptable performance. If P.,, > Puistabie, We say the system
is “unstable”. It can be seen the normalized performance P ranges from 0 to
1. The overall performance of 5 control systems is the average of the individual
normalized performance of 5 systems. In the following figure, the histograms of
output power under different scheduling policies are plotted. MDA, DDA and
FDA are the scheduling approaches derived in [49]. WHSA1 and WHSA2 comes
from the literature on window-based constraint [10]. WHSAL1 is the weakly hard
system scheduling algorithm puting the constraint of completing 2 consecutive
jobs in any 4-job window on MC1 and the constraint of completing 2 consecutive
jobs in any 3-job window on MC2. WHSA2 is the weakly hard system scheduling
algorithm puting the constraint of completing any 2 jobs in any 4-job window on

MC1 and the constraint of completing any 2 jobs in any 3-job window on MC2.
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Figure 3.10. Histograms illustrating overall output signal power for task sets
with utilization between 1.0-1.2 (group 1) and 1.2-1.4 (group 2) [50]

In figures 3.10 (a) and (b), “M”, “D”, “F”, “wl”, “w2”, “R”, “G”, “S” rep-
resent MDA, DDA, FDA, WHSA1, WHSA2, FDR, GFDR and SSA respectively,
and each “slice” of the “scheduler type” axis is a histogram of task sets’ overall
output signal powers resulted from using that type of scheduler. Figures 3.10(a)
and (b) plot the distribution of the overall performance of two groups of task sets
for each scheduling algorithm. Each group contains 250 task sets, and each task
set consists of 5 tasks (2 MC1 systems and 3 MC2 systems). In group 1, each
task set’s utilization (or the load it presents to the system) is between 1.0 and 1.2

7. And in group 2 it is between 1.2 and 1.4. From figure 3.10, one can observe

"The task set’s utilization is equivalent to dropout rate level. For example, if such utilization
equals 1.2, the system is overloaded by 20%, i.e. the dropout rate has to be above 20%.
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that the overall output signal power values of task sets scheduled by GFDR and
SSA tend to be lower, while those of other algorithms tend to be larger. (Recall
that for the control tasks in the experiments, lower output signal power indicates
better performance.) If the overall performance of a task set equals 1, it indicates
that the output signal power of a system is beyond the upper bound and the
system is considered to be unstable (unacceptable). In both groups of task sets,
GFDR and SSA, unlike other schedulers, rarely result in instability. The better
performance of GFDR and SSA can be attributed to the fact that both of them
enforce the MC constraints to resolve the resource collision from control systems.
Figure 3.10(a) and (b) also show that as the task set’s utilization (system load)
increases, GFDR and SSA still manage to achieve good performance while the
performance of other schedulers degrades much faster. In fact, when the system
load is larger than 1.2, we observed that the system performances due to other
schedulers are rarely acceptable (less than 1% of total number of task sets).

To examine the performance difference between to GFDR and SSA, we plot
the stable (i.e. P < 1) task set percentage and the average overall output power at
heavier system loads (task set’s utilization is larger than 1.4) in figure 3.11(a) and
(b). (The performance of SSA and GFDR under lighter system loads is similar, as
shown in figure 3.10) For each utilization range, we generated a group of 250 task
sets. GFDR and SSA are used to schedule task sets in each groups. From figure
3.11, one can see that SSA is indeed better than GFDR. Figure 3.11(a) shows that
as the system load increases, the stable task set percentage of GFDR decreases
much faster than that of SSA. For example, when the utilization is between 1.6
and 1.7, SSA doubles the stable task set percentage achieved by GFDR. In figure

3.11(b), one can see that the average overall output signal power due to SSA is also
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better than that of GFDR. For the group of task sets whose utilization is between
1.6 and 1.7, the improvement is up to 33%. The better performance of SSA can
be attributed to the careful analysis of the output power based on theorem 3.3.1

which leads to a more effective scheduling decision.
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Figure 3.11. GFDR vs. SSA [50]

3.4.5 Verify the optimal dropout policy through a helicopter simulator

There is a hardware helicopter simulator in our lab. We tried to use it to
verify the utility of the optimal dropout policy. The conclusion drawn from these
experiments were inconclusive because the noise model for theoretical predictions

(a white noise process) mismatches the noise model for the experiments (a bounded
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noise process). The theoretical model in eq. 3.1.1 was, unfortunately, less realistic

than expected. Now we start to talk about our experiments.

3.4.5.1 Control plant: a Helicopter Simulator

Our plant is a hardware helicopter simulator shown in figure 3.12. There

Figure 3.12. The helicopter simulator

are 3 DOF (degrees of freedom) in the helicopter simulator, including elevation

dynamics, pitch dynamics and travelling dynamics. Denote the elevation angle as
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g, pitch angle as p and travelling rate as . Their dynamics can be expressed as

Elevation : Je% = K¢lo(Vi + Vi) = K¢laVs

‘/s - Kep(g - Ec) + Ked%
T, 58 = Kl (Vs = Vi) = KV,

Vi= Kp(p = po) + Kpah

Pitch : (3.4.33)

Jt% = Kplap

pe=Kp(r —re) + Kpi [(r—re)

Travelling :

where e., p. and . are the desired setpoints, V; and V, are the input voltages on
the front and back motors respectively, and the rest of the symbols are control
parameters such as K.,, K. or system parameters, such as J., J,.

As eq. 3.4.33 shows, the dynamics of this three dimensonal system are all
second order. This low order nature simplifies the performance analysis. But eq.

3.4.33 omits all nonlinear factors, such as friction and blackslash, and all noises.

3.4.5.2 Control configuration

In section 3.4.2, the dropout policy designed for a linear system is studied.
We try to verify the theoretical optimal dropout policy results on the travelling
dynamics. Our set point is 7y = 20deg/sec, i.e. the system dynamics are linearized
at the point r = rg. Ar =r —r¢ is governed by the third (travelling) sub-equation
in eq. 3.4.33. Ar is also chosen as the output. In order to simplify notation, we
represent Ar as r. Note r = 0 means the traveling rate is equal to ry for the rest

of this subsection.
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We discretize the traveling dynamics to get

Tpr1 = Axp + Byug + Bywy
ye  =Cu (3.4.34)

ure = Yk, Ye—1,-- )

where A, B, and C' are system parameters provided by the manufacturer. B,
stands for the input channel of the noise. We don’t know the value of B,,. {uy} is
the control variable, which is really the pitch angle p. f(-) is a PI law (proportional
and integral law). wy is noise, which may come from an exogenous disturbance,
linearization error or other uncertainty. Note that u; and w; may have different
input channels. So it is possible that B, # B,,,.

As mentioned above, we use a PI control law, which can be expressed as

up = (Y, Yr—1, -+ +) = Kopy + KT (Y1 + Yp2+ ) (3.4.35)

In the event of dropouts, i.e. the measurement is not available, the lost measure-
ment is replaced by 0. Why do we choose this dropout compensation policy? The
aim of our control is to keep steady state, i.e. y, = 0. So we expect y, is not far
from the the objective 0.

In section 3.4, we assume {wy} is white. Is that assumption valid? We did
experiments to verify it. In the experiments, we chose T = 20msec. There is
no dropout in the experiments. Thus the whole system can be described by the
control diagram in figure 3.13.  As figure 3.14 shows, the system exhibits a strong
periodic oscillation. Its period T,s is exactly determined by the travelling rate,
Tos = 360/19.  One reasonable explanation to the above result is the periodicity

of {wy}. Why is {wy} periodic and T,s = 360/ry? To our best knowledge, it
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Figure 3.13. Control diagram
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Figure 3.14. Response of travelling rate error

comes from the friction. When the helicopter simulator flies, its axis will rotate
at the period of T,s. There are many (about 40) sliding contacts on the base of
the simulator. This base may not be perfectly symmetric. The contacting friction
may be stronger at some positions and weaker at the others. So the friction varies
periodically at the period of T,,. In figure 3.13, feedback is used, which is expected
to counteract the oscillation from wy. So the original magnitude of w; may be
larger than the one in figure 3.14.

From the above analysis, we see that {wy} is almost deterministic and periodic.
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One may wonder whether we can totally cancel it. It is hard to say yes or no. If
B, = B,, i.e. the controller and the noise have the same input channel, we can
cancel {wy} by setting u, = —wg + uj. If B, # B,,, we have no way to cancel wy.

We, unfortunately, don’t know whether B, = B,,.

3.4.5.3 Performance analysis of the travelling dynamics under dropouts

Our main concern is to verify the results on the dropout policy in section 3.4.

The system equation is

Aclosexk + wak, dk =0
Tk+1 =
Aopeni, + Bywy, dp =1 (3.4.36)

vy = Cuay,

By estimating B, with B, and assuming {wy} is white with unit variance, we
apply Theorem 3.3.1 to predict the performance p = E[yZ]. We compare several
policies shown in figure 3.15 To our disappointment, the difference between
dropout policies is not significant. For example, when the average dropout rate
is 25%, the difference among the four policies is less than 10%. By utilizing the
design methods in subsection 3.4.2, we may find a better policy and amplify the

difference. We now take a look at the maximum eigenvalue of system matries.

Amaz (Actose) = 0.9991, Az (Aopen) = 1.0004 (3.4.37)

where \,,q.(+) stands for the maximum magnitude of the eigenvalues. It can be
seen that Apaz(Acose) is quite close t0 Az (Aopen ), 1.€. the difference between the

closed-loop and open loop configurations is not significant. So it is not surprising
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Figure 3.15. Theoretical predictions of different dropout policies

that there is little different between the various policies in figure 3.15.

Although the improvement due to the dropout policy is not very exciting, there
is still improvement. The next question is whether such improvement (about 10%)
can be demonstrated through experiments. We enforced i.i.d. and (2, 3) policies
in the experiments. The results are shown in figure 3.16. Comparing figure
3.15 and 3.16, we can list the following disagreement between empirical results

and theoretical prediction.

e By theoretical prediction in figure 3.15, the performance is worse when the
average dropout rate is higher. The experimental results, however, demon-

strate little difference among different dropout rates.

e At the same dropout rate, the difference among different trials in figure 3.16
seems unacceptable, especially for the i.i.d. dropout policy. For example,

the performance variation at the rate of 10% is about 100%. (2, 3) policy
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Figure 3.16. Performance of the plant under i.i.d. and (2, 3) dropout
policies

seems better with smaller performance variation.

e We expected the (2, 3) policy to be better than the i.i.d. policy on the basis of
our theoretic prediction. Due to the large performance variations, however,
it is hard to see whether such performance predictions can be verified from

the experiments.

Based on the above conclusions, we may wonder whether the theoretical predic-
tion or the experiments are wrong. After carefully thinking, we find out nothing
is wrong and the disagreement comes from that fact that the noise {wy} doesn’t
satisfy the white noise assumption for theoretical prediction. The following dis-

cussion attempts to explain the reasons for this the disagreement.
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3.4.5.4 Why don’t experimental results agree with the theoretical prediction?

The travelling dynamics are governed by eq. 3.4.34. For convenience, we

rewrite that equation down.

Tpr1 = Axp + Byug + Buwy

ure = f(Yk, Ye—1,- ")

The control law f(---) is a PI one, whose proportional gain is much larger than its
integral gain. So uy is approximately proportional to y, when y; is large enough.
In event of dropouts, the measurement is replaced with 0. If the dropouts occur
when y; is large, u, will deviate much from its desired value, which leads to
inefficiently counteracting wg. We can imagine at the next step, i.e. time n + 1,
Yro1 will be larger than the expected one. It can be seen that the larger the lost
measurement vy, the larger performance degradation at time n + 1. So the wise
dropout decision is to drop small y,. But what did the experimental policies do?

[i.d. policy drops data in an i.i.d. fashion. If we are lucky, the dropped
measurments are all small and better performance, i.e. smaller output power, can
be achieved. Otherwise, we drop some large measurements and the performance is
made worse. This may be the reason that under the same dropout policy, different
trials yield quite different performance.

The performance variation of different trials under (2,8) policy is smaller than
the variation under i.i.d. policy. Why? It can be explained by the effect of
consecutive dropouts. By the discussions in the last paragraph, if we drop g,
Yr+1 will be larger (perhaps much larger) than the expectation. The larger y,

the larger degradation of y,.1. If consecutive dropouts happen, i.e. y;y1 is also
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dropped, we can imagine the degradation of y;. o will be very significant. Therefore
consecutive dropouts are even more harmful on performance than dropout rate.
(2,3) policy tries to separate dropouts apart (in any 3 consecutive packets, there
is at most 1 dropout). So it is not surprising to see smaller performance deviation
under the (2, 3) policy.

Now we are clear that it is the noise wy that yields the disagreement between

theoretical prediction and experimental results.

3.5  Spatially distributed control systems

This section extends the main result in theorem 3.3.1 to a spatially distributed
control system that implements the control over a sensor-actuator network. The
system under study is shown in figure 3.17. This system [18] is a linear array
of masses that are linked together by springs. Each mass (node) has an embed-
ded processor attached to it that can measure the node’s local state (position
and velocity) and then transmit that information to its neighboring nodes. This
transmitted information is then used by the embedded processor to compute a
control input.

We first assume that the continuous-time dynamics of the system have been
discretized in time. So we let x[ny, ny] denote the state of the noth node at time
instant n;. The state x is a 2-dimensional vector characterizing the position and
velocity of the node with respect to its equilibrium position. The state satisfies

the following recursive equations,

zlny + 1,n0) = Axng, no] + B(z[n1,ne — 1] + z[ng, ne + 1))
+F(u[ng, na] + wlny, ny)) (3.5.39)
z[ni,na] = Cxlng,ng)
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Figure 3.17. Distributed control system and Sensor-Actuator network

for n; > 0 and any ns. z[ng, ng| is an output signal that is used to characterize
overall system performance. A, B, C' and F are appropriately dimensioned real-
valued matrices. There are two inputs to this equation; the disturbance w(ny, ns]
and the control u[ny, ny]. The disturbance w is a zero-mean white noise process in
both time and space. The control input is computed by the embedded processor.

Each node has a processor attached to it. The processor measures the node’s
local state z[ny, ns] and it transmits this information to its neighbors upon request.
We assume that the nodes are synchronized in time and that in each sampling
interval the node decides whether or not to access its neighbor’s state. This means
that a node first "requests” that its neighbors send data to it and then the proces-
sor computes its control input u[n;, ny] upon receiving this data. If neighboring
state information has been received, then the control input is computed according

to the following equation,

u[ny, no| = Kox[ny, nol + Ky (x[ny, ng — 1] + z[ng, ne + 1)) (3.5.40)

where Ky and K7 represent control gain matrices that have been chosen by the

control engineer. Since our network may occasionally drop measurements, the
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processor needs to use a different control signal if the neighboring state data is
not received. In this case, the processor simply sets u[ny, ng] = 0.

Data may be dropped by the network. These dropouts occur for two reasons.
The first reason is that the medium is unreliable. A transmitted measurement has
a finite probability f of being lost due to link failure. This probability is assumed
to be statistically independent of the state of the measurement’s source. Dropouts
will also occur because a node explicitly decides NOT to request neighboring state
measurements. This occurs because an overload management policy requires nodes
to drop a certain percentage of measurements when the network is congested. In
particular, the network assigns each processor a maximum allowable transmission
rate which is represented as a lower bound, £y on the node’s actual dropout rate.
The size of ¢y depends on the amount of network congestion.

Because dropouts cause us to switch between two different control laws, the
system’s state space model takes the form of a jump linear system [51]. In par-
ticular, let’s define a dropout process that is denoted as d[ni,ng]. It is a binary
random process in which d[n, ny] = 1 if a dropout occurs and is zero otherwise.

Under the dropout process, our system equations take the form,

x[ny + 1,ne] = Alny, nolz[ng, ne] + Bny, nal(x[ny, ng — 1] + [ny, ng + 1))
+Fw(ny, no
z[ni,ne] = Cxlng,ns
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where A[ny, ny| and Blny, ny] are matrix valued random processes such that

Ay = A+ FK, if no dropouts occur (i.e., d[ny,ny] = 0)
A[nlu n2] =

A=A if a dropout occurs (i.e., d[ny,ns] = 1)

By = B+ FK; if no dropouts occur (i.e., d[ny,ns] = 0)
B[?’Ll, ng] =

By =B if a dropout occurs (i.e., d[ny,ns] = 1)

Application performance will be measured by the average power in the con-
trol system’s output signal. This measures how well the system suppresses the
effect that the disturbance w(ni,ns] has on the system’s shape. In particular
we assume that w is a white noise process whose covariance matrix is R =
E [w[ny, no]w”[n1,ns]]. The control objective is to minimize the noise power in
the node’s state. So a natural measure of application performance is the average

power,
||z||% = Trace (E [z[nl, ny)zt [ny, ng]D = Trace (C’FOCT)
where P, is the variance matrix
Py = E [z[ny, no)a” [ng, no]] (3.5.41)

Note that this example presumes that all nodes are “identical” (spatially invariant)
and temporally stationary, so that the above covariance matrix is independent of
ny and ne.

The following theorem extends theorem 3.3.1 to this spatially distributed sys-
tem. This theorem provides an infinite set of equations that can be solved for the

covariance matrix Py. This theorem’s proof will be found in the appendix.
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Theorem 3.5.1 Let w[ny,ns| be a zero-mean white noise process with variance R.

Let x[ny, ns| satisfy a jump linear system equation that is driven by a Markov chain

with transition matriz Q = [q;] y . v With stationary distribution ™ = [my, 7o, -+, TN].

If E [27[ny, nolz[ng, no]] < 0o (i.e. mean square stable) , then

N
Py =E [z[ny, no]z" [ng,ns]] = ZFSZ (3.5.42)
i=1

where Fé’i satisfy the following infinite set of equations.

—i

Py

_7'7.]
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> APy AT + 278,75 B | (3.5.43)
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fork>2andi,j=1,...,N.
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Remark: Note that theorem 3.5.1 presumes the system is already mean square
stable. This condition may be difficult, in general, to verify and we provide no
characterization of the system’s stability.

Remark: Equations 3.5.43 is an infinite set of linear equations that we solve

for the matrices ?Zj. In particular, these matrices are the following conditional

expectations.
P’ = ™ [x[n17n2]xT[nlan2 +k] [ gln—1ne] =g,
gl —Lng+kl =¢q], kE#0
Py = mB [l nala"lnne] | gl —1ma) = gl
Py o= 0i#]

We can solve these equations numerically in a recursive manner. In particular,
we generate a sequence {F;’j [L]}72, of matrices that converges to the true ﬁ;j as
L goes to infinity. In particular, we insert the matrices Fi’j [L] into the righthand
side of equation 3.5.43 and take the matrices on the lefthand side of the equation

as F;’j [L +1]. By eq. 3.5.42, we estimate Py by
N ..
PolL] =Y Py'[L] (3.5.44)
i=1

We want to compute Py. So if |[Po[L + 1] — Pg[L]||oe < & (& is tolerance), we will

stop the recursive computation.
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There is a trick to pick the initial condition for {ﬁ;;j [0]}. We let

P0] = mR
?é’j[O] = 0,wheni#j

P0] = 0,when k #0

Based on the above initial conditions and the update rule of sz [L], we know, at

the recursion step L,
P[L] =0, when k > 2L + 1 (3.5.45)

So we only need to consider the recursion of sz [L+1] (k=0,1,2,---,2L + 2)
8 i.e. only 2L + 3 equations need to be computed. We can, therefore, obtain Py
under a specified dropout policy.

As we did in section 3.4, we can use theorem 3.5.1 to pose an optimization
problem whose solution is the ”optimal” dropout policy for this distributed sys-
tem. To state this optimization problem, we again consider the 4-state Markov
chain that was considered in section 3.4. Recall that ¢; is the probability of not

transmitting a message when the Markov chain is in state ¢;. We also assume

that there is a finite probability f, that a transmitted message will not reach its

80f course we may still do recursive computations on ﬁ;j [L+1] (k> 2L + 3), but we are
sure they are all 0
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destination. With these notational conventions we obtain the transition matrix,

((1-e)1-f) atfl-a) 0 0o |
o0 0 0 (I—e)(1—f) e2+ f(1—e2)
(1—e3)(1—f) es+ f(1—e3) 0 0

i 0 0 (L—e)X =) eat f(L—c4) |

We solved the optimization problem (eq. 3.4.10) for this specific system. The

system matrices (A;, B;) when the Markov chain is in state g; are

Al - A3:A+BK

Bl - Bg == O
A2 = A4 = A
BQ = B4 == B
0.9990 0.0100 0.0005 0 1.0 0
where A = , B = , O = , F' =08,
—0.1999 0.9990 0.1000 0 0 0.1
—93.2580 —10.4700
K = . From these equations we see that the closed-loop

0 0
distributed system is really a group of decoupled subsystems. When a dropout

occurs there is no control (i.e. u[ny,n2] = 0) and the physical coupling between
subsystems reasserts itself.

For our particular problem, Matlab’s optimization toolbox was used to numer-
ically solve the preceding optimization problem by the gradient descent method.
These optimizations were done assuming a link failure rate, f, of 0.3 and an av-

erage dropout rate g9 between 0.05 and 0.85. The solutions are the transition
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probabilities ¢;. We found that these probabilities took the following form,

(

[£1,0,0,0], e < 0.2237

[1, 0, z3, 0] , 0.2237 < g9 < 04117
[51,52,53754] =
[1, o, 1, O] , 04117 < g9 < 0.5833

| [1,1,1,2], 05833 < &

where 1,9, 23, x4 are determined by the average dropout rate condition. In
reviewing the transition probabilities given above, it is apparent that the optimal
policy is a soft (2, 3)-policy for g9 < 0.2237. For dropout rates above this level,
however, the structure of the optimal policy changes to allow higher dropout rates.

The plot in figure 3.18 compares the performance under the ”optimal” dropout
policy (solid line) and an i.i.d. dropout policy (dashed line). This is the perfor-
mance computed using our theoretical results. We also simulated the distributed
system using a MatLab SimuLink model. All of the simulations assumed 27 nodes
with the endpoints having free boundary conditions. The results for these simula-
tions are plotted as x and o. We simulated 3 different runs at 6 different dropout
rates for 100,000 iterations. In the simulations, we used time averages to estimate
the signal power. The theoretical predictions show that the optimal policy is in-
deed better than the i.i.d. policy. The simulation results show close agreement
with the theoretical predictions for a wide range of dropout rates.

The Markov chains derived in this section form the basis of an overload man-
agement policy that is easily implemented on an embedded processor. In particu-
lar, a number of these ”optimal” Markov chains would be determined for a range
of overload conditions (gy) and a range of link failure rates (f). We store these

transition probabilities in a table that is indexed with respect to €y and f. The
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cost vs dropout rate for different dropout policies
70 T T T T T

—— optimal policy
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Figure 3.18. Simulation vs. theoretical results

overload management policy used by each node is a concrete instantiation of the
optimal Markov chain whose transition probabilities are loaded from this table
based on 1) the transmission rate (1 — g¢) that was allocated to the node and 2)
based on the link failure rate (f) that was estimated by the node. What should
be apparent is that the resulting policy is adaptive with respect to link failure rate
and the allocated transmission rate . Moreover, since these chains are solutions
to the optimization problem, we know that this policy degrades application per-
formance as little as possible. In other words, we have provable guarantees that
this approach makes optimum use of the allocated transmission rate to the local
controller. The simulation and theoretical results shown in figure 3.18 suggest

that hardware implementations of such policies should also perform well.
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3.6 Conclusions

This chapter studies the control system with dropouts governed by a Markov
chain. A necessary and sufficient condition is established for stability and wide
sense stationary for such systems. The system performance, measured by the out-
put power, is computed. Based on the achieved performance results, the optimal
dropout policy is designed. The performance computation and optimal dropout
policy results are extended to distributed systems.

This chapter obtains the optimal dropout policy by solving an optimization
problem through gradient descent method or branch-and-bound method. The
gradient descent method is only guaranteed to find a locally optimal solution.
Although the branch-and-bound method is guaranteed to converge to a neighbor
of the globally optimal solution, its computational complexity is high, especially
when the dimension of the system or the order of the dropout Markov chain is
large. So it is desirable to develop more efficient method to solve the optimization
problem.

The optimal dropout policy in section 3.4 makes the decision when a packet
can be dropped. It can also be viewed as a sampling method. Although the
system is sampled periodically, some samples are dropped on purpose. Suppose
the sampling period to be T and the dropout rate to be 3. Then the average

sampling period is

T
7 10

- , 3.6.46
= (3.6.46)

T is a measurement of network utilization. The smaller T', the more network uti-

lization. For specified T', we have infinite choices (Tj, o) satisfying the constraint
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in eq. 3.6.46. Of course we will prefer the choice which achieves the optimal (min-
imum) control performance. Is the periodic sampling (7o = T, 9 = 0) necessarily

optimal? There is no answer yet.

3.7 Appendix: proofs
Throughout this section, the following notational conventions will be followed.

The system transition matrix in equation 3.1.1 is

k—1 .
—Alg|ll], ifm<k
ity — 4 T Al
I, iftm>k

where [,, is an identity matrix with the dimension of n. With this matrix, the
system’s state at time instant n can be expressed as x[k] = ®(k;0)x[0] when the

input disturbance w = 0. The following n? x (kn?) matrix C7 is frequently used

CI:[[nz Ly --- [nz]-

3.7.1 Preliminary lemmas

Denote the initial condition of the jump linear system in 3.1.1 as x[0] = o,
q[0] = qo and the distribution of ¢y as p = [ P P2 o PN } (P(q[0] = qi |q0) =
i)

A conditional expectation is defined as
@[k = P(alk) = ¢: | a0)B [(®(k;0)? | qlk] = givau] , i = 1.2, , N.(8.7.47)

Specifically ®;[0] = p;l,2 (i = 1,---,N). Based on the definition of ®;[k], we
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obtain

N

E [(®(k;0)® [ qo] = ®i[k]. (3.7.48)

i=1

By combining all ®;[k](i = 1,2,---, N) into a bigger matrix, we define
T
Valk] = | ®T[k] ®T[k] --- ®L[K] ] ) (3.7.49)

Thus V(0] = p” @ L.

The necessity proof of theorem 3.2.1 needs the following 3 preliminary lemmas.

Lemma 3.7.1 If the jump linear system in eq. 3.1.1 is mean square stable, then

lim E [(®[k; 0))®|q0] = 0, Ygo (3.7.50)

k—oo

proof of Lemma 3.7.1: Because the system is mean square stable, we get

lim E [93[2}[1{:“1’0,%} =0, Vo, q (3.7.51)

k— 00

The expression of z[k] = ®(k;0)z, yields

lim E[(@(k:; 0)20)? |20, q0] = 0, (3.7.52)

k—so00

®(k;0) is an n x n matrix. So we denote it as ®(k;0) = [a1(k), az(k), - -, a,(k)],
where a;(k) is a column vector. By choosing zo = ¢; (e; is an R"*! vector with

the i*" element as 1 and the others as 0), eq. 3.7.52 yields
lim E [a?}[k]\qo] —0,i=1,2,---,n (3.7.53)
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For any two random vectors y and z, we know
[Ely"z]| < VE[TYE[T2] (3.7.54)
By eq. 3.7.53, 3.7.54 and the definition of Kronecker product, we obtain
Jim B faft] © oy k] = 0,1 7 (3.1.59
By the definition of the Kronecker product, we know

(@ (k; 0))"

= [ak]@alk], - ar[k] @ anlk], -+ anlk] @ ar[k], - an[k] @ an[k]]
So eq. 3.7.53 and 3.7.55 yield

lim E [(®[k; 0))?|g0] = 0, Ygo<> (3.7.56)

k—oo

Lemma 3.7.2 If the jump linear system in eq. 3.1.1 is mean square stable, then

lim ®;k] =0, i=1,---,N; Yqp. (3.7.57)

k—oo

proof of Lemma 3.7.2: Choose any zp, wy € R". Lemma 3.7.1 guarantees

lim B [ ()7 (@(k;0)) Pl | o] = 0. (3.7.58)

k— 00

By the definition of the Kronecker product, we know

E | (z))" (®(k; 0)) g | QO} -E [(on<1>(1<:; 0)uwo)” | qo} . (3.7.59)
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By eq. 3.7.47, 3.7.48 and 3.7.59, we get

— " Plalk] = a | a0)E | (-5 1k, 0)wo)” | alk] = gira0| . (3.7.60)

Because P(qlk] = ¢; | 90)E [(zgq)[k;O]wo)2 | qlk] = qi,qo] > 0, the combination

of eq. 3.7.58 and 3.7.60 yields
. 2
lim P(glk] = gi | qo)E [(:0(k; 0)wo)” | qlk] = gia0] =0, (3.761)

O (k;0) is an nxn matrix, so it can be denoted as @ (k; 0) = (@m; (k))m=1, nij=1,- -

In eq. 3.7.61, we choose zy = e, and wy = e; and get

lim P(qk] = i | q0)E [(am;(k))* | qlk] = @, q0] =0, (3.7.62)

k—o00

where i =1,2,--- /N, m=1,--- ,nand j =1,---,n. By the definition of ®;[k],

we know the elements of ®;[k| take the form of

Pglk] = ai | 90)E [amyjo (K)am,j (F) | alk] = gi, qo]

where my,ma, j1,j2 = 1,--- ,n. So eq. 3.7.62 guarantees

Lemma 3.7.3 Vglk] is governed by the following dynamic equation

Volk] = Ay Valk —1]. (3.7.64)
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with V0] = pT @ I2.

proof of Lemma 3.7.3: By the definition in eq. 3.7.47, we recursively compute

;K| as follows.

Oi[k] = Plglk] = a; | 90)E [(A ®(k—1;0) | qlk] = g, qo]
= P(qlk] =g | )E [(A A @k —1:0) | qlk] = g, q0]
= P(q —qzlqoi [k —1] = q; | alk] = ¢, q0)
E [(Alg[k — 1]))" (_ ®(k—1;0)® | q[k] = a;, qlk — 1] = g5, q0]
= ilAL?] (P(alk] = g | o) Palk = 1] = ¢; | qlk] = . q0))

E [(®(k— 1,00 | qlk] = g, alk — 1] = g5, o]

Because ®(k — 1;0) depends on only {¢[k — 2], q[k — 1],--- ,¢[0]} and the jump

sequence {q[k|} is Markovian, we know

E [(®(k— 1,00 | g[k] = g, q[k — 1] = g5, q0]

= E[(@(k - 1;0)" | gk —1] = g5,40] (3.7.65)

The probability P(q[k] = ¢; | @) P(qlk — 1] = q; | q[k] = ¢, qo) can be computed
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as

Palk] = ¢ | o) Pglk = 1] = g; | alk] = 4> q0)
= Plglk —1] =q;,q[kl = ¢ | @)
= Plqlk] =a | alk = 1] = g, q0)P(alk = 1] = q; | q0)
= Plqlk] = ¢ | qlk — 1] = ¢;)P(alk — 1] = ¢; | q0)

= ¢iP(qlk—1]=¢q; | ) (3.7.66)

Substitute eq. 3.7.65 and 3.7.66 into the expression of ®;[k], we get

N
Z AP [k — 1], (3.7.67)

After combining ®;[k](: = 1,2,---, N) into Vg[k] as eq. 3.7.49, we get
Vo k] = A Valk — 1] (3.7.68)

We trivially get V(0] from ®;[0] by eq. 3.7.49. &
For any initial distribution p, we can put a bound on E [q)(k;; 0)®T (k; 0)] in

the following lemma.

Lemma 3.7.4 Consider the system in equation 3.1.1 under assumptions 1—5.

There exists a positive semi-definite matrix o such that
E [®(k; 0)@" (k;0)] < oo

where 09 = A\naz (A[2})'

Proof: Considering the initial distribution of gy, E [®(k; 0)® (k;0)] can be com-
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puted as
N
E [©(k;0)0” (k;0)] = P(go = q:)E [®(k; 0)" (k;0)|go = ¢;]  (3.7.69)
=1
By the definition of V[k], eq. 3.7.69 can be rewritten as
N
E [@(k; 0)®7 (k;0)] = P(go = g;)devec (C1Va g, [k]) (3.7.70)

i=1

where we add a new subscript 4, in Vp to emphasize the initial condition gy = ¢;.

By Lemma 3.7.3, we know Vg, [k] is expressed as
V‘I’,qz' [k] = A][Z]Vq),qi [0]7 (3771)

where Vg 4,[0] is determined by the initial condition. Because Az (Af) = 00, we

put the following bound,
devec (CVp q,[k]) < ok @, (3.7.72)

where ®,, is a constant semi-definite matrix which depends on ¢;. Define &, =

Zi]il ®,,. Relaxing the bound in eq.3.7.72, we get
devec (CrVy 4, [k]) < obdy (3.7.73)
Substituting eq. 3.7.73 for all ¢ into eq. 3.7.70 yields

E [®(k; 000" (k;0)] = o5 @y ¢ (3.7.74)
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The shift-invariance property of the dropout Markov chain yields that
E [®(k; )T (k;1)] = E [®(k —1;0)®T(k —[;0)]. So the following upper bound
holds

E [®(k; )07 (k; 1)] < a5 ", (3.7.75)

When the system in equation 3.1.1 is asymptotically stable in the mean square
sense, we can ignore the initial state by taking the initial time at —oo and express

the state z[k| as the following lemma.

Lemma 3.7.5 Consider the system in equation 3.1.1 with initial time of —oo.
Under assumptions 1—35, the state z[k] can be expressed with the following infinite

o[k] = i Ok k — 1) Buwlk — 1 —1]. (3.7.76)

Furthermore,

Proof: If the infinite series in equation 3.7.76 makes sense, x[k] can obviously
be computed as the equation. So we just need to prove that the infinite series in
equation 3.7.76 is convergent in the mean square sense.

Denote the partial summation in equation 3.7.76 as
p+q

S(p,q) = ®(k;k —1)Bwlk — 1 —1], (3.7.77)

l=p

125



where p > 0, ¢ > 1. It can be shown that

VEI[ST(p,q)S(p.q)] (3.7.78)

M\/ O(k:k — ) Buw[k — 1 —1])" (@(k;k—l)Bw[k—l—u)]

Now consider a single term of the summation in equation 3.7.78.

E [((I)(k;; k— D) Buwlk —1 — 1) (®(k; k — ) Bwlk — | — 1])}
— Trace (B [®(k; k — [)Bwlk — | — WwT[k — [ — 1] BTOT (k; k — 1)])
= Trace (E [®(k; k — |) BRyyw[0|BTOT (k; k —1)]) .

Let 05 = Anaz(BRyww[0]BT), then

E [((I)(k; k— ) Buwlk — 1 — 1)) (®(k; k — ) Bwlk — 1 — 1])}
< opTrace (E [®(k; k — 1)®T (k; k —1)]) .
By equation 3.7.75, we put an upper bound:

E [((I)(k;; k— ) Buwlk — 1 — 1)) (®(k; k — ) Bwlk — | — 1])] (3.7.79)

< opolTrace(dg).

With the preceding relation, we get

p+q

VEST 0,080 0)] < VopTrace(®y) > o2

< Mag/2,

where M — v/ o Trace(®o)
oo -
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Because ¢ < 1, lim,_.c sup,>; E [ST(p, q)S(p, q)] = 0. So we know that the
summation in equation 3.7.76 is convergent in the mean square sense.

If we set p =0 and ¢ = oo, S(p,q) = z[k]. So

E [z"[k]z[k]] < M

< o00. &

3.7.2 proof of Theorem 3.2.1

proof of Necessity of Theorem 3.2.1: By Lemma 3.7.2, we get

lim Va[k] =0 (3.7.80)

k—so00

By Lemma 3.7.3, we get Vg[k] = AE}qu[O] and V(0] = p” @ I,2. Therefore eq.
3.7.80 yields

Jim Afy(p" @ Lz2) =0 (3.7.81)

for any p, the initial distribution of gq.

Afy is a Nn® x Nn? matrix. We write Ay as Ay = [A'(k), A*(k), -, AV (k)]
where A'(k) (i = 1,---,N) is a Nn? x n? matrix. By taking p; = 1 and p; = 0
(j=1,--,i—1,i+1,---,N), eq 3.7.81 yields

Jim Alk) =0 (3.7.82)
Thus we get
Jim Afy = 0. (3.7.83)
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So Aj is Schur stable.
proof of Sufficiency of Theorem 3.2.1: Under the given initial condition

z[0] = xo, ¢[0] = qo, the state z[k] at time n can be expressed as
z[k] = ®(k; 0)a (3.7.84)
The conditional variance of z[k] can be computed as

E [LU ‘x(bq(]]

@[2](]{; O)|q0} xéz}))
P(go = ;) E [2P(k; 0)]g0 = ] xf)>

= Trace (devec (E

—

= Trace | devec

0

@
Il
—_

WE

= Trace | devec

Pldo = 4)C1Va [k]x([)z]))

1

<.
Il

= Trace | devec

R

P(qo = ¢:)CrAlyVa, [O]xgﬂ)) (3.7.85)

=1

where the first equality comes from eq. 3.7.84 and the definitions of devec(-) and
21 the third equality comes from the definition of Vg[k] (kote that we add the
subscript ¢; to emphasize the dependence of Vg[k] on ¢y = ¢;), and the fourth
equality comes from Lemma 3.7.3. By assumption 5, we know Ay is stable. So
limg A’[‘g] = 0. Considering the expression in eq. 3.7.85, we obtain

lim E [:L"T[k]x[kﬂxo,qo} =0,Vxg, qo. (3.7.86)

k—so00
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3.7.3 proof of Theorem 3.2.2

As shown by lemma 3.7.5, z[k] exists in the mean square sense and has finite
variance. So we just need to prove the mean of x[k| is constant and the correlation
E [2[k + m]zT[k]] is shift-invariant with respect to n.

For reference convenience, we write down the expression of z[k] from equation

3.7.76 again.
K =Y ®(k;k—)Buwlk —1—1]. (3.7.87)
=0

So the mean of z[k] can be computed as

E[z[k]] = ZE (k;k —1)BJE [w[k — 1 — 1]]

:()7

where the first equality follows from the independence between dropouts and w;
the second equality follows from the fact w is zero-mean.

The correlation E [z[k + m]a” [k]] can be expressed as

[[k‘+m] K]
ZZE (k+m;k+m —k)Bwlk+m —ky — Tw” [k — kg — 1]

=0 ko=

BT<I>T(k; k— ko)
By the white nature of w, we know

Ruwl0], When m — k; = —ko
w[k‘—l—m—k‘l—l]wT[k:—k:g—l] =

0 otherwise
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Combine the above two equations, we obtain
E [2[k +m]a"[k]] =Y E[®(k +m;k — 1) BRyw[0|B" " (ks k —1)] .
1=0

Because the dropout Markov chain is time-homogeneous and the initial time is
set to —oo, the dropout Markov chain stays in the steady state.

Then E [®(k + m; k — 1) BR,y, [0)BY®7 (k; k — 1)] is shift-invariant with respect to
k. Therefore E [z[k 4+ m]z”[k]] is constant with respect to k and {x[k]} is WSS.
¢

3.7.4 Proof of Theorem 3.3.1

Corollary 3.2.1 guarantees that {y[k]} is WSS. Then the power of y can be

computed as

E [y"[k]ylk]] = Trace (E [y[k]y"[K])
= Trace (devec (E [y[z] %]]))

= Trace (devec (C’[Q]E [:)3[2} k])) -

The above equation shows E [2/?[k]] has to be computed in order to get E [y [k]y[k]].
Because the initial time is set to —oo, the dropout Markov chain can be as-
sumed to remain at steady state, i.e. P(qlk] = ¢;) = m (1 = 1,2,---,N). Let
Pk} = mE [2P[k] | g[k — 1] = ¢;]. Then
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P,k + 1] can be recursively computed as follows.

Pk +1]
= mE [(Alk]a[k] + Bw[k)® | q[k] = 4]
- AME[ k] | qlk] = 4] + 7B s,
= mA/ ZE [2[K] | q[K] = gir alk — 1] = @] P(alk — 1] = @/ | q[K] = a)
:LmB@]uwz
— AT SB[ |k~ 1= a] Plalt—1) = | lf] = )+ 7B

N

=1

where fi,, = vec(Ryuw|0]) (vec(-) is defined in appendix A, the second equality
follows from E [z[k] ® w[k]] = 0 (because z[k] depends linearly on only the past
noise inputs {w[k — 1], w[k — 2], -- -} and w is white); the fourth equality follows
from the Markov property of the dropouts. .,

Let Vplk] = | PT[k] PI[k] --- PZ[k] | - Then the recursive computations
on Pj[k] yield

Velk +1] = A Vplk] + 77 @ (B 1y, (3.7.89)

Because the initial time is set to —oo, the solution of the above equation is

k
Velk] = > Al (7" @ (B%,))
l=—00
= ZA B[2,Uw2)>
= constant,
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where the second equality comes from the substitution of the variable , m = k —1;
the infinite series in the second equality exists and is bounded because Apy is
stable.

Because Vp[k| = constant, P;[k| is also constant with respect to k. Then P;[k]
and P;[k + 1] in equation 3.7.88 all can be simplified as P;. Taking the operation

devec(-) over eq. 3.7.88 will yield the final result. &

3.7.5 Proof of Theorem 3.3.2

In this proof, the dropout Markov chain is assumed to stay at the steady state
T=\|m m --- wy |.»1.e P(qlk] = ¢;)) = m. The notations in the proof of
theorem 3.3.1, P; and Vpl[k|, are reused. Because Vp[k| is constant with respect
to n (with the initial time —o0), it is usually simply denoted as Vp.

At the begining, the wide sense stationarity of {y!2[k]} is proved.
yA[k] = CPILPE]. (3.7.90)

So {y?[k]} is WSS if {z[k]} is WSS. From the proof of theorem 3.2.2, we know
E [2P[k]] = E[2[k + 0] ® 2[k]] is constant with respect to k, which is denoted as

s, From the proof of theorem 3.3.1, we know

N
po = QP
i=1

= CIZA&} (" ® (B[Q],uwz)) :
1=0

To prove the wide sense stationarity of {z/[k]}, we only need to show that

E [(:EP] [k + m])Txm [k:]] exists and is shift-invariant with respect to k. Before
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that, we establish the following two propositions

lim 2Pk @ 2P k] = 0, when w = 0; (3.7.91)

k—o0

E [(mm [k])Tx[z] [k]} < oo,when w is an i.i.d. process. (3.7.92)
Obviously z/[k] ® z[k] = z¥[k]. Define
Pyilk] = mE [2M[k] | gk —1] = q],
and
Vplkl = | PL[k] PLIK -+ Ply[k]

When w = 0, we get Vp,[k] = AyVp [k — 1] with arguments similar to
the ones used in the proof of theorem 3.2.1. Because of the stability of Ay,
we know lim, . Vp,[k] = 0. Because E [zP[k] ® zP[k]] = (Cr ® IL2)Vp,[K],
lim, . 2?[k] ® 2PI[k] = 0, i.e. the proposition in equation 3.7.91 holds. Then
we know the effect of the initial conditions on the variance (correlation) of z!?[k]
can be eventually forgotten. So we can assume zero initial conditions without loss
of generality.

Because the proposition in equation 3.7.91 holds, the expression of z[k] in

equation 3.7.76 still holds in the fourth moment sense. We write it down again.

k] = i O(k;k — 1) Bw[k — 1 —1].
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Denote the partial summation in the above infinite series as
p+q
S(p.q) =Y _ ®(kik —1)Bwlk — 1 — 1],

l=p

where p > 0, ¢ > 1. It can be shown that °

B[54 57p,0)
< % \/E [Trace (@ (ks k — D) Bulk — 1~ 1]) (@(k; £~ )Bulk — 1 —1)7)]
< ; */ nTrace (E [(<I>(k:; k— D Buwlk — 1 — 1)) (®(k; k — ) Buwlk — 1 —1]) ] )

(3.7.94)
Because Apaz(Apy) = 04 < 1, we can similarly put the following upper bound.
2
E [<I>(k:; k—1) (@(k: k —1)7] < dyot

where ®, is a constant positive definite matrix.

Thus we get an upper bound on the single term in eq. 3.7.94.

nTrace (E (@00 = DBl — 1= 1]) (ks b — ) Buwlk—1 - ”>T]2)

< O'ZM4

9Eq. 3.7.94 comes from the fact that
E {(al +ag+---+ (ZN)Q} < N (Elai] + E[a3] + - - - + E[a}]) (3.7.93)

where a; is random variable.
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where M, is a positive constant. Then we get the upper bound on S(p, q)

\/4M4 Up/4
1— Yoy *

f/ E [(5 2(p,q))" SB(p, Q)] <

If we set p =0 and ¢ = oo, S(p, q) = z[k]. So

E |(«2k)" 2Pk <

i.e. the proposition in equation 3.7.92 holds. Then we know that

E [(55[2] [k + m])Txm [k‘]] exists. Following the proof of theorem 3.2.2, we know

E [(mm [k + m])T w2 [l{:]] is shift-invariant with respect to k. So {z[k]} is WSS.
In order to guarantee the ergodicity of {?[k]}, we have to show that

lim E [2®2[k +m] @ 2P[k]] — pZ =0 (3.7.95)

Z2
m—-00

Define Fi[m] = mE [z?[k + m] @ z¥[k] | g[k +m — 1] = ¢;] (Because of the shift-
invariance of the dropouts and the input noise,

E [2P[k +m] @ 23[k] | q[k + m — 1] = ¢;] is constant with respect to k), Vi[m] =
T

FIlm] FEIlm] --- F¥%im] | - Then

E [2P[k + m] @ 2P[k]] = (Cr ® L2)Vi[m].
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When m > 1, F;[m| can be recursively computed as

Fiim] = mE[(Alk+m —1]z[k+m —1]
+Buwlk +m — 1P @2 | gk +m — 1] = ¢]
— m(A” @ L2)E [22[k + m — 1 @ 2@ [k] | gk +m —1] = ¢/]

+(7TiB[2 )®E[ []\q[k:—i—m—l]—ql}

= (AP @ 1,) Z @iFi[m — 1] + (BP ) @ Z qii(m) P

=1 =1

where i, = vec(Rywl0]), qui(m) = Plqlk +m — 1] = ¢; | qlk — 1] = ¢) and
qi = P(qlk] = ¢; | q[k — 1] = q;). We want to determine F;[m] when m — oc.

We know lim,,, . q;;(m) = m;, so that

mh—n>100 Z qu Pl =T Z f)l = Tilbgs-

=1

Then we can replace the update of Fj[m| in the above equation with its limiting

value as m — oo to obtain

N
Fm] = (AP ® L2) Y quFilm — 1] + m(B2 ) © pia, (3.7.96)
=1

So

Velm] = (A ® La)Vilm — 1] + (7 © (B%1,,)) © o, (3.7.97)
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Based on the above update, we get the following limit

[e.e]

lim Vp[m] = Z(Ap] ® L2)' (7 ® (B j1,)) @ pi,))

m—s>00
=0

[e.e]

= Z 2] ® In2 7T ® (Bmluwz)) ® ,sz))
=0

= ZA :U/w2>>> @ fhzy

Recall that

fay = Cr > Ay (1 @ (BP 1)
=0

and

E [1’[2} [/{5 + m] ® 212 []{;H = (CI (%9 [nz)VF[m].
So we get

lim,,, oo E [2B[k + m] @ 2P[K]] — pt0, @ i,

= (Cr®IL2) (X720 AT @ (B p1y))) ® fhay — Hay ® fa
= (Cr Y2 Al @ (BPlp,))) © (In2fy) = flay @ flay

= Yy @ oy = flay @ [l

= 0.

This means that {z?[k]} is ergodic and so {y!@[k]} is also ergodic.
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3.7.6 Proof of Theorem 3.5.1:

Note that if ¢[n1, no] = ¢; and ¢[n1, ne + k| = g;, then the states at time ny +1

can be written as

zlny + 1,ne] = Ajx[ng, no| + Bi(x[ny,ny — 1] + x[ny, ng + 1)) + Fwlng, ng)

zny +1,no + k] = Ajz[ng,ng+ k] + Bj(z[n,ne + k — 1] + z[ng,ne + k+ 1))

+Fwny, ng + k

Here, when ¢[ni,ns] = ¢;, we denote A(gq[ni,ns]) and B(q[ni,ns]) as A; and B;

respectively.

So we use this to write out for k > 2,

+ o+ 4+ 4+ o+ + o+

P’

;B [x[nl +1Lnglalng +1,na + k] | qni,no) = g, qna, ne + k] = qj]
T AR | xng, nelx Tlng,na +k] | qni,na) = g, qna, ne + k] = qj} AJT
AR (xng, nelx Tlng,ng +k—1] | qni,na) = g, qna, ne + k] = qj] B]-T
G AE [z[ng, nola" [, na + k+ 1] | glne, o) = g, g[na, ne + k] = ¢ B]-T

m BE [xlng, na — 1a’ [n,ne + k] | qlna,ne] = g, qlna,no + k) = CJJ] AJT

T BiE [x[ny, ng — Uzl [ny,ng +k+1] | q[ni,ne] = ¢, ¢[na, na + K] = g¢;] B]-T

T BiE [z[ng,ng + Ul ny,na + k] | qlni, ne) = ¢, qlna, no + k] = qj] A;*-F

i BiE [x[ng,ny + 1)z" [ny,no+ k= 1] | qlni,no) = g, q[n, na + k] = ¢ Bf

[
[
[l
[l
mm BiE [x[ng, ng — o ny,no + k= 1] | qlna,ne] = ¢, q[na, na + k] = ¢;] B
[l
[l
[l
[l

i BiE [xlng,ny + 12" [n,na + k+ 1] | glni, na) = g, ¢[na, na + k] = ¢] B]T

138



There are nine conditional expectations in the above equation. The first ex-

pectation can be simplified as follows,

mim; B [z[ng, na]a” [ng, no + k|g[ne, no) = ¢, glna, no + k] = g4

N
= Z m B [x[ng, nola” [, ng + k] | glna, na] = ¢i, qlna, na + K] = g5,

I,m=1

Q[nl - 17”2] = QbQ[nl - ]_,TLQ + k] = qm]
P(q[ni — 1,n9] = qi, q[n1 — 1,n9 + k] = gm|q[n1, n2) = Gi, q[n1, e + k] = q;)
N
= > mmE [zl nofe’ [na, no + Klglng — 1,m0] = @i, gl — 1,ms + k] = g0

I,m=1

P(q[n1 — 1,n2] = qilg[n1, na] = ¢;)P(gq[na — 1,19 + k] = gm|qin1, no + k] = g;)

N N
D L
iTj

=1 m=1
N

=1

M) =

qliqmj?l,m(L)
1

3
Il

The second expectation can be simplified as shown below. The third, fourth,

and seventh expectations have similar derivations and aren’t shown.

B [zng, nala" n,ne + k= 1] | glna,na] = i, qna, ne + k] = g5
= 7TZ'7TjE [x[nl,ng]xT[nl,ng + k- 1] | q[nl, n2] = QZ:|
N
= mm; Y B [wfng, nola" [, ng + k — 1glna, n2] = ¢, qlm — 1,n2] = g1,
I,m=1

gl — Ling + k — 1] = g) P(g[ni — 1,n9) = qi, q[ni — 1,ne + k — 1] = gmlq[n1, no] = @)
N

= W Z E [:L’[nl,m]xT[nl,@ +k—1]|gln1 — 1,ns] = qi,qln1 — Lng + k — 1] = qm}

I,m=1

P(glmi —Lingl =q | qna,ne) =¢q)P(gni —Lno+k —1] = ¢n)

Al 1
—m
= Ty § @il

I,m=1
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The fifth expectation can be simplified as shown below. The sixth, eight, and

ninth expectations have similar deriviations and aren’t shown,

mmE [:E[nl,ng — 1)z [ny,no + k — 1]|q[n1, n2] = @, ¢[na, ne + k] = qj]

= mm;E [:E[nl,ng — 1)z [ny,ng + k — 1]}

N
—l,m
= mm; E P,

I,m=1

With these simplifications inserted into the original system equaqtion, we ob-
tain the third equation in theorem 3.5.1. A similar derivation can be used to

obtain the first two equations. <
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CHAPTER 4

STABILITY OF QUANTIZED CONTROL SYSTEMS

4.1 Introduction

In recent years there has been a considerable amount of work studying the
stability ! of quantized feedback control systems [19][69] [5] [21] [20] [33] [25] [14]
[41] [62] [61] [53] [30]. These papers may be classified into two groups: static and
dynamic quantization policies. Static policies [19] [69] [5] [21] [20] [33] [25] presume
that data quantization at time k is only dependent on the data at time k. Such
policies are sometimes said to be memoryless. In dynamic policies [14] [41] [62] [61]
[53] [30] data quantization at time k depends on data at time instants less than or
equal to k. The major advantage of static quantization policies is the simplicity of
their coding/decoding schemes. In [19], however, it was proven that static policies
with a finite number of quantization levels cannot achieve asymptotic stability.
A finite number of quantization levels can only achieve practical stability (i.e.
states converge into a bounded set) [69] [5] [21]. When an infinite number of
quantization levels are available, sufficient bounds for asymptotic stability under
static quantization were derived in [33] [25] using robust stability methods. It
was shown in [20] that the least dense static quantizer with an infinite number of

quantization levels is the logarithmic quantizer.

'For noise-free quantized systems, the concerned stability is asymptotic stability, i.e. the
state converges to 0. For quantized systems with bounded noise, the concerned stability is
BIBO (bounded-in-bounded-output) stability, i.e. the state will be eventually bounded.
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Dynamic policies have been shown to achieve asymptotic stability with a fi-
nite number of quantization levels [14]. These policies presume that the state,
z[k] € RY, at time instant k lies inside a set P[k] called the uncertainty set. If P[k]
converges to 0, i.e. every point in P[k] converges to 0, then the system is asymp-
totically stable. The basic approach was introduced in [14]. In that paper the
uncertainty set, P[k], is a rectangle centered at the origin. P[k] is partitioned into
M* small rectangles. Denote the small rectangles as P;[k] (i = 0,1,--- , MY —1).
If z[k] € P;[k] then the index j is transmitted. Based on the received symbol, j,
the encoder knows z[k| € P;[k] and comes up with an estimate of x[k| for control
purpose. Note that the encoder may receive j with certain delay. At time k + 1,
the uncertainty set P;[k] is propagated to set P[k + 1] using what we know of the
plant’s dynamics. That paper provided sufficent conditions for the convergence
of the sequence, {P[k|}, to zero. A later paper [41] extends [14] by removing the
center assumption on P[k] and providing a tighter sufficient stability condition.

A significant generalization of the approach in [14] was presented in [62] [61].
Suppose the eigenvalues of the quantized system are denoted as \; fori =1,... N
and assume Pk| is shaped like a rectangle. Let the i" side of P[k] be equally
partitioned into 27%* parts, i.e. R;[k] bits are assigned to the i" dimension (R;[k]
must be an integer). The total number of bits is R[k] = Y.~ R[k], i.e. there
are Q[k] = 2%* quantization levels at time k. The approach discussed in [62]
[61] assumes a time-varying bit rate policy in which R[k] varies over time, but
has an average value R = lim7_.o 7 S 1-0 R[K]. In [62] [61], it is shown that the

quantized system is asymptotically stabilizable if and only if

N
R> Z max(0, log, | Ai]) (4.1.1)

i=1
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In [53], stability is interpreted in the stochastic sense. A necessary and sufficient
condition similar to equation 4.1.1 is provided for the moment of x[k] to converge
to 0.

In real networks, constant bit rates may be more desirable than time-varying
bit rates due to power and bandwidth efficiency [29]. This chapter therefore
focuses on constant bit rate policies in which R[k] = R for all k£ and R is a
constant. In [62] a sufficient condition for asymptotic stability under constant bit

rates is given as

N N
R=> R;>Y» max(0,[log, Al]). (4.1.2)
=1 =1

where [-] means [z] = min{n|n >x,n € N'}. There can be a significant gap
between the bounds in equations 4.1.1 and 4.1.2, so it is natural to ask whether
there exists a tighter bound than the one in equation 4.1.2 for the constant bit
rate case. That is precisely the question addressed in this chapter.

This chapter shows that a lower bound on the number of quantization levels

required for asymptotic stability is given by the equation

Q=28> {H max(1, |AZ-|)} : (4.1.3)

We then introduce a dynamic bit assignment policy (DBAP) that actually
achieves this bound. This bit assignment is done as follows. Suppose P[k] is a
parallelogram, there are Q = 2 quantization levels and () is an integer. At every
step, only the “longest” side of P[k] (in the sense of a weighted length) is equally
partitioned into () parts; the other sides aren’t partitioned. Because no side is

always the longest, the bit assignments are dynamic rather than static. We prove
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that the lower bound in equation 4.1.3 is realized by this policy in section 4.4. In
other words, we achieve the minimum bit rate for asymptotic stability under the
constant bit rate constraint [48].

Up to now we have reviewed the literature on asymptotic stability, i.e. the
concerned stability for noise free quantized systems. Besides noise free quantized
system, there are some quantized systems perturbed by bounded noise. Significant
attention has also been caught on stability of such bounded system, i.e. BIBO
stability. In [30], sufficient BIBO stability conditions are provided for the quan-
tized systems with diagonalizable system matrices. In [62], the minimum bit rate
for BIBO stability is derived under the time-varying bit rate configuration. The
achieved minimum (average) bit rate is exactly specified by eq. 4.1.1. When the
constant bit rate constraint is considered, it is shown in [62] that BIBO stability
is achievable if the bit rate R satisfies eq. 4.1.2. Again there may exist a gap
between the bounds in eq. 4.1.1 and 4.1.2. In section 4.5, we derive the minimum
bit rate for BIBO stability under the constant bit rate configuration, which is
specified by eq. 4.1.3 and achieved by a modified version of DBAP.

Most of the aforementioned papers focus on state quantization. In reality, the
system state is not necessarily available. Perhaps what we have is only output. For
such systems, there are two types of quantization strategies, quantizing the output
directly or first estimating the state and then quantizing the estimated state. In
[61] [54], the second strategy is implemented and the minimum bit rate (for both
asymptotic stability and BIBO stability) is achieved under the time-varying bit
rate configuration. In [58], the first strategy, i.e. the direct output quantization, is
implemented under the constant bit rate constraint and sufficient (BIBO) stability

conditions are achieved based on l; control theories. The novelty of [58] lies in its
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bit allocation, which allocates the available bits to both the current output and
the previous outputs. In section 4.7, we comment on implementing the second
strategy, i.e. quantizing the estimated state, on an output feedback system and
obtaining the minimum bit rate (for both asymptotic stability and BIBO stability)
under the constant bit rate constraint.

This chapter is organized as followes. Section 4.2 formally defines the quan-
tized feedback control system. Section 4.3 reviews notational conventions and
preliminary results. Section 4.4 derives the minimum constant bit rate for asymp-
totic stability of noise free quantized systems. Section 4.5 derives the minimum
constant bit rate for BIBO stability of quantized systems with bounded noise.
Section 4.6 comments on extending the results on the state feedback systems to
the output feedback case and derives the minimum constant bit rate for asymp-
totic stability and BIBO stability. Section 4.7 summarizes the achieved results.

The proofs to all theorems are found in the appendix, section 4.8.

4.2  Quantized feedback control systems

This paper studies a quantized feedback control system with dropouts, which is
shown in figure 4.1.  For the system in figure 4.1, let z[k] € RY be the state. The
state, x[k], is quantized into one of ) symbols and sent over the communication
channel. The transmitted symbol s[k] is received by the decoder with one step
delay s'[k] = s[k — 1] or is dropped s'[k] = ¢. A dropout is denoted as that the
decoder receives the empty signal, ¢. We assume that the average dropout rate
is denoted as ¢ with a detailed dropout model given later. The decoder uses the
received symbols {s'[k]} to estimate the state. This estimate is denoted as x?[k],

which can also be viewed as a quantized version of z[k]. The control input u|k]
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l wik]

plant
x[k]e Plk]
» x[k+1]=Ax[k]+ Bulk]+w[k]
ulk]= Fxk]
x[k] v
Encoder

Decoder

s'[k] S[k]e {0,1,""Q_1}

Figure 4.1. Quantized feedback control system

is then constructed from z9[k|. In figure 4.1, the input signal, w[k|, represents an

exogenous noise that satisfies

[w]low < M (4.2.4)

A noise free system is a special case of the systems in figure 4.1 by setting M = 0.
The plant in figure 4.1 is a discrete-time linear system whose state equations

are

alk+1] = Ax[k] + Bulk] + w[k] (4.2.5)

ulk] = Kux[k]|
We study stability under the following assumptions

1. (A, B) is controllable where A is in real Jordan canonical form, i.e. A =

diag(Jy, J2, -+, Jp) [31]. J; is an n; X n; real matrix with a single real
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eigenvalue \; or a pair of conjugate eigenvalues \; and );. All eigenvalues

A; are assumed to be unstable, i.e. |\;| > 1.
2. The initial condition x[0] lies in a parallelogram P|0].

3. Transmitted symbols, s[k|, are dropped at the rate of € symbols per trans-
mission. The precise definition of ¢ will be found in equation 4.2.7. We
assume that the encoder and decoder both know whether a dropout has

occurred.

4. Both the encoder and the decoder know the system matrices (A and B),
the coding-decoding policy and the control law. They also agree upon the

initial uncertainty set, i.e. P|0].

Assumption 2 requires that the initial state is known to lie within a specified

parallelogram P[0]. This set may be written as

P[0] = 27[0] + U[0]

where 29]0] is the center of P[0] and U[0] is a parallelogram centered at the origin
and defined in equations 4.3.10-4.3.11.
Assumption 3 comes from the non-determinism of the network. We introduce

a dropout indicator d[k],

1, the symbol at time k is dropped
dlk] = (4.2.6)
0, otherwise
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We assume that the dropout model satisfies

e= lim = Zd i + ko), (4.2.7)

L—oo I,

for all kg > 0 where ¢ is the “average” dropout rate and the convergence in
equation 4.2.7 is uniform with respect to k.

Assumption 4 requires that the coder and the decoder deal with the same
initial uncertainty, and share the same coding-decoding policy and control law
so that the symbol produced by the encoder can be correctly interpreted by the
decoder. This is a strong assumption for it requires that the encoder and decoder
are “synchronized”. Maintaining such synchronization in a fault-tolerant manner

requires further study, but that study is not done in this thesis.

4.3 Preliminary results

This section introduces notational conventions and outlines a proof for the

bound in equation 4.1.3. For the matrix A in assumption 1, let

P
=[] (max(1, |xi[)" (4.3.8)
=1

We assume all eigenvalues of A are unstable. So v(A) = |det(A)|, where det(-) is
the determinant of a matrix.

The state z[k] at time k is quantized with respect to a parallelogram repre-
senting the quantization “uncertainty”. These uncertainty sets are represented

as

Pk]

21[k] + U[k] (4.3.9)
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where z9[k] € RY is the center of P[k] and Ulk] is a parallelogram with its
center at the origin. The parallelogram U|k] is formally represented by a set of
vectors {v; ;[k] € R™} where ¢ = 1,...,p and j = 1,...,n,. The “side” of the
parallelogram associated with the ith Jordan block in A is denoted as the convex

hull
smjzco{):UZEiu%)mm@ (4.3.10)

The entire parallelogram, U|k], may therefore be expressed as the Cartesian prod-

uct of the sides, S;[k]. In other words
Ulk] = ][ Silk] (4.3.11)

We illustrate the definitions in eq. 4.3.10 and 4.3.11 through a 2-dimensional

Al
example. Suppose A = . Ulk] is specified by {vq1[k],v12[k]}. Si[k] in

0 A
eq. 4.3.10 is the convex hull of 4 vertices.

1 1 1 1
Silk] = Co {501,1%] + 5vi2lk] SoLa k] = Sva(A]
1 1 1 1
—57}1,1[]47] + 57)1,2[]{?]; —57}1,1[/{?] - 501,2[1{?]}

1

Ukl = []Silk] = Sk

1=1

The volume of U is defined as vol(U) = [

zeU

1-dx. The “size” of Ulk]| is

measured by its diameter dyax(U[k]). The diameter of U is defined as

Aax(U) = sup ||z — yl|2 (4.3.12)

z,yelU
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where || - |2 denotes Euclidean 2-norm of a vector. The quantization error is
defined as e[k] = z[k] — 2?[k]. By equation 4.3.9, we know elk] € U[k]. When
a quantization policy is used, we will generate a sequence of uncertainty sets,
{U]k]}. The following lemma asserts that the convergence of the diameter of U[k]

is equivalent to asymptotic stability of the system.
Lemma 4.3.1 The system in equation 4.2.5 is asymptotically stable (with M = 0)
if and only if the sequence of uncertainty sets, {U[k|}, satisfies

lim  diax(U[k]) = 0. (4.3.13)

k— 00

Lemma 4.3.1 can be proven in a manner analogous to that found in Lemma 3.5.1
of [61]. For a quantized system with bounded noise, we can get results similar to

those in Lemma 4.3.1.

Lemma 4.3.2 The system in equation 4.2.5 is BIBO stable (with M > 0) if and

only if the sequence of uncertainty sets, {U|k]}, satisfies

lim sup diax (U[k]) < 0. (4.3.14)

k—so00

Remark: By Lemmas 4.3.1 and 4.3.2, we know the convergence and boundedness
of the state {z[k]} are equivalent to the convergence and boundedness of the
quantization error {e[k]} with e[k] € U[k]. Therefore the ongoing discussions will
focus on the evolution of U[k].

A lower bound on the number of quantization levels required to stabilize the
feedback control system is stated below in theorem 4.3.1. We only sketch the

proof of this theorem as the proof’s method directly follows that used in [30].
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Theorem 4.3.1 Under assumptions 1 - /4, if the quantized feedback system in
equation 4.2.5 (with M = 0) can be asymptotically stabilized, then the number of

quantization levels, ), satisfies

Q= [y (4.3.15)
Sketch of Proof: The volume of U[k] (in the worst case) is updated by

el vo _
vol(U[k + 1]) > =5 vol(U[k]),  d[k] =0

= |det(A)|vol(U[k]), d[k] =1
Because of asymptotic stability, lemma 4.3.1 implies vol(U[k]) — 0 as k — oo.

This volume limit, together with the dropout rate of ¢, yields

|det(A)]

Because y(A) = |det(A)| and @ is an integer, we obtain the lower bound in
equation 4.3.15.
Similarly we can get a corollary corresponding to Theorem 4.3.1 for the quan-

tized system with bounded noise. Its proof is omitted.

Corollary 4.3.1 Under assumptions 1 - 4, if the quantized feedback system in
equation 4.2.5 (with M > 0) can be stabilized in the BIBO sense, then the number

of quantization levels, (), satisfies

Q> [y (4.3.17)
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4.4 Stability of noise free quantized systems

This section presents the dynamic bit assignment policy (algorithm 4.4.1) and
states a theorem (theorem 4.4.1) asserting that the lower bound in Theorem 4.3.1
is achieved by this bit assignment policy. Therefore the minimum bit rate (for
asymptotic stability) is achieved under the constant bit rate constraint.

The following algorithm dynamically quantizes the state x[k| for the feed-
back system in equation 4.2.5 under assumptions 1- 4. The algorithm updates
a parallelogram, P[k] containing the state at time k. This parallelogram, P[k],
is characterized by, x9[k|, the center of the parallelogram, and U[k], the uncer-
tainy set. The uncertainty set U[k] is formed from a set of vectors {v; j[k] € R™}
(i=1,....,pand j = 1,...,n;) according to equations 4.3.10-4.3.11. The un-
certainty set U7 [k] is a modification of U[k] that is formed from the vectors

{v};[k]} where v}, = v;; if (i,5) # (I,J) and v} ; = v;;/Q if (i, ) = (I,.J). The
basic variables updated by this algorithm are therefore the collection of vectors
{vi;[k]} and z9[k]. The quantized signal that is sent between the encoder and
decoder at time k is denoted as s[k]. This quantized signal is equal to one of
(@ discrete symbols. The following algorithm consists of two tasks that are exe-

cuted concurrently, the encoder and decoder tasks. Each task’s first step starts its

execution at the same time instant.

Algorithm 4.4.1 Dynamic Bit Assignment:
Encoder/Decoder initialization:

Initialize x7]0] and {v; ;[0]} so that x[0] € x9[0] + U[0] and set k = 0.
Encoder Task:
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. Select the indices (I,J) by

(I,J) = arg n%e;x | Jivi ;K] |, -

. Quantize the state x[k] by setting s[k] = s if and only if
x[k] € z[k] + ng’J) + &) (K]
where

5D =19 o0 W 0 - 0 (4.4.18)

s

and v = %és_l)v["][k] fors=1,...,Q.
. Transmit the quantized symbol s[k| and wait for acknowledgement

. Update the variables

’U@j[kﬂ‘l] = Jivi,j[k]

2k +1] = (A+ BK)x2'[k]

. If decoder ack received:

1
'U[J[k“Fl] = @ULJ[]{?—}—H
(1,7)

Uk +1] = 2k + 1]+ Az

where ng,;‘}]) s defined in equation 4.4.18.

. Update time, k := k + 1 and return to step 1.
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Decoder Task:

1. Update the variables

’U@j[kﬂ‘l] = Jivi,j[k]

2k +1] = (A+ BK)x2'[k]

2. Wait for quantized data, s[k], from encoder.

3. If data received:

1
’U[’J[k + 1] = @'U[’J[k + 1]
2k +1] = 2k +1] + Azl

where xgk‘]]) 1s defined in equation 4.4.18. Then send ack back to the encoder.

4. Update time index, k := k + 1, and return to step 1.

Remark: This algorithm assumes the variables {v; ;[k]} and z?[k] are “syn-
chronized” at the beginning of the kth time interval. Furthermore, we assume the
“ack” from decoder to the encoder is reliably transmitted.

Remark: The decision in step 1 of the encoder algorithm is made on the
uncertainty set at time k + 1, rather than k. This was motivated by preliminary
studies which showed that using the kth uncertainty set may perform poorly when

some of the \; are large.

Theorem 4.4.1 Let (Q = {V(A)l%sw . The feedback system in equation 4.2.5 is

asymptotically stable under the quantizer in algorithm 4.4.1. Furthermore for any
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An >0, there exists a finite Aa, > 0 such that

Aoax (UE]) < Ay (7 4 An)F/N (4.4.19)

where n = gg(f,‘l

In order to improve readability, we move the proof of theorem 4.4.1 to the ap-
pendix, section 4.8.

Remark: Theorem 4.4.1 characterizes the bit rate R with the number of
quantization levels Q, i.e. @ = 2. In that theorem, we enforce the constant
bit rate constraint only through the integer constraint on (), which may not be
enough. For example, () = 3 may require R = 1.59bits which can not be realized
by a constant bit rate constraint. In fact the constant bit rate constraint is
equivalent to the integer constraint on R. With this constraint considered, we

obtain the following minimum bit rate

Corollary 4.4.1 The minimum constant bit rate to guarantee asymptotic stability

of noise-free quantized systems is

R— [1 ! log, (7(,4))1 (4.4.20)

The proof to the above Corollary directly comes from Theorems 4.3.1 and 4.4.1
by considering ) = 2% and the integer constraint on R. So it is omitted here.

Remark: We now compare the two sufficient stability conditions in equations
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4.1.2 and 4.1.3. For convenience, we rewrite these two conditions as

N
Q — 2R Z H 2|—10g2(|>‘i|)] (4421)
=1
N
Q > [T]n (4.4.22)
i=1

Considering the ceiling operations above, we know that the bound in equation

4.4.22 is equal to or smaller than that in equation 4.4.21. We use the following

1.8 0
example to illustrate this difference more clearly. Let A = . The

0 1.1
bound in equation 4.4.21 is () > 4. The bound in equation 4.4.22 is ) > 2. So

the latter bound is better (smaller).
We offer an intuitive explanation for this difference. The quantization policy

in [61] deals seperately with the two subsystems

Every subsystem is unstable and therefore needs at least 2 quantization levels (1
bit). So by equation 4.1.2, we need at least 2 x 2 = 4 quantization levels. Although
the two subsystems are unstable, however, it can be seen that they are not too
unstable. If we assign 2 quantization levels to every subsystem, there exists excess
stability margin because % < 1 and % < 1. This paper’s dynamic bit assignment
policy considers the two subsystems as a whole. It should be possible to combine
the two stability margins together so that fewer quantization levels are required.
This is precisely the case in this example. Figure 4.2 shows the reponse of the

quantized system under our dynamic bit assignment policy in which only 1 bit is
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used to quantize the feedback. The plot clearly shows that this system converges
to zero. The “chattering” in this plot arises from the fact that the algorithm

quantizes only one component of the state at a time.

250

200 - g

a
o
T
i

Iv, K1l

[=3
=]
T
i

50 .

0 | | | | | | |
0 100 200 300 400 500 600 700 800 900 1000
Time, k

Figure 4.2. Response of quantized system

4.5 Stability of quantized systems with bounded noise

The plant of this section is a quantized system with bounded noise (M >
0). The main concern is BIBO stability, i.e. the eventual boundedness of the
state. Section 4.4 considers a noise-free quantized system and studies asymptotic
stability, i.e. the convergence of the state. The difference between the plants

in two sections is the injected bounded noise. For linear systems, such noise
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will not affect stability, i.e. the asymptotic stability of the noise-free linear system
implies the BIBO stability of the corresponding linear system with bounded noise.
The quantized systems are, however, nonlinear due to the nonlinear quantization
operation. So it is not trivial to derive the minimum bit rate for BIBO stability,
although we know the minimum bit rate for asymptotic stability. In this section,

we consider the constant bit rate constraint as argued in section 4.1.

4.5.1 Mathematical preliminaries

In section 4.3, we assume the uncertainty set U[k| in eq. 4.3.9 is a parallel-
ogram. For the quantized system with bounded noise, we assume U[k] to be a

special parallelogram, a rectangle. More specifically, U[k] is a rectangle with side

lengths {L; ;[k]}izt, o pij=1, s
P ng
Uk = [T T [=Lislkl, Liglkl] (4.5.25)
i=1 j=1
We stack all side lengths into a vector
LIK) = [Lia], -+ Ly K]+ L[kl -, Ly [K]] (4.5.26)
For notation simplicity, we denote Ulk] as

Ulk] = rect(L[k]) (4.5.27)

Correpsonding to the block diagonal structure of A = diag(J;)b_;, we define two
matrices H = diag(H;)?_, and K = diag(K;)!_, where H; and K; have the same

dimension as J; (i =1,---,p). H; and K; are defined as follows.
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When \; s real,

H = I,
Nl 10 0
0 N 1 0
K, =
0 0 0 M
- Ny XNy
When \; = | \i|e?% is complex,
H;, = diag (r(@i)_l,--- ,r(Gi)_l),
NI OE 0 0
0 NI E - 0
K =
0 0 0 - NI
- - N Xng
cos(0;)  sin(6;) 11
where r(6;) = , B =
—sin(6;) cos(6;) 11

Define the new state variable z[k] = H*z[k] [61]. The transformed system’s

dynamics satisfies the following state equations [61].

2[k + 1] = HAz[k] + H*"' Bulk] + w[k] (4.5.28)

where w[k] = H* 'w[k]. By the boundedness of w[k] and the structure of H, we

know wlk] is still bounded,

[@[k][loo < M (4.5.29)
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where M = 2M.
The boundedness of z[k] is equivalent to that of z[k], so we will study z[]

instead of z[k]. The state z[k| lies in a rectangle P,[k].
z|k] € P,k] = 2k] + U,[k]. (4.5.30)

where 27[k| is the center of P,[k] and U,[k] = rect(L.[k]) with rect(-) defined in
eq. 4.5.27. The update rules of z9[k] and L,[k]| will be presented later.

By Lemma 4.3.2 and the fact sup,pepp llz[k] — 2%k]ll2 < dna(U[K]) <
28up,pevy |7 [k] — 2[k][|2, we know that the eventual boundedness of z[k] — (K]
is equivalent to that of x[k]. By the transformation z[k] = H*z[k] and 29[k] =
H*z9[k] and the boundedness of all elements of H* and (H k)_l, we know the
boundedness of x[k] — x9[k] is equivalent to that of z[k] — 2?[k]. The bound of
z|k] — 29]k] is measured by L,[k]. Therefore the eventual boundedness of x[k]
can be equivalently studied through L,[k]. For notation simplicity, we omit the
subscript , in P,[k], U.[k] and L.[k] from now. Such omission should not result

in any confusion since the rest of this section studies only z[k] and z9[k].

4.5.2  Minimum bit rate for BIBO stability

By Corollary 4.3.1, we get a lower bound on () for BIBO stability. This section
introduces a modified version of the dynamic bit assignment policy (DBAP) in
section 4.4 and proves it achieves that bound, thereby demonstrating the minimum
bit rate for BIBO stability as specified by Corollary 4.3.1 is achievable by DBAP.

DBAP updates a rectangle, P[k] containing the state z[k] at time k. This
rectangle, P[k], is characterized by, z9[k], the center of the rectangle, and U[k],

the uncertainty set. The uncertainty set U[k] is formed from its side lengths L[k]
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according to equation 4.5.27. L7k[k] is a modification of L[k] through

gy | Bl )7 () s

Li;lk)/Q, (i,7) = (I, Ji)
The basic variables updated by this algorithm are therefore L[k] and z?[k].

At every time step, the side of U[k] with the longest weighted length a7 ; L; ;[k]
(¢=1,---,p;j=1,---,n;) is partitioned into () equal parts, where a; ; is defined
in equation 4.5.32. Thus U[k]| is partitioned into () smaller rectangles. The index
of the smaller rectangle which z[k| lies within is sent from the encoder to the
decoder at time k and is denoted as s[k]. The following algorithm describes two
tasks that are executed concurrently, the encoder and decoder algorithms. Fach

task’s first step starts its execution at the same time instant. Before presenting the

quantization algorithm, we define the weighting parameters a; ; (it=1,---,P;j=
1,--+,n;), together with 3 other parameters py, €1 and .
po" L real
_nig
aij =19 po > T2 complex \;, even Jj (4.5.32)
_mi 41 .
po > *, complex )\;, odd j

po > maxt_y (22 (|\;] + 50)@)
Q=51 > (1 + Qz0)Y 4(A) (4.5.33)

€1>0,€0>0

Algorithm 4.5.1 Dynamic Bit Assignment:
Encoder /Decoder initialization:
Initialize 27[0] and L[0] so that z[0] € 29[0] + U[0] and set k = 0.

Encoder Algorithm:
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. Select the indices (I, Jy) by

(Iy, Jx) = arg max (a;Li;[K]) (4.5.34)

. Quantize the state z[k| by setting s[k] = s if and only if
2[k] € 29[k] + 20 4 pect(LU"W[k])
where
A =10 .01 0 -0 0 (4.5.35)

and | = %és_l)[/lk,]k[k] fors=1,....Q.
. Transmit the quantized symbol s[k| and wait for acknowledgement

. Update the variables

Lk+1] = KLk +[M,---, M*

2k +1] = HAZk]+ H*"'BGH *21[k]
. If decoder ack received:

Li+1] = KL+ (0, - 717
LTk
Ah+1] = 2k+ 1)+ HAz{™
where zi[I,’;}’J’“) is defined in equation 4.5.35.

. Update time, k = k+ 1 and return to step 1.
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Decoder Algorithm:

1. Update the variables

Lk+1] = KLk +[M,---, M*

2k +1] = HAZk]+ H*"'BGH *21[k]

2. Wait for quantized data, s[k], from encoder.

3. If data s[k| received:

Lk +1] = KL%kl +[M,--- M*

I, J|
Ae+1] = 2k+ 1]+ HAz{H™

where (Iy, Jy) is determined similarly to equation 4.5.34 and zi{,ﬁ]"]’“) is defined

in equation 4.5.35. Then send ack back to the encoder.

4. Update time index, k = k + 1, and return to step 1.

Remark: In algorithm 4.5.1, the side is measured by the weighted length
a; ;L;;[k] rather than the direct length L;;[k]. We demonstrate its motivation

1
through an example. Let A = , where A > 1. Suppose we make the

0 A
partition decision based on Ly ;[k] (j = 1,2). When L;;[k] > Ly2[k], we can

follow the procedure in algorithm 4.5.1 to obtain

Lijk+1] = %Ll,l[k] + Liglk] + M (4.5.36)

LLQ[]f + 1] == )\LLQ []f] + M
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We will encounter a problem when L, ;[k| is close to Ly s[k], i.e. Ly 1[k] = Li2[k].

Under that condition, equation 4.5.36 can be written as

Lyq[k+1] (14 5)Laalk] + M
LLQ []{3 + 1] == )\LLQU{?] + M

Q

(4.5.37)

It can be seen that both L ;[k] and L;s[k] have been increased. So the uncer-
tainty of U[k] has been increased, which is not what we expect. If we keep the
above partition decision based on Ly j[k], then Ly ;[k] (j = 1,2) will eventually di-
verge. The reason for such divergence is the coupling between L; ;[k]| and Lj 5[k].
When Ly 1 [k] and L, »[k] are comparable, partitioning L, ; [k] may decrease neigher
Ly 1[k] nor Ly s[k], as shown above. But when L ;[k] is much larger than L, o[k],
partitioning L, 1[k] does decrease it. This fact inspired us to use the weighted
lengths a3 ; Ly ;[k], where a11 = py' <<1land ayp = 1. If af | Ly1[k] > af,Lqo[k],

it is guaranteed that
Llyl[k‘] >> L172 [k‘] (4538)

So Ly1[k+1] < Ly 1[k] (when Ly ,[k] is large compared to M), i.e. the uncertainty
is decreased.

The above discussions are applicable for general J;. Note that a;,, =1 (i =
1,---,P). If n;, =1, the weighted length rule reduces into the direct length rule.

Remark: Now we compare the quantization policy in this section and the
quantization policy in section 4.4. The obvious difference between them is that
noise-free systems are considered in section 4.4 and systems with bounded noise
are studied here. Because of the exogenous noise, the method in section 4.4 is not

applicable here. In section 4.4, the uncertainty set U|k] takes the form of a super-
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parallelogram. It deserves special attention that U|k] is the tightest uncertainty
set in the sense that every point in U[k] can be reached by some initial condition.
In this section, the uncertainty set U[k] is assumed to be rectangular. After
one step, U|k] evolves into a set U;[k + 1]. Due to the effect of noise, Uy [k + 1] is
neither a rectangle nor a parallelogram for a non-diagonalizable system matrix. We
therefore overbound Uj [k + 1] with a larger rectangle Uk + 1]. So the uncertainty
set in this paper is not as tight as that in section 4.4. One may suspect that
the quantization policy in this paper is more conservative and would need more
quantization levels, i.e. larger () than that in section 4.4. But suprisingly, this
does not appear to be the case. Theorem 4.5.1 states that the system in this paper

can be stabilized with the same smallest () as that in section 4.4.

Theorem 4.5.1 Let (Q = %(A)i—‘ The quantized linear system in equation
4.2.5 is BIBO stable under the dynamic quantizer in algorithm 4.5.1, i.e. the

state x[k] is eventually bounded for bounded noise w(k].

The proof is found in the appendix, section 4.8.
Theorem 4.5.1 characterizes the bit rate R with the number of quantization
levels @, i.e. @ = 2%, Similarly to Corollary 4.4.1, we may consider the integer

contraint on R and obtain following minimum bit rate result.

Corollary 4.5.1 The minimum constant bit rate to guarantee BIBO stability for

quantized systems with bounded noise is

R— [ 1 L rogs (V(A))—‘ (4.5.39)

— &

The proof to the above Corollary directly comes from the ones of Corollary 4.3.1

and Theorem 4.5.1 by considering @ = 2% and the integer constraint on R. So it
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is omitted here.

4.6 Minimum constant bit rate for stability of quantized systems under output

feedback

In sections 4.4 and 4.5, we consider the minimum constant bit rate for stability
of quantized systems under state feedback. If what we have is only output rather
than state, what is the minimum bit rate? In [61] and [54], the question is answered
under the time-varying bit rate configuration. We give an answer to the question
under the constant bit rate constraint. The concerned plant is

xlk+1] = Axlk] + Bulk] + w[k]|
(4.6.40)
y[k] = Culk]
where (A, B) is controllable, (C, A) is observable and w|k] is bounded. The output
ylk] is quantized into R bits where R is an integer, i.e. the constant bit rate
constraint is considered. How large should R be in order to guarantee BIBO
stability? Because state is the full description of the system, the minimum bit
rate under state feedback is a lower bound for output feedback, which is presented

in the following corollary.

Corollary 4.6.1 The minimum bit rate to guarantee BIBO stability under output

feedback must satisfy

— &

R> [ 1 L ogs (%A)ﬂ (4.6.41)

A lower bound on stabilizable R is provided in eq. 4.6.41. We will construct a

quantization policy which guarantees the equality in eq. 4.6.41 holds, i.e. the
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minimum bit rate is achieved.
Because the system in eq. 4.6.40 is observable, we can construct a Luenberger

observer.
zlk 4+ 1] = Az[k] + Bulk] + L(Cz[k] — y[k]) (4.6.42)

where L is chosen so that A — LC is stable. Denote the observation error as

élk] = x[k] — z[k]. é[k] is governed by
élk+1] = (A— LC)élk] + w[k] (4.6.43)
Because (A — LC) is stable, {é[k]} is bounded
lé[k]]|co < E < 00,Vk >0 (4.6.44)
Let w[k] = Lé[k]. By the boundedness of {é[k]}, we know {wlk]} is also bounded
[@[k]|| e <M,k >0 (4.6.45)

The observer in eq. 4.6.42 is man-made and its state is available for the encoder.
We may virtually consider eq. 4.6.42 as our quantized system, i.e.
2k +1] = Az[k] + Bulk] + wl[k]
(4.6.46)
ulk] = F29k]
where 27[k] is the quantized version of Z[k] and F is a stabilizing state feedback

gain, i.e. A+ BF is stable. Eq. 4.6.46 is exactly the model considered in section
4.5. By theorem 4.5.1 (Corollary 4.5.1), we know when R = [:Llog, (v(A))],
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the eventual boundedness of Z[k] can be guaranteed by algorithm 4.5.1. Because

x(k] = z[k] + é[k], we get

2kl < [[2[K]llco + l[€[E]lloo (4.6.47)

Consider the bound on é[k] in eq. 4.6.44 and the eventual boundedness of Z[k],

we know z[k| is eventually bounded. Therefore we get the following statement.

Proposition 4.6.1 The minimum constant bit rate to guarantee BIBO stability

of quantized systems under output feedback is

R [ 1 ! log, (V(A))—‘ (4.6.48)

Remark: For noise-free quantized system under output feedback, we may achieve

the similar minimum constant bit rate as proposition 4.6.1.

4.7 Conclusions

This chapter considers the constant bit rate constraint in quantization and
presents the minimum number of quantization levels for asymptotic stability (for
a noise-free quantized system) and the minimum number of quantization levels for
BIBO stability (for a quantized system with bounded noise) under such constraint.
Its major contributions lie in the proposed dynamic quantization policy, DBAP
which can achieved the minimum number of quantization levels. Such results are
extended to achieve the minimum constant bit rate for stability with the integer
constraint enforced on the bit rate. The minimum constant bit rate result is also

extended to the quantized system under output feedback.
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4.8 Appendix: proofs

4.8.1 Proof to Theorem 4.4.1

The following lemma follows from basic algebra, so its proof is omitted.

Lemma 4.8.1 Let J; be as defined in assumption 1. For any non-zero v; € R™,

Jkt1y,.
lim I L Vil
k—oo || JFvilo

| il

By algorithm 4.4.1, we know v; ;[k] is a scaled version of .J¥v; ;[0]. Therefore lemma

4.8.1 guarantees that for any ¢y > 0, there exists K; such that

| Jivi 5 [K] |2

1—¢ >\2§
(1 =e)lMl < TR

< (1+20) |\, (4.8.49)

for K > K7 and any ¢ and j.

Define the average dropout rate as
d[k + 1] (4.8.50)

Since g, — € as | — 00, we know that for any dp > 0, there exists M > 0 such

that
e—0p < g < e+ 0o, (4851)

for all { > M and all k.
We prove that the uncertainty set U[k] converges to zero by first showing
that the “volume” of this set (as defined by the product of side lengths p[k] =

o1 L2, [[vijlK]ll2) converges exponentially to zero.
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Lemma 4.8.2 Assume @ > H(A)Tlf} and let n = g)(f,‘)e For any An > 0, there

exist constants pa, and K such that for all k > K;
plk] < pag(n + An)* (4.8.52)

Proof: For any small numbers ¢, dy, there exists K3 and M such that equation
4.8.49 and 4.8.51 hold. So we limit our attention to k& > K3 and [ > M. From

time k to k41 — 1, there are (1 — &, ;) sucessfully quantized measurements. So

1 P n;
plk+1] = o= LTI 17 stk

i=1 j=1

Equations 4.8.49 and 4.8.51 let us bound p[k + ] as

Note that if @ > [y(A4)Y/(~9)7, then n < 1. Choose K3 and M large enough to
make g9 and dy arbitrarily small. We can couple this choice with the fact that

n < 1 to infer that =4 (14 )N < min(1,7 + An). If we let

Qlfsféo

pan = (max(pls], K+ 3 = 1)) (G5 (1))

Y

then plk] < pa, (7 + An)* for k > Ky. &
For the preceding lemma to imply that U[k] goes to zero, we must establish
that each side of the parallelgram gets quantized an infinite number of times. In

particular let 7; ; denote the time instants when side v; ; was successfully quan-
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tized. In other words,
T,; =Lk : Iy =14,Jp = j,dlk] =0}

Define 7o = {(i,j) : card(7;;) = oo} where card([) is the cardinality of set I.

The following lemma shows that card(7; ;) = oo,
Lemma 4.8.3 Ifv; ;[0] # 0, then card(T; ;) = oo

Proof: This lemma is proven by contradiction. Suppose vy ;[0] # 0 but
card(77 j) < oo, then there exists a large number K, such that K, > K; and such
that the side v ; is never quanitzed after time K,. The update rule for v; ; in our
algorithm requires vy j[k+1] = Jyvy s[k] for all K > K, +1. Applying lemma 4.8.1
to this equation yields ||Jyvr s[k]lla > co((1 — €o)|A7|)*~ 5« for all k& > K, where
co = ||Jrvr,s[Ku]||2- By choosing € small enough, we can guarantee (1—¢g)|A;| > 1
foralli =1,...,p, which implies that ||Jv; s[k]|| is bounded below by a monotone
increasing function of k.

Now consider any other side v; ; where (i,j) # (/,.J) and card(1;,;) = oo.
Define K;; = min{k|k € T;;, k> K,}. In other words, K;; is the first time
instant after K, when side v; ; is quantized again. From our algorithm, we know

that
1 1
[vij[Fij +1]][2 = éHJz'?fi,j[Ki,ij > = Jvr s [Kul|l2 = cq (4.8.53)

where cg = ¢o/Q # 0. For k > K, ; + 1, if v; j[k] is not successfully quantized,

then

i [k + ll2 = | Jivi;[K]ll2 = (1 = €o)[Aill[vi K2 (4.8.54)
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If v; ;[k] is successfully quantized then

1 1
[vi ik + 1|2 = é”Jﬂfi,j[k]Hz > @HJIUI,J[Ku]Hz =cq (4.8.55)

Combining equations 4.8.53, 4.8.54, and 4.8.55, in addition to (1 — €g)|\;| > 1,
guarantees ||v; j[k]||2 > ¢q for all k > K; ; + 1. Now define the product of part of
the side lengths as p'[k] = []; ;ez lvi;[K][]2 and let K = max(; jer,. Kij+1 By

equation 4.8.55 we know that for k > K

’

P'[k] > cq (4.8.56)

where N’ = card(7,). Equation 4.8.56 is an eventual lower bound on p'[k].
We may repeat the procedure used in lemma 4.8.2 to obtain an upper bound

on p'[k] of the form
Pk < psy (0 + Ar')* (4.8.57)

where An' > 0 is any chosen tolerance, p/y,, is a constant, and n’ = % [Tijyer. Ml <

y(A)
Ql*é

< 1. We choose An’ small enough so that ' + An’ < 1. Thus limy_, p'[k] =
0, which contradicts the eventual lower bound in equation 4.8.56. <
This note assumes that v; ;[0] # 0 for all 4,5. So lemma 4.8.3 guarantees

card(7; ;) = oo for all 4, j. Thus there must exist Ky > K; such that

card (T; ; N [K4, Ky]) > M (4.8.58)

for all i, j, where [K;, Ks] is the set of integers from K; to K. In the following

discussion, we assume k > K, and we let (ig,jo) = argmin,; || J;v;;[k]|l,. We
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define
1(io, jo, M, k) = min {m : card ([k —m,k — 1] N T}, ;) = M} (4.8.59)

where [(ig, jo, M, k) is the shortest length of time prior to time instant & in which
the side v;, j, was quantized exactly M times.
The following lemma establishes the “fairness” of the algorithm by showing

that I(ig, jo, M, k) is uniformly bounded with respect to g, jo, and k.

Lemma 4.8.4 There exists a constant ly; such that for k > Ky
1(ig, jo, M, k) < . (4.8.60)

Proof: Throughout this proof, we denote I(ig, jo, M, k) as I. Let’s first consider
(2,7) # (40,J0). Let l;; denote the number of times side v;; was successfully
quantized in the interval [k —I, k—1]. Then the update equations in our algorithm

imply that

Jrvn K] = Q#JI(J,.% ke —1)) (4.8.61)

By inequality 4.8.49, we obtain

(1 +20) M)

e

[RAUNILII P =1, (4.8.62)

When (4, 5) = (i, jo), we know that side v;, ;, was updated exactly M times

during [k — I,k — 1]. So the algorithm’s update equations imply that

io Vio,jo [k] = —‘]'l_ (JZOUZO ,Jo [k - Z]) (4'8'63)



Using inequality 4.8.49 in equation 4.8.63 yields

1—c¢ >\Z‘0Z =
Vovonlills > & éﬁ vk =Tl (48.64)

From the definitions of (i, jo) and I, we also know that

HJiovio,jo [k - Z] Hg

v

|| Jivi [k = 1], (4.8.65)

1o io jo Klll2 -~ < (I Jivi 5[]l (4.8.66)

Inserting equations 4.8.62, 4.8.64 and 4.8.65 into equation 4.8.66, yields,

71

(1 = o))’ o = ((1+ 80)Mi|)lﬁ (4.8.67)

There are at most I(¢ + dy) dropouts during [k — I,k — 1]. So [;; satisfies the

inequality,

Z Ly > I—1le+d)—M=(1-e—-8)I-M (4.8.68)
(i,j);ﬁ(io,jo)

Multiply inequality 4.8.67 over all (7, j) not equal to (ig, jo) and use equation 4.8.68

to obtain

] 1 1
I(N-1) N-1 E—
(= 20)Aa)™ mmar = | (1 +20) [ N o=
(4,3)#(i0,50)

The above inequality may be solved with respect to [ to show that [ < [;, where

MN In(Q)
(N=1)In (1722 )+ N In(| i D+n( L ) —80 (@)

Liy
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Letting [y, = max;, ;, gives the desired bound.
The following lemma establishes that the sides are balanced in the sense that the

ratio ||vi, j, [k]|l2/||vis 0 [K]|l2 is uniformly bounded for all iy, ji, iz, jo, and k > K.

Lemma 4.8.5 For k > Ky and all i1, j1, 12, and js, there exists a finite constant

r such that

[[viy 5 [K]]]2
i 5 M2 (4.8.69)
V3.5, [F][]2

Proof: For any 41, 29, j1, and js, equation 4.8.49 implies that

viy 0 [K]ll2 <a||<]ilvz'1,j1[k]||2
Vs goBlll2 = 1 i Vi 50 (K] |2

(4.8.70)

iy |

21
|)‘i2‘ )

— ldeo o
where a = =22 max;, ;,

Following the arguments used in the preceding lemma, we know that

| Jivig[Klll2 o (L4 <o) | Jrvig Tk = 1]l
. . . - |t T T
I JistiaolFlll2 = Pl (4 — )| iy vig o[k = Tl

IA

1 7
<
¢ M) (1—60) =T

where

I 15
=0 (max ) (F2)

and [;; is the bound in lemma 4.8.4.
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At time k we know ||.J;,vs, . [K]||2 is the smallest among ||.J;v; ;[k]||2, so

—HJilvil’jl GIE < ro, (4.8.71)
(AL
for all i1, 142, j1, and jo. Let 7 = roa to obtain the desired bound. {
Proof of theorem 4.4.1: This theorem follows from the direct application of
lemmas 4.8.5 and 4.8.2. Let K, = max(Ks, K3). At the beginning, we will limit
our attention to k > K so that lemmas 4.8.5 and 4.8.2 are true. Lemma 4.8.5

shows that 1wz

= < r for all i1, j1, 42, and j5. Choose v;, ;, to be the longest
lvig,jq K]l 2 1,51

maXm,n |[Vm,n [K]|l2

side, to obtain ===t

< r which we may rewrite as

1
lvig K]ll2 = — max [[vm.q K] (4.8.72)

The above relationship, the definition of p[k|, and lemma 4.8.2 yield

2|

e [t K]l < 7 /P + An) (48.73)

U[k] is a parallelogram with sides v; ;[k]. The triangle inequality implies

P n;
enax(UR]) <))~ o[kl < N max [|vy, n [K]]2

i=1 j=1

Substituting equation 4.8.73 into the above bound on dp.x (Uk]) yields dpax(U[k]) <
Xo(n + An)~ where A\g = Nr ¥ /Dan- By choosing
Aay = max ( max (dmaz (U[m]) (n + An)_%) ,)\0>

mE[l,Ko—l}

we can guarantee that equation 4.4.19 holds for all k.
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4.8.2 Proof to Theorem 4.4.1

The proof to theorem 4.5.1 is broken into several intermediate lemmas. Before
the proof, we define two functions, r; k] (i = 1,---,P;j = 1,--- ,n;) and p[k].

r; j|k] is a modified version of the side length L, ;[k]. p[k| is the product of r; ;[k]

P n;

plk] = TITIrs%)

i=1 j=1

When ); is real,

Tinlk] = max(L;pn,[k], poﬂ)
rijlk] = max(a;;Li;[k], i j41[k]),

forj=1,2,--- . n;—1
When ); is complex,

rijlk] = max(Ly;[k], poM),
for j =n; — 1 and n;

riglk] = max(a;;Li;[k], rijealk] rijeslk]),
foryj=1,3,---,n; — 3

riglkl = max(a;;Lijlk], i k] rijielk]),

for j=2,4,--- ,;n; — 2

The relationship between the growth-rate of r; ;[k] and the one of p[k] is the key
point to the proof of theorem 4.5.1. First we establish a general upper bound on

the growth rate of r; ;[k]|.
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Lemma 4.8.6

T’Z'J[]f + 1]

< |Ail + 20, Vi, j (4.8.74)
rij (K]

where g is defined in equation 4.5.33.

Sketch of Proof: This lemma is proven by mathematical induction. There are
two cases to consider, when )\; is complex and when J; is real. If ); is real we first
show that equation 4.8.74 holds for 7 = n;. We then show that if equation 4.8.74
holds for j = jy, it must also hold for j, — 1, thereby completing the induction. A
similar inductive argument can be made when \; is complex. <

The bound in lemma 4.8.6 is quite loose. When p[k] is larger than

P e g
poM
P = H ( ;H ) (4.8.75)

i=1
, we can place a tighter bound on the growth rate of r;, j, [k].

Lemma 4.8.7 If plk| > p1 (see eq. 4.8.75) and d[k] = O (there is no dropout at

time k), then

TIkka[k + 1] < |)\Ik|

TIkka[k] T Q + €0 (4'8'76)

where € s defined in equation 4.5.33.

Sketch of proof: By the quantization policy, we know

a1, 5, Liea, > a7 ;L Vi, (4.8.77)
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First prove that

2 —_—

(4.8.78)

It can be achieved through contradiction method. If eq. 4.8.78 is violated,

aﬁij < poM for Vi, j, which yields p[k] < p;. Contradiction!

Second prove that

I, Jk [k] = alk,JkLIka [k]

(4.8.79)

It can be obtained through the definitions of r; ;[k] and equations 4.8.77 and 4.8.78.

Third prove two bounds on Ly, j, [k + 1] for d[k] =0

RYA
Qk LIIka [k]

Ar,]
L[ka [k’ + 1] < (?j

Ly g lk+1 >

+ 80) L[ka [k’]

Those bounds can be obtained from the updating rule of Lj, j, [k].

Fourth prove that when d[k] = 0,

T'Ii, Jk [k + 1] = aIIkaLIIka [k + 1]

It can be established from equations 4.8.77, 4.8.80 and lemma 4.8.6.

Finally equations 4.8.79, 4.8.81 and 4.8.82 yield the result. {

Lemma 4.8.8 There exists finite k such that

p[k] <p
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(4.8.82)

(4.8.83)



where py 1s defined in equation 4.8.75.

Sketch of proof: Suppose equation 4.8.83 is violated for all k. When d[k] = 0,

we can use lemmas 4.8.6 and 4.8.7 to show

plk + 1] < noplk] (4.8.84)

(14+Qe0)V p(A)
0 .

When d[k] = 1, lemma 4.8.6 yields

where 7y =

plk + 1] < noQplk] (4.8.85)

Consider a window [k, k + ). Denote the dropout rate in the window as ¢, =
w. Define the maximum difference between €, and € (the average in the
long run) as ¢; = max |, — €|. By the dropout model in equation 4.2.7, we know
lim;_, ., &, = 0. Therefore ¢; < &; for large enough /.

From time k to k + [, equations 4.8.84 and 4.8.85 have been implemented for

[(1 —¢e) and le; , times respectively. Thus

Ql_el’k

plk]
p(A) 1+ Q)M
< ( o ) (4.8.86)

plk+1 <p<A><1 +QEO>N>l

Let n = 7[)(‘422(11:9:?)1\]

0. From equation 4.8.86, we know

and f(l) = n}. For large enough [, n; < 1. So lim; ., f(I) =

llim plk+1] < p[k]llim f()=0
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The above result contradicts our assumption that p[k] > p; for all k. Therefore
this lemma must be true.

In the proof of lemma 4.8.8, we define a sequence f(I). It was shown that
lim; o f(I) = 0. Therefore the maximum of f([) is finite and achieved by finite

[. The maximum of f(l) is defined as
fo= max f(l) (4.8.87)
Lemma 4.8.9 plk] is eventually bounded, i.e. there exists ki such that

plk]l < pifo (4.8.88)

for allk > k.

Sketch of proof: By lemma 4.8.8, there exists k = k; such that p[k;] < p;.

For any k > ky, define | = k — k;. Equation 4.8.86 yields

plk] < f(Dplk1] < foplki] < fopr$

Final proof to theorem 4.5.1: By the definition of r; ;[k], we know r; ;[k] >

ai jLi ;[K], 7i j[k] > poM. The two lower bounds, in addition to the the definition

plk] =TT T raylk], yield

(4.8.89)

ez

By the definition of a; ;, we know that ai < pp - Substituting this bound into
¥
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equation 4.8.89 yields

plk]
—) N-1

Lij[k] < pff
(POM

(4.8.90)

From lemma 4.8.9, we know p[k| is eventually bounded by fop;. Considering

equation 4.8.90, we get the following eventual bound

f oP1

Lijk] < pf ————
J[ ] 0 (poM)N 1

(4.8.91)

As argued before, the eventual boundedness of L; ;[k| implies that of z[k] and z[k].
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CHAPTER 5

PERFORMANCE OF QUANTIZED LINEAR CONTROL SYSTEMS

5.1 Introduction

As a control system, we require the quantized system not only to be stable
but also to perform well. In chapter 4, the stability of quantized systems is
studied. It is shown that when the available bit rate is above the “minimum” bit
rate, the stability of quantized systems can be guaranteed. By stability, we mean
asymptotic stability for noise-free quantized systems, i.e. the state converges to
0 and BIBO stability for quantized systems with bounded noise, i.e. the state is
eventually bounded. Although several quantization policies can achieve the above
stability, they may perform quite differently. For example different policies may
yield different state convergence rates for noise-free systems and different state
bounds for systems with bounded noise. It is natural to pursue the quantization
policy with the “best” performance, which is exactly the topic of this chapter.

The feedback system studied in this paper is shown in figure 5.1. In this figure,
x[k] € R™ is the system state at time k. This state is generated by a discrete-time
linear time-invariant system called the plant. The system state is transformed into
a discrete-valued symbol, s[k], by the encoder. The symbol is transmitted over a
channel and is then transformed by the decoder into a quantized version of the

state, x7[k] € " . The plant uses this quantized state and a noise signal, w[k], as
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inputs. The noise signal w[k] € " is assumed to be bounded as

[w]lee < M

where M is some known constant. A noise free quantized system is a special case

of the system in figure 5.1 with M = 0.

l wlk]
plant
xlk]e Plk]
» x[k+1]= Ax[k]+ Bu[k]+ w[k]
ulk]= Fx[k]
x[k] Y
Encoder

Decoder

S| s[k]e {0,1,---,25 —1}

Figure 5.1. Quantized control systems

The encoder first assumes that x[k] € R” lies in a known subset P[k] C R"
which we call the state’s scope. The encoder then partitions P[k] into a finite
number of subsets. The index of the subset containing z[k| is taken as the
symbol, slk] representing the state. This index takes values in the set Sp =

{0,1,2,...,2%* 1} where R[k] is the number of bits transmitted over the chan-
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nel per measurement at time k. The encoder can therefore be represented as a
potentially time-varying map Enc : R — Si. The channel is assumed to be error
free with a constant delay of d steps, so that s'[k] = s[k —d]. The decoder uses the
received symbol s'[k] to compute a single point estimate of the state. This esti-
mate is denoted as xz?[k] and the decoder can also be represented as a potentially
time-varying map Dec : Sg — R". The triple (P[k], Enc, Dec) is referred to as a
quantization policy.

For a given bit sequence {R[k]}, we can identify several different quantization
policies. Policies whose state scope P[k] is time-invariant are said to be static.
Dynamic policies adjust the state scope P[k| (zooming-in and zooming-out) at
every time step to obtain a tight bound on x[k]. Dynamic quantization policies
may be further classified by how they assign their R[k] bits. In particular, let b;[k]
denote the number of bits the encoder allocates to represent the ith component

of the state z[k]. The total number of bits must equal R[]
R[K] = " bi[k] (5.1.1)
i=1

The policy used for deciding b;[k] (i = 1,---,n) is called a bit assignment pol-
icy. A static bit assignment assumes b;[k] is a constant for all k. A dynamic bit
assignment allows b;[k]| to be time-varying. This thesis pursues the “best” bit as-
signment policy which minimizes the specified performance under the bit resource
given in eq. 5.1.1. What performance index should we choose? In order to answer
that question, we study the effect of quantization on the system state {x[k]}.

It can be seen from figure 5.1 that the quantization policy takes z[k] as in-
put and x9[k] as output. Their difference, i.e. the quantization error, is defined

as elk] = z[k] — 29]k]. The quantized system in figure 5.1 can be equivalently
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transformed into the following linear system with {w[k]} and {e[k]} as inputs.

l wik]

plant

x[k]
xlk +1]= Ax[k]+ Bu[k]+ w[k]

ulk]= Fx[k]

x[k]

elk]

Figure 5.2. An equivalent linear control system

The system in figure 5.2 is linear, so its state z[k] can be decomposed into 2

terms.
z[k] = T[k] + z.|k] (5.1.2)

where T[k] is incurred by the initial condition z[0] and the exogeneous noise {w[k]}
and z.[k] comes directly from the quantization error {e[k]}. We may say that
the effect of quantization error is to introduce the term z.[k]. For noise free
quantized systems, the size of {x.[k]} can be measured by Ls norm (||z.|2 =
(>, xf[k]xe[k])%) [39]. The aim in designing a quantization policy is to make

|xell2 as small as possible, i.e. to minimize the effect due to quantization. Denote
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the transfer function from {e[k]} to {z.[k]|} as G, (z). Then we get [39]

[Tell2 < NGaee(2)]loollell2 (5.1.3)

where ||G,, o(2)|lc denotes the Ho, norm of G, (z). G, .(2) is determined by
controller design and is out of our control. So minimizing ||z.||s is equivalent
to minimizing ||e||2 in eq. 5.1.3, i.e. the optimal quantization policy is to
minimize ||e||y. The quantization error {e[k]} is effected by the initial condition
x[0] (for noise-free quantized systems). So we measure performance by the worst

case of ||e]|2,

sup [le]]s (5.1.4)
z[0]€P[0]

For quantized systems with bounded noise, the quantization error {e[k]} is even-
tually bounded [45] but not summable. We can measure the size of {e[k]} with its
eventual bound limy__ ., sup{e’ [k]e[k]}3 . By repeating the above arguments
on noise-free quantized systems, we can see that in order to mitigate the effect of
{e[k]} on {z.[k]}, the optimal quantization policy is to minimize {e[k]} with the

following defined performance.

sup Nli_r)nOO sup{e’ [k]e[k]}52 (5.1.5)
z[0] € P[0]
{wlk]}7Zo

Note that we consider the worst case for all possible x[0] and {w[k]}3, in eq.
0.1.5.

Compared to the rich literature on stability of quantized systems, the literature
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on performance of quantized systems is relatively scarce. In [30], the perturbation
noise {w[k|} is assmed to be Gaussian and the performance is defined as a linear
quadratic form of the system state {z[k]}. Simulations were made to compare
the performance under different quantization policies. In [63], the configuration
similar to [30] is considered. It is shown that the concerned optimal performance
decomposes into two terms. One is determined by the perfect (without quantiza-
tion) state feedback . The other comes from the quantization error. The optimal
quantization policy is the one to minimize the term due to quantization error,
which agrees with our discussion on minimizing the performance specified in eq.
5.1.4 and 5.1.5. Although the results in [63] are intuitively pleasing, they are less
realistic because of their estimation policies. In [63], the state is estimated as
the conditional mean based on the received symbols {s'[k]}. It is not trivial to
compute this conditional mean because the quantization operation is non-linear
and it is difficult to find a recursive way to compute that mean. The only possible
way is to compute it with the probability density function (pdf) of the state. So
the state’s pdf has to be updated every step which may be unrealistically compli-
cated. In [40], a scalar quantized system is studied, the input noise is assumed to
be bounded and performance is measured by the eventual upper bound of quan-
tization error which is really the L., norm of {e[k]}. The effect of the number
of quantization levels and the packet dropout pattern on performance is studied.
Note that a simple estimation policy is chosen in [40] and the proposed quanti-
zation policy is realistic. The results in [40] will be extended to 2-dimensional
systems in this chapter. In [22], a noise-free quantized system is considered and
the convergence rate of quantization error is used to measure system performance.

It proves that the quantization policy proposed in [48] achieves the best (fastest)
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convergence rate.

This chapter is organized as follows. Section 5.2 presents the mathematical
model of the quantized system, the used quantization alogrithm, one special bit
assignment policy named as Dynamic Bit Assignment Policy (DBAP) and
some preliminary results. Section 5.3 studies a noise-free quantized system and
proves that the performance defined in eq. 5.1.4 is optimized by the proposed
DBAP. Section 5.4 studies a quantized system with bounded noise and comes
up with both a lower and an upper bounds on the optimal performance defined
in eq. 5.1.5. It deserves special attention that the obtained upper performance
bound can be achieved by the proposed DBAP. So DBAP may be treated as a sub-
optimal quantization policy with the known performance gap. Section 5.5 includes
a summary of achieved results in this chapter and some remarks on relaxing the

assumptions. All proofs are placed in the appendix, section 5.6.

5.2 System model and preliminary results

The quantized system in figure 5.1 can be modeled as

alk+1] = Ax[k] + Bulk] + w[k] (5.2.6)
ulk] = Fxi[k|

We assume that

1. (A, B) is controllable and F' is a stabilizing state feedback gain.

2. A is diagonalizable. For simplicity, we focus on the two-dimensional case of

A =diag(A, Xe) and \; > 1 (i =1,2).

3. The system is driven by bounded process noise, ||w|. < M.
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4. Fixed bit rate is assumed, i.e. R[k] = R.
5. The network is error-free with 1 step delay, i.e. s'[k] = s[k — 1].

The quantization method used in this paper originates from the uncertainty
set evolution method introduced in [14] and [61]. This approach presumes that
the encoder and the decoder agree that the state lies within the set P[k] which

has the form of

w[k] € P[k] = 2%[k] + U[k], Yk > 0. (5.2.7)

where x?[k| is the center of P[k]. By assumption 2, we restrict our attention to a

two-dimensional system. So the uncertainty set U[k] may be characterized as

Ulk] = rect(Ly[k], Lo[k))

= [—La[k], L1[k]] % [—La[k], Lo[K]].

In this equation L;[k] and Ls[k] are non-negative and they represent the half-
length of the sides of the rectangular set U[k]. We define the quantization error
as e[k] = x[k] — x9]k]. Just prior to time k we know that e[k] € U[k] where we
refer to U[k| as the uncertainty set at time k. We then partition both sides of
Ulk]. The first side, Li[k], is partitioned into 2°¥] equal parts and the second
side, Lylk], is partitioned into 22k equal parts. We impose a constant bit rate

constraint on our bit assignment which requires that

bilk] + ba[k] = R (5.2.8)
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for all k. After a new measurement of the state z[k] is made, then the encoder

knows that
2lk] € 2 k] + U

where x;’[k] [k] is the center of the smaller subset and the set

La[k] Lo[k]
Usi[k] = rect <2b1 k] > Qb2lk]
The index of this smaller subset, s[k], is transmitted across the channel and the

decoder reconstructs the state at time k + 1 using the equations

;

zlk+1] € 2k+ 1]+ Ulk+1]
Ulk+1] = rect(Li[k + 1], Lok + 1])

2ik +1] = Azl [k] + BF2[k] (5.2.9)
Lik+1] = piglilk]+M
| Lalk+1] = Zglsfk]+M

The choice for b;[k] (i = 1,2) represents a bit assignment policy. With the re-
quirement that by [k]+ba[k] = R, we're confining our attention to constant bit rate
quantization schemes. The motivation for doing this is that many communication
systems work best under a constant bit rate [29].

This chapter is interested in the performance achievable under various bit
assignment policies. In particular, we measure performance using equations 5.1.4

and 5.1.5. Note that by definition

lea k]| < Lilk],i = 1,2 (5.2.10)
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This inequality becomes equality for the specific choice of z[0] and {wlk]}, e.g.
z[0] = [L1[0], Lo[0]]" and w[j] = [M, M]T,Vj, that maximizes ||e||» defined in eq.
5.1.4 or limy__ . sup{e?[k] + €3[k]}7° y in eq. 5.1.5.

One bit assignment policy used in this chapter is a variation of the bit assign-
ment policy found in chapter 4 We still call it dynamic bit assignment policy or

DBAP. DBAP is a recursive algorithm that generates b;[k] as follows.
Algorithm 5.2.1 Dynamic Bit Assignment Policy

1. Initialize by[k] = 0 and by[k] = 0,
and set Ly = A\ Ly[k] and Ly = Mo Lok].

2. Forq=1to R
I = argmaxicq 2y L.

b[[]{?] = b[[]{?] +1 and L[ = L1/2

The following lemma provides a closed-form characterization of b;[k] (i = 1,2)

generated by DBAP.

Lemma 5.2.1 The bit assignment algorithm, DBAP, generates the following bit

assignments

bilk] = R—bslk] (5.2.11)
0,  srerMLifk] > AaLofk]
bolk] = § R, s Li[k] < AoLaofk] (5.2.12)

A L[k .
[% (R — log, (/\;EM»] , otherwise

where [-] is the downward rounding function in which [1.5] = 1.
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The fundamental insight behind DBAP may be interpreted as “keeping L[k +
1] and Lo[k + 1] as balanced as possible”. This balancing idea is demonstrated

through the following lemma.

Lemma 5.2.2 Under DBAP, there exists a finite ko > 0 such that

Ly[k]

0.5 <
Lok

< 2,Vk > ko (5.2.13)

5.3 Optimal bit assignment policy in noise free quantized linear control systems

For a noise free quantized system, we measure its performance with the index
defined in eq. 5.1.4. Specifically we consider a N-step version of that performance

index.
Jy = max (e[k] + €e3[k]) (5.3.14)

The inequality in eq. 5.2.10 (|e;[k]| < L;[k]) becomes equality for the specific
choices of z[0], e.g. z[0] = [L1[0], L[0]]", that maximize e2[k] + e2[k] for all k.

This means that Jy in equation 5.3.14 may be rewritten as

In =Y (L3[k] + L3[K]) (5.3.15)

This section characterizes the bit assignment policy that minimizes the perfor-
mance index, Jy, in equation 5.3.15. Our optimization problem is formally stated
as follows,

. N
U ) (k] o [k} 2 x=r (LilK] + L3[K]) (5.3.16)

subject to bi[k] + ba]k] = R,
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where by [k], ba[k] € N. Let b = {b1[j], ba[] };V:_Ol denote the optimal solution to this
problem. Optimization problem 5.3.16 is an integer programming. The general
integer programming is, unfortunately, NP hard [67]. We will circumvent the N'P
complexity by first considering a sequence of simpler problems and then showing
that the solutions to these simpler problems also solve the original problem and
furthermore that they are generated by the proposed DBAP.

Consider the following sequence of minimization problems indexed by & for
k=1,...,N.

min{bl[ijz[j]};?;(} (L%[k] + Lg[k]) (5317)

subject to bi[j] + b2[j] = R,
where b;[j], b2[j] € M. The solution to the kth subproblem will be denoted as
b® = (B[], b5]5] }5Z5- The following lemma establishes the basic relationship
between subproblems 5.3.17 and the original problem 5.3.16. In the following
lemma, we say b®=10 c b® if and only if b" V[j] = bM[j] for j < k — 1.

Essentially this means that b*~1 is a prefix of b,

Lemma 5.3.1 If {b®™}N | solves the sequence of subproblems 5.8.17 such that

b*=D c b® fork=2,...,N, then b®) solves the original problem 5.3.16.

Rather than directly solving subproblem 5.3.17, we consider a relazed problem

of the form

. Ak 2 Ak 2
N, (1] 5[k] (—QSl%uLl[OD + <—2322[k1L2[0]>

subject to  s1[k] + s2[k] = kR

(5.3.18)

where s1[k], s2[k] € M. In these relaxed problems, we interpret s;[k] as the number

of bits used to represent the ¢th component of the state up to time k. In other
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words, we let s;[k] = Z;:é bi[j]. Let st = {s,[k], so[k]} denote the solution to the

kth relaxed subproblem. Note that L;[k] = 2,\_5;“L2 0] (: =1,2) by eq. 5.2.9. So

subproblems 5.3.17 and 5.3.18 have the same performance index. In subproblems
5.3.18, the constant bit rate constraint (equation 5.2.8) implies that the summed

numbers of bits satisfy,
s1lk] + s2[k] = kR (5.3.19)

So this problem relaxes problem 5.3.17 by only minimizing the cost index with
respect to the bit sum, rather than the individual history of assigned bits, i.e.
the feasible set is extended. The following lemma states the solution for problem

5.3.18.

Lemma 5.3.2 The solution to the kth problem in equation 5.5.18 is

Sl[k’] = kR - S92 [k’] (5320)
0, gt Lal0] > ML [0]
salk] = § kR, k= L1[0] < ASL,[0] (5.3.21)

k
[% (l{;R — log, (iéﬁ%)ﬂ , otherwise

It is important to note a similarity between equation 5.3.21 in lemma 5.3.2 and
the characterization of the bit assignment generated by DBAP in equation 5.2.12
in lemma 5.2.1. The following lemma formalizes this relationship by asserting that
the sequence of summed bits, s®*), generated by DBAP indeed solve the relaxed
problem 5.3.18 while enforcing the additional reqirements that by[k] + bo[k] = R

and s;[k] = 327 bi[k]. These additional constraints are precisely those that were
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relaxed in going from problem 5.3.17 to 5.3.18, so DBAP also solves the original

sequence of subproblems in equation 5.3.17.

Lemma 5.3.3 Let {b;[k]} denote the bit sequence generated by the proposed DBAP.
If we let

then st = {s,[k], s2[k]} also solves the k—th relaved minimization problem in

equation 5.5.18.

Based on Lemmas 5.3.1, 5.3.2 and 5.3.3, we establish the optimality of our

proposed DBAP for noise-free quantized linear systems.

Theorem 5.3.1 Dynammic bit assignment (DBAP) generates a bit assignment

that solves optimization 5.3.16.

Example: The plant with system matrices

1.1 0 1
B
0 18 1

Let the feedback gain matrix be F' = [1.7,—4.6] and let R = 2. By static bit

assignment policy [41] [62],
bilk] =1,b[k] =1 (5.3.22)

From figure 5.3 it is clear that DBAP performs better than the static bit assign-

ment policy.
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Figure 5.3. Performance of a quantized system

5.4 Performance of quantized linear systems with bounded noise under dynamic

bit assignment

From [45], we know the quantization error {e[k]} for a quantized system with

bounded noise is bounded. By eq. 5.1.5, the concerned performance is defined as

N

J=  sp lim % S e2[k] + e2[H] (5.4.23)
z[0] € PJo), -
{wlk]}72,

The inequality in eq. 5.2.10 (|e;[k]| < L;[k]) becomes equality for the specific
choice of z[0] and {w[k]}, e.g. [0] = [L1[0], L2[0]]T and w[j] = [M, M]*,Vj, that

maximizes e3[k] + e3]k] for all k. This means that J in equation 5.4.23 may be
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rewritten as
J = Nlim sup{L3[k] + L3[k]}72 (5.4.24)

Different bit assignments will achieve various performance levels, J (as defined
in equation 5.4.24), for the same constant bit rate, R. We may therefore consider
the optimal achievable performance, J*, as generated by the following optimization

problem,

minimize limy_ oo sup{L3[k] + L3[k]}3° »
with respect to  {by[k]}3,, {b2[k]} 3, (5.4.25)
subject to bilk] € N, bo[k] € N

bi[K] + ba[k] = R

The optimization problem 5.4.25 is an integer programming, which is known
NP hard [67]. Furthermore there are an infinite number of decision variables
{b1[k], ba[k]} 72 in that optimization problem. So it is very difficult to solve it. In-
stead of searching for the optimal performance in eq. 5.4.25, we try to bound the
optimal performance J* under the assumption that J* exists. The main results
stated below identify a lower bound, J, and an upper bound, J, on J*. More-
over, we demonstrate that these bounds are sometimes achievable by various bit

assignment policies.

Proposition 5.4.1 J* is bounded below by

J* > J =2p, (5.4.26)
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where J* satisfies optimization problem 5.4.25 and pqy is the positive solution to

Po = ppo + 2/pM/po + M* (5.4.27)
where p = My /28 < 1
Furthermore, if
1 A
3 <R+ log, <)\—1>> is an integer. (5.4.28)
2

then the inequality in equation 5.4.26 holds with equality.

Proof: See section 5.6
One important consequence of the above proposition is that if the condition
in equation 5.4.28 holds, then the optimal performance level, J*, is achieved by a

static bit assignment policy. This result is stated in the following proposition.

Proposition 5.4.2 Ifthe condition in equation 5.4.28 holds, we construct a static

quantization policy with

mm:m::%<R+b&<%)>

bolk] =b, = R—b

The performance under the above static policy achieves the lower bound in propo-

sition 5.4.1.

Jstatic =

J
M ’ M ’
= ( A>+( A) (5.4.29)
1— A 1 — 22
201 2b2




Proof: See section 5.6.
An upper bound on J* is obtained using algorithm 5.2.1 (DBAP) in section

5.2. The following proposition formally states this bound.

Proposition 5.4.3 The optimal performance J* is bounded above by

J

= 2 (pPa,g(2) + 2M /5y /parg(1) + M?)

J*

IA

where p = M2 /28, g(a) = 0.5 (2%5* +2795) " and p,, satisfies the equation

Pau = PPay + 2¢/PM \/Pa,9(1) + M? (5.4.30)

Proof: See section 5.6.

Remark: Let Jppap denote the performance level achieved by our proposed
DBAP algorithm. The proof for proposition 5.4.3 actually shows that the per-
formance achieved by DBAP is bounded above by J (i.e. Jppap < J). By the
optimality nature of J*, this means that J* < Jpgap < J.

Example: The quantized plant has the system matrices

0 A 1

with state feedback matrix ' = [1.7, —4.6] and noise bound M = 1. It is assumed
that R = 2.

We first study the effect of the eigenvalue ratio Aa/A; on the achievable per-
formance J under various bit assignment policies. In particular, we fixed A\; = 1.1

and varied Ay subject to the constraint that Ay > \;. Simulations were used to
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evaluate the performance, J, achieved using the dynamic bit assignment described
in algorithm 5.2.1 assuming R = 2.

Figure 5.4 plots the lower bound, J (J;), of proposition 5.4.1 and the upper
bound, J (.J,), of proposition 5.4.3 as a function of Ay/\;. This figure also plots the
performance level, Jgatic, achieved using the aforementioned static bit assignment

policy as well as the performance level, Jpgap, using DBAP.

k1=1.1, R=2, M=1

10°F _ A
- JI, Lower bound of J /]
o Ju, Upper.bounfj of JDBAP // ]
8 - Jstaﬁc, Staic pollcy . ,
g JDBAP from simulations //
S /
q% /
o ,/
102 C s ! ]
1011‘ _____ 1‘1. 1‘2 1‘3 ‘4 1‘5 1‘6 1‘7
. 7\'2/1);-1 . . .

Figure 5.4. Performance of a quantized system with bounded noise

These results show that the gap, AJ = J — J is small and almost constant for
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varying ’A\—; (% ~ 10%). The results show that performance achieved by the static
policy lies within the specified bounds until A\y/A; > 1.3. At this point, the static
policy no longer appears to be optimal. For the DBAP, we see that our proposed
algorithm actually generates the same static bit assignment for A\s/A; < 1.3. For
Ao/A1 > 1.3, the performance of the DBAP appears to closely follow the upper
bound J from proposition 5.4.3. These results appear to support the preliminary
conclusion that our proposed bit assignment policy (DBAP) is nearly optimal with
respect to the performance measure defined in eq. 5.1.5 This observation has led
us to conjecture that perhaps the DBAP can indeed be considered an optimal bit
assignment policy.

We then study the effect of the bit rate, R, on the gap AJ = J — J. In this
particular case we chose A\; = 1.1 and Ay = 1.6 and allowed R to vary between
1 and 10. Figure 5.5 plots the upper and lower performance bounds, J (J,)
and J (J;), as a function of R. It can be seen that the gap, AJ appears to be
relatively tight for this example and that the gap asymptotically approaches zero
as R goes to infinity. Both observations are not that surprising. The equation
characterizing the lower bound (eq. 5.4.27) and the upper bound (eq. 5.4.30) have
nearly identical forms in which the size of the gap is governed by p. Numerical
evaluation shows that this gap is small and asymptotically approaches zero when
R increases.

The results shown above can be interpreted as bounds on a type of rate-
distortion function for feedback control systems. This observation is emphasized
in figure 5.5 where we plot the effective distortion measure for a control system
(its achieved performance level) as a function of the bit rate, R. The fact that

there are bit assignment policies (or what we might call coding policies) that
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Figure 5.5. Performance bounds for a quantized system with bounded
noise

appear to achieve J* suggests that assignment policies such as DBAP may be
extremely useful in developing source codes for control systems implemented over

communication networks.

5.5 Conclusions

One of the two primary results in this chapter is that the optimal performance
of a noise-free quantized system can be achieved by the proposed dynamic bit
assignment policy (DBAP), i.e. DBAP is the pursued optimal quantization
policy. The other primary result shows that the optimal performance of a quan-

tized system with bounded noise can be tightly bounded above and below. The
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upper bound can be achieved by our proposed dynamic bit assignment policy
(DBAP). Under certain situations, the lower bound can be achieved by a static
bit assignment policy. In our opinion, the fact that these bounds are achievable
has great significance for the feedback control of dynamic systems over communi-
cation networks.

While the derivation in this chapter was restricted to a 2-dimensional system,
the results can be extended for n-dimensional diagonalizable systems. When the
system matrix is n-dimensional real and diagonal, U[k| may be overbounded by
a rectangular set whose side lengths are Ly[k|, ---, L,[k]. The bit assignment
strategy used in algorithm 5.2.1 may be used to allocate b;[k] (i = 1,---,n) in
a similar manner to that described in this paper. If the system matrix is 2-
dimensional and diagonalizable with complex eigenvalues pe’?, then we can rotate
the coordinate axes by 6 every step as in [61]. The new system matrix under the

rotated coordinates will be real and diagonal, so algorithm 5.2.1 can still be used.

5.6 Appendix: proofs

This section uses the following notational conventions.

Ly [K]

VK] = LI (5.6.31)
plk] = Li[k]Lo[k] (5.6.32)
p = A2122 (5.6.33)

gla) = 0.5 (\/27+ (5.6.34)

)
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Note that g(«) is a strictly increasing function of a for @ > 0. The stability

condition in [45] requires
p<1 (5.6.35)

The following technical lemma is frequently used. Its proof is straightforward and

omitted here.

Lemma 5.6.1 Ifz,y > 0 and xy = 3, then

z +y = 2+/Bg(| logy(z/y))). (5.6.36)

5.6.1 Proofs of the lemmas in section 5.2

Proof of Lemma 5.2.1: We prove this lemma using mathematical induction
on R. When R =1, Lemma 5.2.1 trivially holds.
Suppose Lemma 5.2.1 holds for R = R;. We try to prove that it also holds for

R = Ry + 1. By the assumption, we know

balk|(R1, L1[K], Lo[K])
0, —231“ M Li[k] > Ao Lok
= 9 R, sm=MLak] < Ao Lyfk] (5.6.37)

[% (Rl — log, (;;E%))] , otherwise

where the inclusion of arguments Ry, Li[k] and Ls[k] is to emphasize the depen-
dence of by[k] on Ry, Li[k] and Ly[k]. We now compute bo[k|(Ry + 1, L1 [k], Lo[k]).

There are 3 different cases to consider based on ~[k].
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Case 1: In this case,

A2
k] > S2o(tn)+l
Ik = 3
The procedure in algorithm 5.2.1, selects by[k| = 0, which satisfies eq. 5.2.12. So
lemma 5.2.1 holds for this case.

Case 2: In this case

’}/[/{Z] < %2—(}21—%1)—1
1

Algorithm 5.2.1 assigns by[k] = Ry + 1, which also satisfies eq. 5.2.12. So lemma
5.2.1 also holds for this case.

Case 3: In this case,

220~ (Rir)=L ) < A2g(rirn

)\1 )\1
This case can be further decomposed into two subcases; A\ Lj[k] > AoLs[k]| and

)\1[/1 []{Z] < )\2[/2 []{Z] .

o If \iL1[k] > XoLs[k|, then algorithm 5.2.1 assigns the first bit to Li[k]. So

bolk] (Ry + 1, Ly[k], Lok])
Ly [k]

= bylA] (Rl, — =L [k]) (5.6.38)

Since y[k] < {220+ and Ay Ly [k] > Ay Lo[k], we can infer that

L1[K]

A
91—l 91 2 ofatl .6.39
< < WA < (5.6.39)
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By the assumption that lemma 5.2.1 holds for R = R;, we therefore see that

b (K] (Rl, Ll—[k], Ly [k])

2
e 2]
- E ((R1+1) log, (22[:]))] (5.6.40)

Substituting eq. 5.6.40 into eq. 5.6.38 yields

bolk)(Ry + 1, Ly[K], Lo[k))
S HCEREC0)]

The above expression for by[k](Ry + 1, L1 [k], Lo[k]) agrees with eq. 5.2.12 for

R=R; +1. So Lemma 5.2.1 holds for this sub-case.
o If \{Lq1[k] < A\yLylk], algorithm 5.2.1 assigns the first bit to Lo[k]. So

bolk] (Ry + 1, Ly [k], Lo[k])

= 1+ by[k] (Rl,Ll[k:] 2”)

We can compute by[k] (Rl,Ll[k] Lol }> in a similar manner to show that
bo[k)(Ry + 1, L1 [k], Lo[k]) satisfies eq. 5.2.12 with R = Ry + 1.

Because Lemma 5.2.1 holds for both sub-cases, it holds for %2_(31“)_1 <
k] < 4220FDHL Since Lemma 5.2.1 holds for all three cases on y[k], it must
hold for R = Ry + 1. So by mathematical induction we know the lemma is true
forall R>1. $

Proof of Lemma 5.2.2: From equation 5.2.12, there are three kinds of bit
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assignment decisions. We now consider the evolution of the side length ratio

k] = é;% under each decision.

e Case 1: In this case,
k] > é2R+1.

=¥

By the decision in eq. 5.2.12, the side length ratio is updated as

Wk +1] =

where the inequality comes from 2% Ly [k] > AaLo[k] and M > 0. Because

A1

p= % < land Ay > 1, we know oor <1 and v[k] exponentially decreases.

Note that although v[k] decreases, it is still true that y[k + 1] > :\\—32‘}3‘1.

e Case 2: In this case,

k] < 297,
A

Similarly to the above case, we see that

M L[k + M
2% Lyk] + M
A 2F
MVH

k+1] =

Vv

7v[k] therefore increases exponentially. It is also true that y[k + 1] <
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Case 3: In this case

A2 R A2 R
29 < ~[k] < Z2oR+1

By the bit assignment policy in eq. 5.2.12, we obtain

0.5 < irLilf]
7 plalb

2b2

<2

(5.6.41)

Considering the update rule L;[k + 1] = ﬁl‘/l[lﬁ] + M (i=1,2), eq. 5.6.41

yields
05 <vlk+1] <2
The assumptions on A, Ay and R guarantee that

)\2 —R-1 >‘2 R+1
=9 < 0.5 <2< =228t
)\1 >\1

(5.6.42)

(5.6.43)

So if the quantized system enters into case 3, it will stay there forever.

Because v[k| exponentially increases in case 2 and decreases in case 1, it must

equation 5.6.42 is eventually achieved. The proof is completed. <

5.6.2 Proofs of the lemmas and the theorems in section 5.3

Proof of Lemma 5.3.1:

eventually enter into case 3 after a finite number of (ko) steps. As noted above,

the system remains in case 3 once it enters it, thereby assuring that the bound in

We use P* and P¥* to denote the optimal performance of problem 5.3.16 and

the kth subproblem in equation 5.3.17 respectively.
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It is straightforward to see that

N
min (Li[K] + L3[k])
{balk],balk]} Nt ; 1 2

N

> min  (Li[k] + L3[k]) (5.6.44)
pnl OYFIRETF) Py
N

= > min (LK + L3[K]) (5.6.45)

= {balilbali} =

The equality in eq. 5.6.45 comes from the fact that L, [k] and Ly [k] are independent
of {b1[j], b2[/] };V:_kl due to the causal updating rule in eq. 5.2.9. Note that all
min operations in the above equations are performed under the constraint of
bilj] + b2l =R (j=0,---, N —1). Considering the definitions of P* and P*)*,

eq. 5.6.44 and 5.6.45 can be rewritten into
N
P>y " pWr (5.6.46)
k=1

As stated in Lemma 5.3.1, b®*=Y c b®) (k =2 ... N). So the performance of

the kth problem in eq. 5.3.17 under b®) is
L2[k] + L3[k] = P®)* (5.6.47)
Summing eq. 5.6.47 for k =1,--- | N yields

N
L3[k] + L3[k] = )~ P®~ (5.6.48)
k=1

1M

Because b®) satisfies the constraint of problem 5.3.16, i.e. o™ [k] + bV [k] = R

(k=0,---,N —1), b is a feasible solution to problem 5.3.16. By eq. 5.6.48,
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the performance of problem 5.3.16 under b®) is S  P®)* By the optimality

of P*, we obtain
N
pr<y phr (5.6.49)
k=1

Combining eq. 5.6.46 and 5.6.49 yields

N
pr=>"pwr (5.6.50)

By the feasibility of b®) and eq. 5.6.48 and 5.6.50, we know b™) solves the
original problem 5.3.16. <
Proof of Lemma 5.3.2:

The performance index in problem 5.3.18 is the summation of two terms,

Ak 2 AE 2
<—1L1[0]> (= L#[k]) and <2T2[HL2 [O]) (= L2[k]). We know the product of the

251 [k]

two terms is independent of s [k], sa[k] due to the constraint s;[k] 4 so[k] = kR.

LIk L3[k] = <A212§ L1[0]L, [O]) (5.6.51)

Apply lemma 5.6.1 to Li[k] + L3[k] with eq. 5.6.51 considered, we get

Lilk] + L3[k] = 2Cg(2|logy(La[k]/La[k])]) (5.6.52)

where C =

/\2?,}]5 L1[0]Ly[0]. In order to minimize L3[k]+ L3[k], we have to minimize

|logy(L1]k]/Lo[k])|, i-e. keeping Li[k] and Ls[k]| as balanced as possible. By the

211



expression of L;[k] = 2’\2—1[1]LZ 0] (¢ =1,2), we know

log, (L1 [k]/ La[k])

= log, <i\é§:g) — (s1[k] — s2[k])

= log, (i\éﬁl {SD — kR + 2s5]k]

The second equality shown above comes from the constraint si[k| + so[k] = kR.
Splk] is an integer between 0 and Rk. The minimization of |logy(L1[k|/La[k])|

may be formally expressed as

. k
ming, ‘logQ (:\\,;ci—;%) — kR + 2s5[k])

(5.6.53)
s.t. solk] € {0,1,--- | kR}

It is straightforward to show that the solution to optimization 5.6.53 is exactly
eq. 5.3.21. By the strictly increasing property of g(«) (o« > 0) and eq. 5.6.52, we
know sy[k] in eq. 5.3.21, together with s;[k] in eq. 5.3.20, solves problem 5.3.18.
¢

Proof of Lemma 5.3.3:

{b1[K], ba[k]} oy is generated by DBAP and s;[k] is defined as

silk] =S bij]i=1,2 (5.6.54)

We will prove Lemma 5.3.3 by showing that ss[k] defined in eq. 5.6.54 satisfies

eq. 5.3.21. This result will be established by using mathematial induction on k.
When k =1, so[k] = by[k — 1] by the definition of sy[k]. Eq. 5.3.21 (for sy[k])

and 5.2.12 (for bo[k — 1]) are really the same. So Lemma 5.3.3 holds for k = 1.
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Suppose ss[k — 1] satisfies eq. 5.3.21. We will prove sy[k] also satisfies eq.
5.3.21.

By eq. 5.3.21, the decision on ss[k| is categorized into three cases based on

— Li0]
0] = L
Case 1: 7[0] > ;—%2’“’”1
1

Under this situation, we get

A
2(k—1)R+1

21N,
A

Li[0] > A57'Ly[0]

> ATLL[0]

where the last inequality comes from 2?\& > 1. By assumption, s[k — 1] satisfies
1

eq. 5.3.21. So
Solk—1] =0 (5.6.55)
Then we obtain
A
Lok —1] = M71L,0] (5.6.57)

We can verify that ozt Li[k—1] > Ao L[k—1]. Therefore DBAP yields by[k—1] = 0

and
Solk] = so[k — 1] + bolk — 1] =0 (5.6.58)

The above result on sy[k] satisfies eq. 5.3.21.

Case 2: 7[0] < %2_%_1
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We can similarly prove s[k] satisfies eq. 5.3.21 as we did for the case y[0] >
Ak
)\_§2kR+l )
Case 3:;—%2_’“}%_1 <[0] < i—%QkRH
1 1
First we prove it is impossible that

At
2R+1

Lilk — 1] > Ay Lolk — 1] (5.6.59)

Suppose eq. 5.6.59 holds. Substituting the expressions of L[k — 1] (Li[k — 1] =

k-1
Al
2s1[k—1]

L1[0]) and Lo[k — 1] (Lalk — 1] = =22 L,[0]) into eq. 5.6.59 yields

9s2[k—1]

Ll[o] )‘15 R+1 —1]— —

Combining the requirement [0] < i—%QkRH with the above bound produces
R+1+s1k—1]—sofk—1] <kR+1 (5.6.61)
Considering si[k — 1] + sq[k — 1] = (k — 1) R, we get
Solk —1] >0 (5.6.62)

i.e. side Ly gets at least one bit among the total of (k — 1)R ones. Suppose side
Lo gets the first bit at k = k; (k1 < k —1). By algorithm 5.2.1, the decision on

bi[j] and be[j] aims to balance L [j + 1] and Ls[j + 1], which guarantees that

L 5]
Lo|y]

<2,Vj >k (5.6.63)
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The above equation certainly holds for j =k — 1, i.e.

L[k —1]
LA ) 6.64
Lol —1] = (5:6.64)
Thus
M Ly[k — 1] A
s 6.
W AT (56.65)
< oftH (5.6.66)

The above result contradicts eq. 5.6.59 ! So eq. 5.6.59 is impossible.

Second we can similarly prove it is also impossible that

A1

oot lalk = 1 < doLafk — 1] (5.6.67)

Based on the impossibility of eq. 5.6.59 and 5.6.67 and the decision rule in eq.

5.2.12, we get

1 MLk — 1]
1= |=(R—1log, (2"~ 6.
bolk — 1] [2 (R 0gs (Ang[k ] (5.6.68)
Substituting the expressions of Li[k — 1] and Ly[k — 1] into the above equation

yields

1 (R+ silk — 1] — sy[k — 1] — log, (ii%)ﬂ

—

By the identity s;[k — 1] = (k—1)R — so[k — 1], the above result can be simplified
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into

bolk — 1]

= [0.5 (k:R — log, (iggg))} — Solk — 1]

Considering the definition of sy[k] in eq. 5.6.54, we obtain
82[1{3] = 82[]{7 - 1] + bg[]{? - 1]
1 MY Ly (0]
= |z (kR-1 1
HCEE )]

Therefore sy[k] satisfies eq. 5.3.21.

In summary, s5[0] satisfies eq. 5.3.21. If sy[k — 1] satisfies eq. 5.3.21, then
sp|k] also satisfies equation 5.3.21. So by mathematical induction method, we can
guarantee that so[k| satisfies eq. 5.3.21 for all k and the proof is complete. <
Proof of Theorem 5.3.1:

Denote the optimal performance of problems 5.3.16, 5.3.17 and 5.3.18 as P*,
P®)* and Ps(k)* respectively. By the relaxation relationship among them, P*, P®)*

and P** satisfy the following equations.

N

P> Ny per (5.6.69)
k=1

pkx > plh (5.6.70)

We will prove the equalities in eq. 5.6.69 and 5.6.70 hold.

By Lemmas 5.3.2 and 5.3.3, we know the solution to problem 5.3.18, s®)
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satisfies
E—1
silk] = > b5l i =1,2 (5.6.71)
=0

where b = {bgk) 171, bék) [7] ?;3 is generated by DBAP. Of course b(*¥) satisfies the
constraint b [j] + b8 [j] = R (j = 0,--+ ,k — 1). So b® is a feasible solution to
problem 5.3.17. The performance of problem 5.3.17 under b™®) is P* because
problems 5.3.17 and 5.3.18 have the same performance index and the optimal
performance of problem 5.3.18, Ps(k)*, is achieved by s;[k] given in eq. 5.6.71.
Therefore the equality in eq. 5.6.70 holds. The solution to problem 5.3.17 is b®*)
which is generated by DBAP.

By DBAP algorithm in 5.2.1, we know bz(-k) 7] (i = 1,2) is totally determined
by the initial condition, L;[0] and L.[0], and the time j. bgk) [7] is independent of
k. So

b* D cpb® k=2 ... N (5.6.72)

By Lemma 5.3.1, the equality in eq. 5.6.69 holds and the solution to problem
5.3.16 is b®"). Because b™) is generated by DBAP, DBAP is the optimal policy.

¢

5.6.3 Proofs of the propositions in section 5.4

From the proof of Lemma 5.2.2 and especially in light of equation 5.6.41, we

can directly obtain the following balancing result. Its proof is omitted here.

217



Corollary 5.6.1 Under DBAP, there exists a finite kg > 0 such that

2Lk
0.5 < %LIH <2,k > kq (5.6.73)
gt L2 ]

Preliminary lemmas: The following lemmas are used in proving the three main
propositions in this paper. These lemmas characterize some important properties

of plk] = Li[k]Ls[k] that are used in the following proofs.

Lemma 5.6.2 p[k| is governed by

plk + 1] = pplk] + 2/M/plklg(ak]) + M2 (5.6.74)
where
B A Li[k] 28Ik
alk] = 'log2 ( D )\2L2[k])‘ (5.6.75)

Lemma 5.6.2 comes from the definition of p[k] in eq. 5.6.32 and the updating rule
of L;[k] in eq. 5.2.9. Its proof is omitted.

By eq. 5.6.74, {p[k]} is determined by the sequence {«[k]}. We now consider
a special sequence {a[k] = ¢}, where ¢ is a positive constant. The corresponding

solution to eq. 5.6.74 is denoted as {p.[k]}. We have the following limit on p.[k].

Lemma 5.6.3

lim p.[k] = p. (5.6.76)

k— 00

where p. is the positive solution to the following equation with respect to z.

z = pz+2/pMg(c)\V/z + M? (5.6.77)
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Proof: Because p < 1, eq. 5.6.77 has a unique positive solution, denoted as z.

Define a function

f(2) = pz +2/pMg(c)V/z + M? (5.6.78)

The updating rule of p[k] under the give constant a[k] can be rewritten into

pelk + 1] = f(pe[k]) (5.6.79)

Because f(z) — 2z > 0 for z < zg, f(20) = 20 and f(z) — 2z < 0 for z > 2y, we know
limy o pe[k] exists and is equal to zp. <
For any finite ¢, the limit in eq. 5.6.76, p. is finite. Such finiteness can be used

to establish the following ordering relationship.

Lemma 5.6.4 Ifc > ay[k] > aslk] > 0,VEk, then

i sup{pa, [K] = pa K]}y > 0 (5.6.80)

Proof: By the updating rule in eq. 5.6.74, we can easily establish the following

bounds.
M? < poy k] < pay[K] < pe[k], k> 1 (5.6.81)

where p.[k] is similarly defined as in Lemma 5.6.3. By Lemma 5.6.3, we know
limy o pe[k] exists and is finite. By eq. 5.6.81, we know limy_, o sup{pa, [k] —

Das [K]}72 v exists. Because pa, [k] > pay K]

Nh—n>1oo Sup{poq [k] — Pas [k] }ZO:N 2 0. <>
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We now use Lemma 5.6.4 to derive lower and upper bounds on p[k] for bounded

alk].

Corollary 5.6.2 If0 < afk] <1, then

Nliinoo sup{plk]}ren = m (5.6.82)
Nlim sup{plk| }ren < Du (5.6.83)

where p; and p, are the positive solutions to the following equations.

po= ppi+2y/pM o+ M? (5.6.84)
Pu = ppu+2ypMg(1)/p, + M? (5.6.85)

Corollary 5.6.2 comes directly from Lemma 5.6.4 with Lemma 5.6.3 considered.

Its proof is omitted.

Proof of Proposition 5.4.1: Applying Lemma 5.6.1 to L?[k] + L3[k] yields

Ly[k] + L3[k]

— 2plklg (2 logy G:FZDD

> 2plk] (5.6.86)

The fact g (2 ‘logQ (é;{g) D > 1 is utilized to derive the above inequality. Com-

pute the ultimate bound on eq. 5.6.86, we get

J o= Jim sup{L3[K] + LM} (5.6.87)
> 2N1im sup{p[k]} i n (5.6.88)
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where J is the performance achieved by some bit assignment policy. Applying

Corollary 5.6.2, especially eq. 5.6.82, to eq. 5.6.88 yields

J = 2p (5.6.89)

where p; is defined in eq. 5.6.84. Note that eq. 5.6.84 and 5.4.27 are the same. So

P = Po (5.6.90)

Eq. 5.6.89 holds for J under any bit assignment policy. It certainly holds for the

optimal bit assignment policy which yields the performance of J*. So

J* > 2pl

Proof of Proposition 5.4.2: Under the specified static policy, L;[k] (i = 1,2)

is evolved as

Ai
Lilk+1] = WLi[k:] + M
Ai

From eq. 5.6.91, we know limy__, L;[k] (i = 1, 2) exists and is equal to L;, which

is defined as

L; = , (5.6.92)
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Due to the configuration of b; and by, we can verify that 2’\711 = 2’\722 Denote ¢ = 2’\711
Then p = A\ \p/2" = ¢ Because p < 1, ¢ < 1. By eq. 5.6.92, we obtain that
M
Li=1Ly= 5.6.93
y= L= (56.93)

By eq. 5.6.93 and p = ¢?, we can verify that L? is a solution to eq. 5.4.27. Because
po is also the solution to eq. 5.4.27 and eq. 5.4.27 has a unique solution due to

p <1, we get
L =1pqo (5.6.94)
The performance under the specified static policy is

Jstatic = th Sup{L%[k]—i_Lg[k]};O:N
= Li+ L3

= 2L7 (5.6.95)
Substituting eq. 5.6.94 into eq. 5.6.95 yields
Jstatic = 2]90 = l (5696)

So the lower bound J is achieved by the given static bit assignment policy. Clearly,
J = Jsatic > J* (otherwise J* is not optimal). From proposition 5.4.1, we know

that J* > J, so we can conlude that J* = J = Jyatic. <
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Proof of Proposition 5.4.3: By the updating rule of L;[k] in eq. 5.2.9, we

obtain

L3k + 1)+ L3k + 1]

A RS ’
- <2bl[k1L1[k]) +<2bz[k}L2[k])
A2

A
+2M (QTl[k]Ll[k] + St L2 [k]) + 20>

— 2pplHlg (2alk]) + 4M \/pplklg(alk]) + 2M1 (5.6.97)

where afk] = }log2 (%ﬁéﬁ—%) ‘ By Corollary 5.6.1, we know a[k] < 1. By the

strictly increasing property of g(a) for a > 0, we get

g(alk]) < g(1) (5.6.98)
9(2alk]) < g(2)
Substituting eq. 5.6.98 into eq. 5.6.97 yields
Lilk + 1] + L3[k + 1]
< 2pplklg(2) + 4M/p\/plk]g(1) + 2M° (5.6.99)

Under DBAP, the performance achieved is Jpgap. Computing the ultimate bound
on both sides of eq. 5.6.99 yields

Joap = Nhinoo sup{Li[k + 1] + L3[k + 1]} 32y
< 2pg(2) lim sup{p[k]};iy

+4M\/ﬁg(1)\/Nli_n}oo sup{p[k]}32 +2M*
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Applying Corollary 5.6.2 to the above equality yields

Jopar < J = 2pg(2)py + 4AM/pg(1)\/pa + 2M>

Clearly J* < Jppap, so we can conclude J* < J. &
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CHAPTER 6

CONCLUSIONS

This thesis studies control systems with limited feedback information. Two
types of feedback limitations, dropout and quantization, are studied. We analyze
the effect of dropout and quantization on stability and performance of control
systems and develop synthesis methods to improve system performance.

We consider two dropout models, independent and identically distributed
(ii.d.) processes and Markov chains. For a control system with i.i.d. dropouts,

we

1. Obtained the closed-form expression of the output’s power spectral density

(PSD).

2. Proposed a linear time-invariant (LTT) system which is equivalent to the
original control system in the sense of the same stability condition and the
same output’s PSD. We show that we can do synthesis through the equiva-

lent LTT system.

3. Designed the optimal linear dropout compensator which takes a form of

optimization among a group of LQG controllers.

For a control system with dropouts governed by a Markov chain, we
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1. Proved the necessity of the stability condition in theorem 3.2.1. That con-

dition is more convenient than the other testing conditions.
2. Computed the output power.

3. Formulated the optimal dropout policy problem. That problem is sovled
through a gradient method and a branch-and-bound method. The achieved
optimal dropout policy is implemented as a new QoS (quality of service)
constraint in real-time resource scheduling. Simulations show that the new
QoS constrant can yield good real-time control performance [49] [50]. We did

some hardware experiments to verify the achieved optimal dropout policy.

4. Extended the achieved performance computation and optimal dropout pol-

icy results to a distributed control system.
For a control system with quantization, we

1. Derived the minimum constant bit rate to guarantee stability (asymptotic
stability for noise-free quantized systems and BIBO stability for quantized
systems with bounded noise). We proposed a dynamic bit assignment policy

(DBAP), which can achieve the minimum constant bit rate for stability.

2. Formulated the optimal quantization policy problem. For a noise-free quan-
tized system, the optimal quantization policy is obtained, which is the pre-
viously proposed DBAP with slight modification. For a quantized system
with bounded noise, both a lower bound and an upper bound on the optimal
performance are proposed. The upper bound can always be achieved by the
proposed DBAP. So DBAP may be viewed as a sub-optimal quantization

policy with known performance gap.
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APPENDIX A

MATHEMATICAL PRELIMINARIES

A.1 Convergence of stochastic processes

Let = be a random vector and let E[z] denote the expectation of x. A real-
valued discrete-time stochastic process x = {z[n]} is convergent in the mean
square sense if there exists a random vector T such that

lim B [(z[n] — 7)7 (2[n] — )] = 0.

n—o0

It can be shown [68] that a random process = {z[n]} is convergent in the mean

square sense if and only if

lim sup E [(z[m] — z[n])" (z[m] — z[n])] = 0.

n—00 1y >n

A.2  Wide sense stationary stochastic processes

A random process © = {x[n|} is said to be wide sense stationary (WSS) if its
mean is constant and its covariance is shift invariant. In other words, {z[n|} is
WSS if and only if E [z[n]] = constant = p, and E [(z[k] — pz)(z[l] — p1)7] =
E [(z[k 4+ n] — po)(2[l + n] — p,)T] for arbitrary n. Obviously if {z[n]} is WSS,
E [z[k]z"[l]] = E [2[k + n]a” [l + n]] for arbitrary n. The mean of the WSS pro-

cess * = {z[n|} is denoted as p, and the correlation matrix of this process is
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denoted as R,,(m) = E [z[n + m]z[n]"], where n can be arbitrarily choosen be-
cause of the wide sense stationarity of x.
If x = {z[n]} is WSS, then the power spectral density (PSD) of z is the Fourier

transform of its covariance function !,

Saa(€) = Y Raa(m)e 7%, (A.2.1)
k=—o0

Given two WSS processes © = {z[n]} and y = {y[n]}, the cross-correlation func-
tion R,y (m) = E [z[n + m]y[n]”] is also shift invariant with respect to n. The
cross spectral density Sy, (e’*) is obtained by taking the Fourier transform of the
cross-correlation function. In this proposal, we often drop the explicit dependence
on €/ to improve the readability. In this case, S,.(e’*) will be simply denoted as
Sz The complex conjugate transpose of S, is denoted as S, and satisfies the

equation S7, (e?@) = ST (e=v).
Some of the technical proofs in this thesis use a single-sided Fourier transform.
Given a WSS process x, the positive and negative single-sided power spectral

densities are defined by the equations

o0

S;m(ejw) = ZRII[m]e_jmwa
m=1

-1
S (e) = Z Ryp[m]e™ ™.

m=—00

Since R,.(m) = RI (—m), it is straightforward to see that

Sto=[5.]"- (A.2.2)

Tx

'Most of the WSS processes in this thesis are zero mean, so their covariances (cross-
covariances) and correlations (cross-correlations) are equal. Therefore we interchangeably use
these terms.
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So the power spectral density can be expressed as
Spe = St 4+ 5 + R, [0). (A.2.3)
The power of a WSS process = = {z[n]} is
E[z"z] = Trace(R,,[0]). (A.2.4)
By equation A.2.1, we obtain

T _ i/ﬂ jw
E[z" z] = Trace (27r B Szz(€?)dw | .

Under the assumption that the input is white noise with unit variance, the power
of an LTT system’s output is the square of the Hy norm of the system [39]. So the
output’s power can be used to measure the noise attenuation property of a system
with noise input.

Ergodicity is an important property of a WSS process. The mean of x, E [z[n]],

is the ensemble average of z[n| (because x is WSS, E [z[n]] is constant for any n.).

The time average of x for n steps is defined as E [z[n]] = LS xli]. @ is ergodic
if
lim E[z[n]] = E[z[n]] in the mean square sense. (A.2.5)

It can be shown [60] that a WSS process x = {z[n]} is ergodic if

m—->00

lim B |(afn+m] - ) (o] - )| =0,
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where u, = E [z[n]]. When p, = 0, the above condition is equivalent to lim,, .o, R..[m] =

0.

A.3 Kronecker product

Some of the technical proofs in this thesis make use of the Kronecker product,

® [8]. The Kronecker product of two matrices A = (aij)mxn, B = (bpg) pxq 18

defined as
[ anB  apB -+ anB ]
Ao B— anB  axpB -+ anDB
aynB aypB - aynB

L d mpPxNQg

For simplicity, A ® A is denoted as AlZl and A ® A" is denoted as A1 (n > 2).

For two vectors x and y,  ® y simply rearranges the columns of zy? into a
vector. So for two WSS processes {z[n]} and {y[n]}, lim, . E[z[n] ® y[n]] =0
if and only if lim, . E [z[n]y”[n]] = 0. It then follows that a zero-mean WSS

process x = {z[n]} is ergodic if

lim E[z[n+ m] ® z[n]] = 0.

m——00

The following property of Kronecker product will be frequently used in the

technical proofs,

(A1 Ay~ A,) @ (By By By,) = (A1 @ By) (A ® By) -+ - (A, ® By), (A.3.6)

where A;, Bi(i = 1,2,---,n) are all matrices with appropriate dimensions.
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In computations using Kronecker product, two linear operators, vec and de-
vec, are used. The vec operator transforms a matrix A = (a;;)mxn into the

vector

vec(A) = a1y ag1 -+ an arz - Ay aay - ann)

The devec operator inverts the vec operator for a square matrix, i.e.

devec (vec (A)) = A (A.3.7)

where A is a square matrix.
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