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Abstract

Anytime Channel Coding with Feedback
by

Hidayet Tunc Simsek
Doctor of Philosophy in Engineering — Electrical Engineering
and Computer Sciences

University of California, Berkeley

Professor Pravin P. Varaiya, Chair

We build on the Anytime information theory of Anant Sahai. Within that broad range we focus on the
Anytime channel coding problem for discrete-time memoryless channels with noiseless feedback. Our
main result is an upper bound on the exponent of anytime coding. For the special case of a Binary
Erasure Channel with feedback the result is tight or, in other words, the upper bound is achievable. The
upper bound turns out to have some interesting properties. For any discrete-time memoryless channel
the bound is a concave function, it is strictly positive for all rates up to capacity and identically zero
at capacity. Furthermore, for symmetric channels, the bound is expressed parametrically in terms of
Gallager’s exponent which is generally denoted as Ey. The discussion occupies Chapters 1-3.

In Chapter 4, we specialize to the Binary Symmetric Channel and design a family of ‘time-
sharing’ codes that achieve an exponent close to the upper bound. In particular, the achievable region
beats the sphere-packing bound which was thought to be a hard bound on performance with fixed
delays [21]. This shows that the sphere-packing bound is misleading when it comes to the opportunities
provided by feedback.

The two additional chapters may be read independently of the former material. In Chapter 5
we consider the problem of anytime relaying. We are interested in this problem because it represents
the simplest instance of a more general problem of real-time data processing. The relaying node must
be able to decode, interpret and re-encode the incoming data in a streaming fashion. We are unable to
treat the relaying problem in general and therefore restrict our attention to the special case of a one-hop
relay in which the link from the source node to the relaying node is an Erasure Channel with feedback.
In this case we are able to give a precise characterization of the anytime capacity of the end-to-end
relay.

In the final chapter we consider an infinite state Markovian jump system. The material pre-
sented in this chapter unfolded during one of our many attempts to model our anytime codes. We present
stability criteria for jump systems. Our results may be viewed as a simpler and finite alternative to the
traditional criteria which requires the solution of an infinite set of balance equations.

Professor Pravin P. Varaiya

Dissertation Committee Chair






To my mother, father and brother.



Contents

List of Figures

1

Introduction

1.1 Summary of main results . . . . . .. Lo Lo

1.2 List of notation . . . . . . . . . . . e e
1.2.1 Conventional symbols used in equations and derivations . . . . . . ... ... ..
1.2.2  Symbols used to describe channels . . . . . .. .. ... 00000
1.2.3 Notation relating to fixed-length and variable-length block-coding . . . . . . ..
1.2.4 Notations specific to Anytime coding . . . . . . . . . . . ... .. .. .. ... ..
1.2.5 List of reliability functions . . . . . . . .. . ... o

The role of feedback in traditional communication

2.1 The reliability function for block coding . . . . . . . . ... ... ... ... ... ....
2.2 The reliability function for variable-length block coding . . . . . ... ... ... .. ..
2.3 An asymptotically optimal variable-length block coding technique for the Binary Sym-
metric Channel . . . . . . .. L e
2.3.1 The more general case . . . . . . . . . . ..o e
2.4 DiScussion . . . . ... e e e
2.4.1 Schalkwijk’s one-up J-down method . . .. ... ... ... . ... ........
2.4.2 Limited feedback . . . . . . . ..

Anytime channel coding with feedback

3.1 Problem set-up . . . . . . .

3.2 The random coding bound . . . . . . .. L L

3.3 A time-sharing upper bound . . . . . .. .. L
3.3.1 A parametric representation for symmetric channels . . . . .. ... ... ...
3.3.2  The bound is tight for the Binary Erasure Channel with feedback . . . . . . . ..

3.4 Anytime coding and estimation of unstable systems. . . . . . ... ... L.

3.5 Discussion: Tree codes . . . . . . . . . L

A time-sharing anytime code

4.1 The estimation problem . . . . . . . ...

4.2 The best estimator for the perfect channel . . . . . . . . .. ... ... ... .......

4.3 A decent estimator for a non-perfect channel . . . . . . ... ... 0oL
4.3.1 Thedecoder. . . . . . . . . . e e
4.3.2 Theencoder. . . . . . . . . . . e e e

ii

o
ENEENEEN B o o N NNV <

—_
— o ©

12
17
19
19
22

23
23
26
26
28
30
31
34



iii

4.3.3 Mathematical model of encoder-decoder . . . . . . . .. . ... ... ....... 42

4.3.4 The formulas are tight for the Binary Erasure Channel . . . . . . . ... ... .. 48

4.3.5 The formulas are decent for a good Binary Symmetric Channel . . . . . . .. .. 49

4.4 Improving the estimator for a non-perfect channel . . . . . . . ... ... ... ..... 50
4.4.1 'The inner encoder-decoder: creating the virtual channel . . . . . . . ... .. .. 50

4.4.2 The outer decoder . . . . . . . . . .. 52

4.4.3 The outer encoder . . . . . . . . . ... e e 53

4.4.4 Mathematical model of the modified system . . . . . .. ... ... ... ..... 54

4.4.5 Performance for a noisy Binary Symmetric Channel . . . . . .. ... ... ... 57

4.5 DiScussion . . . . . .. e e 58

5 Regenerative relaying 60
5.1 Producing an estimate at therelay . . . . . . . . .. ... Lo 61
5.2 Relaying the estimate . . . . . . . . .. L L 63
5.3 Analysis of the queuing system . . . . . . . ... L 65

6 Recurrence and stability in infinite Markovian jump systems 67
6.1 Preliminaries . . . . . . . . . . e e e e 70
6.2 Main results . . . . . . . e e e 72
6.3 Conclusion . . . . . . . . . e e e e 76

7 Future work: Noisy feedback 78

Bibliography 81



List of Figures

1.1
1.2
1.3

14

21
2.2
2.3

24

3.1
3.2
3.3
3.4
3.5

4.1
4.2

4.3

5.1

5.2

The dynamic programming framework for tracking a random walk. . . . . . .. ... ..
The anytime framework for tracking a random walk. . . . . ... ... ... ... ....
Plot of the Anytime upper bound E;(R) as a function of the transmission rate R for a
Binary Erasure Channel with erasure probability e = 1/4. The curve is described as the
greatest lower bound for a family of curves parameterized by 0 < A< 1. . . ... .. ..
The Anytime exponent for various N-up J-down codes for a Binary Symmetric Channel
with crossover probability € = 1/4. The curve E; (R) is the Anytime upper bound and
Eqp(R) is the sphere-packing bound. . . . . ... ... ... ... . 00 0L

The reliability function of a Binary Symmetric Channel (e = .1) with feedback. . . . . .
Ilustration of one block of transmission for the asymptotically optimal encoder-decoder.
The achievable reliability region for a Binary Erasure Channel with erasure probability
0 < e< I e e e e e e
Mustration of 1-up J-down method for J =2. . . . . . . .. .. .. ... ... .. ....

A block diagram illustrating the set-up of anytime coding with feedback. . . . . . . . ..
Sketch of Eg(p). . . -« o o o o o
Plot of E(R) vs. R for a Binary Erasure Channel with erasure probability e = 1/4. . .
A block diagram illustrating the construction of an anytime code from a state estimator.
A rate R = 1/3 Tree-code with two branches, each labeled with ¢ = 3 channel symbols.
The source bits s,, n =0,1,2,--- are indicated below branches and the channel symbols

are indicated above the branches. . . . . . . . ... oo Lo
Illustration of three possible cases in the transmission of the control and information parts.
Anytime exponent EC(LN), N =2.3,---,11 of time-sharing code for a Binary Symmetric

Channel with cross-over probability € = 0.01 and no forward error protection. . . . . . .
The improved anytime exponent for a noisy Binary Symmetric Channel with cross-over
probability e = 0.25. . . . . . oL oL

An abstract relaying system. The L-bit erasure channel is a discrete-time memoryless
channel described by P(b, = a | a, =a) =1 —¢ and P(b, = 0 | a, = a) = ¢ for all
ac{1,2,--- 2Ly
Illustration of the series queuing system for the source and relay. . . . . ... ... ...

iv

W

13
14

19
20

24
29
32
35

37



6.1

7.1

A simple infinite Markov jump linear system. The state (k) of the chain takes values
in S ={(0,0),(1,0),(2,0),(2,1),(3,0),(3,1),(3,2),- - - }. The transition probabilities are
g =CX\"i>0,A>16/3 and C =1/> 22 A" The coeflicient process is Ao =1/2
and for all 1 <j+1<d, Ay =2.. . oo

The noisy feedback exponent E; and the Sphere-packing bound Ej,. The forward channel
is a Binary Symmetric Channel (BSC) with cross-over probability .1 and the reverse
channel is a BSC with cross-over probability 1076, . . . . . .. ... ... ... .. ...



vi

Acknowledgments

Its hard to find the right words to express my gratitude to my advisor Professor Pravin Varaiya. He
has opened the doors for a brave new world, one in which I'm motivated by the self-contained beauty
of scientific innovation and by rational thought and consideration for the basic problems. I've tried to
follow along his footsteps and I can only hope that I will one day reach a tiny fraction of his wisdom
and thoughtfulness. Most of all, I thank him for his friendship, through which I’ve become a better
person.

I thank Professor Anant Sahai for his trust and sincere interest in my education and for showing
me the ’scientific way’ of doing things. This dissertation would not have been possible without his due
diligence, thoroughness and razor sharp sense for the subject material. I hope that the results in this
dissertation are found to be useful to the Anytime Information Theory which he published four years
ago.

I thank Professor Karl Hedrick for being an invaluable mentor over the entire span of my
graduate life. He taught me the right way to do cross-disciplinary research in the DARPA funded
Mobies program.

I thank Professor Kemal Inan, without whom none of this would have been possible. Before I
met him, science to me was something other people did. I am forever in his gratitude.

I would also like to thank my fellow students Rahul Jain and Duke Lee for being there through
the good and the bad and for their sincere friendship.

Last but not least, I thank my loving mother, father, brother and my sweetheart Marcela. I
cannot imagine myself going through with this degree without their unconditional love and support.



Chapter 1

Introduction

The reliable communication of real-time information over unreliable communication channels is
central in modern technological applications. Examples include interactive streaming multimedia found
in the on-line entertainment industry and interactive trading systems such as distributed auctions. There
is no shortage of demand for real-time communications and, fortunately, on the technological side, there
is no shortage of supply. We witness rapid development of integrated communication systems that
match and often surpass the requirements of the driving applications. In fact, we often see technology
driving the applications.

At the theoretical foundations of reliable communication of streaming data lies the simply
stated problem of estimating an unstable system from measurements taken over a noisy data-rate limited
communications link. In contrast to advances in technology, this seemingly simple problem, originally
motivated by Schalkwijk and Kailath [26, 24] in the 1960s, has since evaded a sufficiently general
understanding and a general method of design. Dynamic programming emerged as the favorite approach
but, ultimately, proved not to be a broadly applicable methodology. In the absence of additional
assumptions on the channel, the dynamic programming approach did not lead to tractable and useful
formulations.

A recent and more fundamental approach is contained in the Anytime information transmission
theorem of A. Sahai [22] in 2001. Contrary to previous belief, Sahai’s theorem demonstrates the existence
of encoders and decoders that are capable of tracking a random walk remotely over an arbitrary discrete-
time memoryless channel. No additional assumptions are needed on the channel. To see what’s going
on consider the situation illustrated in Figures 1.1 and Figure 1.2. The source is a random walk
described by the recursion z,+1 = x, + S, in which zp = 0 and the {s,} are i.i.d. coin tosses with
P(s, = 1) = P(s, = —1) = 1/2. In contrast to the standard assumptions on the source, the random
walk is not stationary and the variance of x,, tends to infinity. The communication channel is modeled
by a conditional probability distribution @, (b|a) defined over the channel inputs a = 1,2,--- , A and the
channel outputs b = 1,2,--- , B. The tracking problem is to design an encoder that causally observes
T, and a decoder that, at time n, produces an estimate y, of x,, such that,

sup E|z, — yn|? < 0. (1.1)

n>0
The diagram in Figure 1.1 depicts the traditional framework, originally proposed by Witsen-
hausen [35]. The idea is to formulate the problem as a controller design problem. The decoder is
modeled as a dynamic system y, = D,(y" !,b,) and the encoder is modeled as a controller which
steers the decoder through the noisy control signal b,. As pointed out by Walrand and Varaiya [33] the



design problem may be casted as a dynamic program with partial information. The information state
crucially depends on the channel and admits no tractable representation in the absence of additional
simplifying assumptions.

The diagram in Figure 1.2 depicts the Anytime framework proposed by Sahai. In the spirit of
Shannon the idea is to break up the system into a source encoder-decoder and channel encoder-decoder
and to think of these as two separate design problems. For a simple random walk the source encoder-
decoder is trivial. In particular, the source encoder is described by the functions 5;? (™) = sp, n >0,
and the source decoder is described by the functions D; (3(n)) = >_I, 8, n > 0. The heart of the
matter lies in the channel encoder £2(s™, ") and the channel decoder §(n) = D2(b") in which 3(n) is
a vector-valued estimate of the entire history of the bits that have entered the encoder up to time n,

3(n) = (31(n),32(n), -+ ,5,(n)), n > 0.

Observe that the estimate of a particular bit may change at ‘any’ future time. The anytime channel
coding theorem states that for a discrete-time memoryless channel with Shannon capacity greater than
one there exists a channel encoder-decoder (€%, D*) with parameters « > 0 and 5 > 0 such that for all
times n > 0 and for all delays 0 < d < n we have,

P(sp—q # Sn—a(n)) < f27 (1.2)

So the probability of decoding error for a past bit drops off exponentially in the amount of time that
the system had to decode that bit. The tracking property (1.1) then follows as,

Elz, —yal? =Y |20 — D5 (3(n))|* P(5(n))

n

_ Z |20 — > 5| P(3(n))

1=1

=51 s =Y 5[ PG(n))

s™ =1 =1
< > pd

0<d<n

B

—1-2«@
< 0.

We note the anytime channel coding theorem also justifies the use of the term ‘anytime’. More precisely,
the estimate of any given bit is permitted to change at any time and the estimate monotonically improves
in time.

In contrast with the traditional approach, the anytime approach imposes no additional require-
ments on the channel except that its Shannon capacity is bigger than one. It should be pretty clear
that if the capacity is less than one then there is no encoder-decoder that can track the random walk.
The additional flexibility of the anytime approach is because the decoder is allowed to re-examine its
past estimates based on its current knowledge. The traditional decoder is strictly progressive.

This brings us to the main subject of this dissertation. We attempt to contribute to the basic
problem by determining bounds on the anytime exponent o and to design anytime codes that achieve
or come close to these bounds. We will not worry about the magnitude of the coefficient 3 in our



calculations. If a; > aw, it is quite meaningful to say that one code with parameters (a1, 51) is better
than another code with parameters (g, (2): For any particular bit the probability of bit decoding error
in (1.2) is governed by the exponent rather than the coefficient.

1.1 Summary of main results

We consider the anytime channel problem as described above. In addition to what is described
above the rate at which new bits enter the encoder is permitted to be different than one and is denoted
by R (R > 0). This roughly means that by time n a total of j, = [nR]| source bits have entered the
encoder and, correspondingly, the decoder’s estimate at time n is given by,

3(n) = (31(n), 52(n), -+ . 3, (n)).

Consequently the anytime exponent also depends on the rate R and we write a(R) to denote the
dependence. The basic problem is to determine bounds on the anytime exponent «(R) and design
anytime codes that achieve or come close to these bounds over all rates R for which the anytime
exponent is non-zero.

The presentation consists of three parts. In the first part of our presentation we survey the
literature and present relevant results for the reliability function of block coding with and without
channel feedback. The purpose in doing so is to understand and, if possible, leverage the relationship
between the anytime exponent and the traditional reliability function of block coding.

The case of block coding with no feedback is well-understood and is treated in standard
textbooks. By contrast, when feedback is permitted, we come across a number of surprising results that
have not quite made it into the textbooks. We place emphasis on two such results (Theorems 2.1.1 and
2.2.1) which, at a very high level, state that feedback cannot be used to improve the reliability function
for symmetric channels and that the reliability function can be significantly improved if the block length
is allowed to depend on the feedback. We subsequently make use of the first result to upper bound
(Theorem 3.3.1) the anytime exponent for symmetric channels and we use the second result in our code
designs to improve the region of achievable exponents (Theorem 4.4.1).

Our upper bound turns out to have some desirable properties. In the second part of our
presentation we focus on the upper bound and demonstrate that it is concave, positive for all rates R
up to capacity C' and identically zero at capacity (Theorem 3.3.2). For symmetric channels, we are able
to express our bound parametrically in terms of Gallager’s exponent which is usually denoted by FEjy.
So our upper bound is a ‘nice’ function. We subsequently argue that the bound is also a nice bound. In
particular, it is tight for a Binary Erasure Channel with feedback. The upper bound, denoted E; (R),
is plotted in Figure 1.3 for a Binary Erasure Channel with erasure probability ¢ = 1/4. The curve is
described as the greatest lower bound for a family of curves parameterized by 0 < A < 1.

We conclude the main subject of our presentation by designing a time-sharing anytime code for
discrete-time memoryless channels with perfect feedback (Theorems 4.3.1 and 4.4.1). The performance
of the code is measured in terms of the region of achievable exponents. For the Binary Erasure Channel
the time-sharing reduces to a trivial bit-by-bit repetition scheme that achieves the upper bound. For
the Binary Symmetric Channel there is no such trivial reduction. We present a family of ‘N-up J-
down’ schemes that are fairly simple and achieves a region close to the upper bound. In particular, the
achievable region beats the sphere-packing bound which was thought to be a hard bound on performance
with fixed delays [21]. This shows that the sphere-packing bound is misleading when it comes to the
opportunities provided by feedback. The Anytime exponent for various N-up J-down codes for a Binary
Symmetric Channel with crossover probability € = 1/4 are sketched in Figure 1.4. The reliability region
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Figure 1.2: The anytime framework for tracking a random walk.
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Figure 1.3: Plot of the Anytime upper bound E}(R) as a function of the transmission rate R for a
Binary Erasure Channel with erasure probability e = 1/4. The curve is described as the greatest lower
bound for a family of curves parameterized by 0 < A < 1.

achievable by the family of N-up J-down curves is understood to be greater than the least upper bound
of these curves. The curve E; (R) is the Anytime upper bound and Ep(R) is the sphere-packing bound.

Two subsequent chapters may be read independently of the former material. In Chapter 5 we
consider the problem of anytime relaying. We are interested in this problem because it represents the
simplest instance of a more general problem of real-time data processing. The relaying node must be
able to decode, interpret and re-encode the incoming data in a streaming fashion. We are unable to
treat the relaying problem in general and therefore restrict our attention to the special case of a one-hop
relay in which the link from the source node to the relaying node is an Erasure Channel with feedback.
In this case we are able to give a precise characterization of the anytime capacity of the end-to-end relay
(Theorem 5.2.1).

In the final chapter we consider an infinite state Markovian jump system. The material pre-
sented in this chapter unfolded during one of our many attempts to model our anytime codes. We
present sufficient conditions (Theorems 6.2.1 and 6.2.2) under which the jump system is stable. These
conditions may be viewed as a simpler and finite alternative to the traditional formulation which requires
the solution of an infinite set of balance equations.
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Figure 1.4: The Anytime exponent for various N-up J-down codes for a Binary Symmetric Channel
with crossover probability € = 1/4. The curve E} (R) is the Anytime upper bound and Ej,(R) is the
sphere-packing bound.

1.2 List of notation

To assist with the presentation, we have compiled the following list of symbols which appear
in the subsequent material.
1.2.1 Conventional symbols used in equations and derivations
z* Shorthand for ¥ = x’f = (z1, 22, -+, k). Similarly for other symbols y, z, . ..
01, 02,03 Arbitrary small numbers used in approximations.
A, p,n Arbitrary optimization parameters.
P(X) Probability of the event X

E Expectation of the random variable X.

1.2.2 Symbols used to describe channels
¢ Binary Symmetric Channel (BSC) crossover probability.

¢ Binary Erasure Channel (BEC) erasure probability.



Pij, ¢i; Channel transition probabilities for an arbitrary discrete memoryless channel.
C Shannon capacity.
C1 Relative entropy. See Theorem 2.2.1.

CA Anytime capacity.

1.2.3 Notation relating to fixed-length and variable-length block-coding

R, R Transmission rate and average transmission rate.

T, N Block length for fixed-length block coding.

L Block length for fixed-length transmission of a binary message.

T, N Average block length for variable-length block coding.

a, by The random variables denoting the channel input and output at time k.
&k, Dy, The functions that describe the encoder and decoder.

P, Probability of decoding error.

P, ,,, Probability of decoding error given that the message m € {1,2,---, M} was transmitted.

1.2.4 Notations specific to Anytime coding
d Decoding delay.

P, s(j,n) Probability of decoding error for the j-th bit at time n given that the bit sequence s = s} =
(81,82, ,Sp) was transmitted.

xi,0 The state and system coefficient of an unstable system, Theorem 3.4.1 and (4.1).
Yrs T Decoder’s estimate of xj at time k.

o1, ¥, Functions that describe the state encoder and estimator.

I, Decoder’s interval of confidence for estimate Zy.

X, The worst-case estimation error.

1.2.5 List of reliability functions
E Reliability function for fixed-length block coding.

E, Random coding lower bound for the fixed-length block coding reliability function.

E™T Information theoretic upper bound for the reliability function of an arbitrary fixed-length block
code using feedback. See (2.2).

E,, Sphere-packing upper bound for the reliability function of an arbitrary fixed-length block code
using feedback over a symmetric channel. See Theorem 2.1.1.



E,,: Burnashev’s reliability function for variable-length block codes with full information feedback. See
Theorem 2.2.1.

E; Forney’s reliability function for variable-length block codes with binary decision feedback. See
Theorem 2.4.1.

E Viterbi’s reliability function for tree codes using feedback. See Theorem 3.5.1.
E, Anytime exponent or the Anytime reliability function.

E} Upper bound on the Anytime exponent. See Theorem 3.3.1 and 3.3.2. E} = Fp for symmetric
channels.

Ey Gallager’s exponent used in the parametric representation of Eg, and E;. See Theorem 2.1.1.



Chapter 2

The role of feedback in traditional
communication

The basic and generally adopted use of feedback is to improve the performance of a feed-forward
communication system. Schalkwijk and Kailath [26, 24] considered the Additive White Gaussian Noise
(AWGN) channel with an ‘average power’ constraint and they demonstrated that feedback can be
used in such a way that the probability of decoding error drops as a ‘double’ exponential in the block
length. This result is interesting because without feedback, by the sphere-packing bound ([14], 5.8.2),
the dependence is strictly exponential.

Therefore we are surprised to learn of Berlekamp’s result [3] which says that the sphere-packing
bound remains valid for the Binary Symmetric Channel even with access to noiseless and delayless
feedback. More generally, the sphere-packing bound remains valid for any ‘sufficiently symmetric’
discrete memoryless channel.

The gap between Schalkwijk’s result and that of Berlekamp’s is explained by Wyner [36] who
showed that the probability of decoding error for an AWGN with a ‘peak power’ constraint (instead
of the average power constraint) cannot drop off as a double exponential in the block length: the
dependence is strictly exponential. This leads us to think that the single exponential dependence and,
in particular, the sphere-packing bound, is not an artifact of symmetric discrete channels but rather
an artifact of the block-coding framework. Perhaps block-coding is not the ‘best’ way to transmit
information when feedback is available. In the rest of the chapter, we consider discrete memoryless
channels with perfect feedback and we bring into sharp focus the key results that describe the reliability
function for such channels (Theorems 2.1.1 and 2.2.1). Among these we pay special attention to the
technique of Yamamoto and Itoh [37, 38]. This is a simple variable-length block-coding strategy which
achieves reliabilities above the sphere-packing bound.

2.1 The reliability function for block coding

We begin with the case of fixed-length block-coding. This means that the decoder is asked
to make a decision exactly after N uses of the channel. More precisely, consider a set of M messages.
A message m (1 < m < M) is fed into the encoder. The encoder emits N channel symbols a,,
n =1,2,--- N to convey the message m to the decoder. The decoder receives b,, n = 1,2,--- | N.
There is a perfect feedback link from the decoder to the encoder. So the encoder is described by

functions,
an :gn(m,bl,b27... 7bn—1)7 n = 1727... 7N'
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The channel is described by a ‘memoryless’ probability distribution,

P(bn =b| ap=a,an_1,an_2, - ,ai, (2.1)
bp—_1,bn_o, - ,51)
]P’(bn:b|an:a)
= P, a=12,--- A b=1,2,--- B.

The decoder is described by the function,
m’ = D(bl,bg, ce ,bN).

Such a configuration defines a rate R = (log M)/N (nats) communication system with feedback. For
a family (N, M = 28N) of such fixed-length block codes the quantity that we are interested in is the
reliability function,

log P!
E(R) = lim —=-¢_
(R) = lim —==—,
in which P, is the probability of decoding error,
P. = max P{m’ #m | m was transmitted}.

The result that we are interested in says that if the channel is ‘sufficiently’ symmetric then the sphere-
packing bound remains an upper bound for the reliability function with feedback [1],

E(R) < E4(R),0<R<C.

The channel is said to be sufficiently symmetric if the set of all output symbols can be divided into
subsets in such a way that for each subset the submatrix of channel transition probabilities [p;;] possesses
the property that each row is a permutation of another row and each column is a transposition of another
column. The Binary Erasure and Binary Symmetric Channels are symmetric according to this definition.

If the channel is not symmetric then the reliability function with feedback can be larger than
the sphere-packing bound [39]. In this case we know that the following quantity is an upper bound on
the reliability function with feedback,

: 9ij
ET(R) = j log = I(G,q) <R 2.2
(R) mén{mgxgjgw og - maxI(G,q) < } (2.2)
where G' = {g;;} is a probability matrix and I(G, ¢) measures the information as,
gii
I(G,q) =Y aigijlog <—2—
5 i 4iYij

These results are summarized in the following Theorem.

Theorem 2.1.1 (Arutyunyan,[1]) Consider a family (N,28Y) of rate R block codes with access to
noiseless and delayless feedback. Then,

E(R)< ET(R), 0<R<C,
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where ET is defined in (2.2). If the channel is symmetric then ET reduces to the sphere-packing bound
ET(R) = Esy(R), 0 < R < C. The sphere-packing bound may be calculated by the following expression
given in [1],

— i A log T2 < <R<
Ep(R) m?xmén{zi:qlzj:gw logpij : I(G,q) < R}, 0<R<C,

or the following parametric Gallager form [14],
Eyp(R) = max [Ey(R, p) —
p(R) = max [Eo(R, p) — pR]

1 7 (1+p)
:| ,0<R<C.

Eo(R,p) = —max y | [Z ;"
7 i

Remark 2.1.1 An earlier version of Theorem 2.1.1 was given by Dobrushin [9]. He considered a
restricted class of symmetric discrete-time memoryless channels with feedback. For this class he showed
that feedback cannot be used to improve the reliability exponent for rates R larger than a critical threshold.

2.2 The reliability function for variable-length block coding

In variable-delay coding we allow the decoder to select when it wants to stop decoding. A
message m (m = 1,2,--- M) enters an encoder. The encoder is described by the process,

G, :En(m)blab27”' 7bn—1)7 n= 172a”' ) (23)

in which n is an index that denotes the n-th channel use and {ay,b,} are channel inputs and outputs
described by a memoryless probability distribution,

P(bn:b\an:a):pab, a=1,2,---,A, b=1,2,.-- B,

At each time n the decoder receives b,. Based on what it has received up to time n the decoder either
makes an estimate m’ of m at time n or refrains from making a decision at time n. So the decoder is
described by a process,

Dn(b17b27"' 7bn) 6{1?27"' 7M} U{Q}’ n:172>"'7

where () denotes that no decision has been made.
Both the encoder and decoder processes terminate at the first time instant when the decoder
makes a decision. We will write T to denote this time instant,

T =min{n > 1 : Dy(by, b, - ,by) # 0}.

Keep in mind that 7" is a random variable and both the encoder and decoder are random processes with
random termination times. For the set-up to make sense we need to know that the process terminates.
Typically, the following condition is required,

P(T < o0) = 1.

We would like to know more about the distribution of 7', but such an analysis is quite difficult except
for a few special cases. Write T' = ET'. Keeping in mind that 7' can be infinite we define the rate of a
variable-length code as,

log M

R=
T )
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and we define the probability decoding error,

P, = max MIP’(’Dn(bl, -+« ,by) #m | T = n and message m was transmitted)
m

3457

where we assumed equally likely messages. Finally, for a family (R, QTR)

we define the reliability function as,

of rate R encoder-decoders,

_ log P!
B(R) = lim OgT@

b
when the limit exists.

Theorem 2.2.1 (Burnashev, [5]) Consider a discrete-time memoryless channel with feedback and
transition probabilities {p;; # 0}. For a family (T,2T®) of rate R encoder-decoders, the reliability is
upper bounded as,

E(R) < Eop(R) = C <1 - 2) 0<R<C,

where,
Pl
C1 =max ) p;log—.
ik zl: T
Furthermore, there exists a family that achieves Eqpt(R) for all0 < R < C.

There are a few notable properties of this result. We mention two of these. First, C; is
extremely easy to calculate for any discrete-time memoryless channel. Second, the performance exceeds
that of the sphere packing bound. A plot of E,,(R) and Eg,(R) for a binary symmetric channel with
cross-over probability € = 0.1 is illustrated in Figure 2.1. Finally, that F,, is a straight line suggests
a ‘time-sharing’ property of the family of encoders-decoders that achieve E,,;. This turns out to be a
correct observation and is developed further in the following section.

Horstein [17] considered a slight variation of the problem for the special case of the binary
symmetric channel. Instead of the message decoding error he considered the bit decoding error. He was
able to show that, on the average, one could achieve a reliability of orders of magnitude better than the
sphere packing bound. In particular, Horstein claims significant reliability in the near neighborhood of
capacity rather than having the reliability go to zero. However, in his approach, the ‘per bit’ transmission
time is counted only after a bit becomes active at the encoder. He did not count the time from when
the bit became available there.

2.3 An asymptotically optimal variable-length block coding tech-
nique for the Binary Symmetric Channel

We describe a very simple ‘time-sharing’ coding method which achieves the optimal variable-
length block coding exponent FE,,; for a Binary Symmetric Channel with cross-over probability 0 < e <
1/2. The material described here was originally sketched out and the results conjectured by A. Sahai
in a discussion with the author. After this text was written Sahai discovered that this method was
previously described in Yamamoto and Itoh [37, 38].
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Figure 2.1: The reliability function of a Binary Symmetric Channel (e = .1) with feedback.
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Let 0 < R < C be a given average rate of transmission. Let N, p > 1 and § > 0 be parameters
to be determined later. For simplicity we will always assume that 2%V is an integer. For notational
convenience we also introduce an auxiliary parameter L defined as,

r=n- 2N
C—-9
The encoder begins by transmitting the message m using a length N — L block code that works well
at rates near the channel capacity. Based on what it has received, a maximum-likelihood (ML) decoder
produces an estimate m’ of the true message m. Observe that the encoder can also determine m’. If
m’ = m then the encoder sends L ones to indicate a ‘confirmation’ and if m’ # m it sends L zeros
to indicate a ‘deny’. At time N, the decoder makes a decision in favor of message m’ if (L — [peL])
or more ones were received. Otherwise the decoder makes no decision. This situation is illustrated in
Figure 2.2. The procedure continues in transmission of blocks of length N. At time kIV, if no decision
has been made then the decoder forgets about what it has observed up to time kN and the procedure
is repeated starting at time kN + 1.

Transmit message 7 €{1,2, ... , M}

Transmit

confirm

T sl
N-L L

Figure 2.2: Illustration of one block of transmission for the asymptotically optimal encoder-decoder.

Let @ denote the probability of the decoder making a decision at time N and write P = 1— Q.
Observe that at time N no decision is made either if (a) m’ = m and peL or more bits were flipped by
the binary symmetric channel in the subsequent transmission of the confirmation signal or (b) m’ # m
and fewer than (L — peL) bits were flipped by the channel in the subsequent transmission of the deny
signal. This translates to the following bound,

L
I\ . .
P<P(m = t itted ) H1— et
< P(m' = m | m was transmitted) x <z)€( €)

i=|pel ]
L—|peL] N '
+P(m’ # m | m was transmitted) x Z <i>ez(1 — )k
i=0
L N ‘
< Z < .)61(1 -l 4 P(m' #m | m was transmitted)
i
i=|peL]

LpeL ] Le . (L—lpeL] L(1-o)
S eN[ T log [peL] +( T )log L*L/JGLJ] + Peb
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LoeN | Ne o (N—|peN) N(-¢)
SZmaX{eN[ N log v HTw )logN—LpeNJ], Peb} (2.4)

where we used the Chernoff bound (pp. 531, [14]) to approximate the summation and we wrote P’ to
denote the probability P(m’ #m | m was transmitted) of the block decoding error for message m. By
the random coding bound this probability is bounded by,

RN
Peb < e—(N—L)ET NiL)

— o~ (N-L)E,(C-0)

where E, is Gallager’s random coding exponent and we know that E,(xz) > 0 for all x < C.

Based on the bound on P we can calculate approximate the distribution of the decision time
T. Because the decoder interprets the k-th block independently of the first £ — 1 blocks it has received
it follows that the probability of making a decision at time kN is given by,

P(T =kN) = P*1Q, k=1,2,- -
which we recall has the generating function,

0
Ee@T o Qe "

= w, (€6NP < 1), (25)

and the mean,

— N
T=——.
1-P

Theorem 2.3.1 For all § > 0 and p > 1 there exists a sufficiently large N such that,
N<T <N +3. (2.6)

Proof:
Recall the log-sum inequality which states that for non-negative numbers ay,as, - ,a, and
b1,bs,- -+, by the following relationship holds,

;ailogai < <§;ai> log S 1

i i=1 %
with equality if and only if a;/b; are constant for i = 1,2,--- ,n. Take,
eN
m:MNt
L — |peN|
Qa =
2 N )
bl = €,
bo =1—c¢€,

and use the log-sum inequality to show that,

| peN | Ne N — | peN | N(1—¢)
e e+ ()

=] O (2.7)
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Now observe that |peN|/N tends to pe as N tends to infinity. So we can pick N large enough such that
|peN | /N is strictly larger than e. Consequently we can pick N large enough so that a;/b; # az/bs.
This means that the inequality (2.7) is strict. In other words, we can select N large enough so that,

NN [ os i (R0 T ] S 50 < 10, (2.8)

Then, by observing that the random coding exponent E,.(C — §) is strictly positive and observing also
that N — L = % we can pick NV even larger, if necessary, so that,

N PP < Ne(N-D)B(C=0)

_NEREr(C=0)

= Ne c=3
<§5/4<1)2. (2.9)

Finally, select N large enough to satisfy both inequalities (2.8) and (2.9) the desired result follows by,
N

“1-pP
< N(1+2P)
— N +2NP

< N +0.

N<T

O

This is the first result we were after. We turn our attention now to the probability of decoding

error. First consider the probability of the decoder making a decision error m’ # m at time N. For

this to happen first there must have been block decoding error in the first N — L time slots and second

the decoder must have understood the ‘deny’ signal as a ‘confirm’ signal. For the latter the binary

symmetric channel must have flipped (L — |peL|) or more bits in the L time slots during which the
deny signal was being transmitted. By Bayes law,

P(m' # m | m was transmitted, decision made at time N )

L _
_ P} x ZZ:L—\_peLJ (1 —e)tt

Q

Because the decoder interprets the k-th block independently of the first £ — 1 blocks it had received the
probability for the decoder ever making a decision error is given by the geometric series,

L _
> Peb X Zf:L—LpeLJ Eg(l - G)L ¢

P, = P(T = kN)
k=1 Q
00 L _
< Z Ze:L—LpeLJ ‘(1 —e)* EIP)(T _ kN)
k=1 Q
LI 0g 471 |
< TP (2.10)

where the last inequality follows from the Chernoff bound. This leads to the following result.
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Theorem 2.3.2 For all 6 > 0 and p > 1 we may select L large enough so that,
P, < eFla-2e910825+0] (1 | 5y (2.11)

wheTeL:N—g—_Ré.

Proof: First follow the steps in the proof of Theorem 2.3.1 to show that for large N there exists a
&' > 0 such that P < e=N. Next, we use the fact that |peN|/N can be selected arbitrarily close to pe
by choosing N even larger. So for large enough N we have,

<N—§VLP€NJ> logm < (1 - 2pe)log 1”_66 +6 (2.12)

Finally, we select N even larger, if necessary, so that,

<1+42P 2.13
Tp St (2.13)
<140
The desired result follows by using (2.12) and (2.13) in (2.10). O

This gives us the second result we were after. Finally write T'(p,d) and P.(p,d) to denote the
mean decision time and probability of decoding error which is determined by having specified p > 1 and
d > 0 and having selected L large enough to satisfy both inequalities (2.6) and (2.11). It now follows

that, ~
. log Pe(p,0) € R

p—1

§—0

By Burnashev [5] this is the largest achievable variable-length block coding exponent for the Binary
Symmetric Channel.

We also draw attention to the importance of the transmission of the single bit that represents

the ‘confirm’ or ‘deny’ signals. The optimal exponent in (2.14) may be viewed as a time-sharing between
the rate at which we transmit the confirmation signal and the rate at which we transmit the true message.

2.3.1 The more general case

The previous result also holds for more general discrete memoryless channels (DMC). In the
following paragraphs we give a sketch of the proof. Consider an arbitrary DMC [p;;] and an encoder-
decoder pair that works in two phases as illustrated in Figure 2.2. The encoder is fed a message
m € {1,2,---, M} which it transmits to the decoder by means of a ‘good’ length N — L block code at
a rate R = C — §; close to capacity. Based on what it has received, the decoder produces an estimate
m' of m. This is the first phase of the transmission method.

Recall that the encoder can also calculate m’ and let ¢ and k be the channel letters to be
determined later. During the second phase of transmission, if m’ = m, the encoder ‘confirms’ the
decoders estimate by transmitting L copies of the i-th letter. If m’' # m, the decoder ‘denies’ the
estimate by transmitting L copies of the k-th letter. Based only on the L control letters it has received,
the decoder decides either in favor of ‘confirm’ or ‘deny’. If ‘confirmed’, the estimate m’ is finalized and
transmission terminates. On the other hand, if ‘denied’, the decoder forgets about everything it has
received and the entire procedure is repeated.
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Observe that an error occurs only if the estimate m’ was different from m and a subsequent
‘deny’ was misunderstood as a ‘confirm’ (ie. false-positive). On the other hand, the transmission
repeats either if the estimate m’ was accurate but the subsequent ‘confirm’ was misunderstood as a
‘deny’ (false-negative) or if the estimate m’ was different from m and a subsequent deny was correctly
decoded. By Sanov’s Theorem [8], there exists a decoder for which the probability of a false-positive
and of a false-negative is bounded as,

P(false positive) <
P(false negative) < 2GR L (2.15)
and
P(m' #m) < 83
where 2,3 > 0 can be made arbitrarily small by choosing N large and C1(i, k) is the relative entropy

of 7 and k,

. Pie
Ci(i,k) = pielog —.
) DPke

On the other hand, because the transmission of blocks are independent, the average total transmission
time is the mean of a geometric random variable,

- N
T ———. 2.16
1—099 — 63 ( )

So the average rate of transmission is calculated to be,

. R(N_— L)
T
L

= (C' —61)(1 — 02 — I3) (1 — N) (2.17)

Finally, by selecting Ci = max;  C1(i, k) and using (2.17) in (2.15) we obtain the following bound for
the probability of decoding error,

Pe < ZClL
— 9CIN%

e ==l (2.18)

=2
It then follows that the proposed method can approach Burnashev’s bound arbitrarily closely by choosing
N large.

An interesting situation occurs if at least one of the channel transition probabilities p;sg+ is
identically zero. In this case we design the ‘confirmation’ signal to consist of L copies of the letter ¢*
and we design the ‘deny’ signal to consist of L copies of the letter k*. Because p;sp+ = 0 we can design
the decoder so that the probability of a false positive is identically zero. This can be done by selecting
the decoder so that it never decides in favor of ‘confirm’ unless it sees at least one £*. The implication
of this result is that any desired level of reliability is achievable for 0 < R < C. For example, the
achievable reliability region for a Binary Erasure Channel is illustrated in Figure 2.3.
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ER)

Achievable Reliability Region

ER)>0, R<C

\ 4

Figure 2.3: The achievable reliability region for a Binary Erasure Channel with erasure probability
0<e<1.

2.4 Discussion

We presented two basic results for discrete memoryless channels. The first is a negative result
says that feedback cannot be used to improve the reliability function of a family of fixed-length block
codes. The second result gives an upper bound on the reliability function of any family of feedback
codes. The bound has three important properties: (1) It is easy to calculate, (2) It is achievable by
means of a simple time-sharing argument and (3) It is significantly larger than the sphere-packing bound
and can even be infinite. We focused on these two results to establish how feedback can be used to
improve the asymptotic performance of a feed-forward system and the adversarial role of the traditional
fixed-length block coding framework.

There are many other ways in which feedback can be used to improve the performance. Before
we conclude we would like to touch on two such ‘practical’ uses.

2.4.1 Schalkwijk’s one-up J-down method

In a practical setting we are necessarily lead to think about ‘short’ codes with small delays.
In such a situation the previously described transmission methods are not useful. In this section we
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describe a very simple coding technique which leads to dramatic improvements for very short average
delays. This technique will also be useful in subsequent chapters in the design of ‘good’ anytime codes.
The material presented here was developed independently by the author but then turned out to be a
special case of Schalkwijk’s one-up J-down method known in the literature.

I
0/0 00 | 0/()
|

1/0 1/0 1/1

Figure 2.4: Illustration of 1-up J-down method for J = 2.

For simplicity of presentation consider a Binary Symmetric Channel with cross-over probability
0 < e < 1/2 and let the message set be m € {0,1}. The encoder repeats its binary message m until the
decoder makes a decision at a random time T'. Because of feedback this time is known to the encoder.
Let J be a positive integer to be determined later. The decoder is described by a Mealy

finite state machine consisting of 2.J + 1 states numbered as 0,1,2,---,2J. The decoder is illustrated
in Figure 2.4. Initially, the decoder is in state J. Suppose at time n the decoder is in state z, €
{1,2,---,2J —1}. If a zero is received the decoder jumps to state z,11 = z, — 1 and if a one is received

the decoder jumps to state z,+1 = 2, + 1. At time n the decoder makes a decision in favor of message
m = 0 if 2,411 = 0 or it makes a decision in favor of message m = 1 if z, 1 = 2J. Otherwise the decoder
makes no decision and outputs the symbol @) to indicate that no decision has been made. The decision
time T is given by the following stopping time,

T:min{nZJ : an:Ooran:ZJ}.

Observe that a decision can be made no earlier than J time steps.

The structure of the binary symmetric channel induces a natural probability model for the
decoder. Letting 0 < € < 1/2 to denote the BSC cross-over probability we can think of the decoder as a
finite Markov chain. Letting Z,, denote the state of the chain at time n we write the one-step transition
probabilities,

Giiv1(m) = ]P’(Zn+1 =i+1]|2Z,= i,m)

=m—ce
Gii1(m) =P(Zni1 =i—1]|Zy =i,m)
=m—(1—¢)
form=0,1and¢=1,2,---,2J — 1. The decision states zero and 2.J are modeled as absorbing states.

To calculate the probability of decoding error we need to calculate the probability of ending
up in the absorbing state zero when the message m = 1 or equivalently the probability of ending up
in the absorbing state 2J when the message m = 0. This is a standard exercise in a first course in
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stochastic processes (pp.26, [18]). We reorder the states as {0,2J, 1,2,---,2J — 1} so that the two
absorbing states are up front. Based on this ordering we write the one-step transition matrix Q(m),

Ixa | 0
Q(m): _______ 7m:0717
S(m) | R(m)
where -~ ~
m— (1 —¢) 0
0 0
S(m) = : ,m=0,1,
0 0
i 0 m—€ |
and ) -
0 m—e€
m—(1—¢) 0 m—e
m—(1—¢) 0 m—e
R(m) = ,m=0,1

| m—(l—¢) 0 |
The matrix S(m) is of dimension 2J —1 x 2 and R(m) is of dimension 2J —1 x 2J — 1. Given that

the chain starts in state J the probability of ending up in state zero for message m = 1 is known to be
the (J,1)-th entry for the matrix (I — R(1))~1S(1). Consequently,

Pem=1 = (N, 1)-th entry of (I — R(1))”"S(1). (2.19)

Because of symmetry we also have that P, ;,,—0 = Pe m=1. The inverse (I — R(l))f1 exists because Q is
a probability matrix.

The mean decoding time is calculated along the same lines. We consider the mean time until
the chain enters either the absorbing state zero or the absorbing state 2J. Following the steps above
we obtain,

T =ET

- 2J-1
=3 (I-R(0) ;- (2.20)
=1

This completes our calculations. To evaluate the results we consider the case of J = 2 and a
Binary Symmetric Channel with cross-over probability e = 1073. Using these parameters in (2.19) and
(2.20) gives,

Pem =1.002 x 107%, m =0, 1.

e=10"3,N=2

and

T = 2.004.

e=10-3,N=2

So for J = 2 the 1-up 2-down method gives a probability of decoding error of approximately €2. It

should be clear that we can do no better. This result stands in sharp contrast to the case of block
coding which is useless for a block length of two.
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2.4.2 Limited feedback

In the preceding discussion we assumed a ‘perfect’ feedback channel and ‘complete information’
at the encoder and we used this to achieve the tight performance bounds of Theorem 2.2.1. It is also
natural to wonder whether we can use feedback to achieve such significant performance gains subject
to practical constraints on feedback channel and, consequently, limitations on the information known
to the encoder. Surprisingly, it turns out that even very limited feedback can be used to drastically
improve the performance of a feed-forward system. In the following paragraphs we make this statement

precise.

Consider a rate R (nats) block-code of length N that consists of the M = eV codewords
x1,x2, -+ ,xp. Based on this (N, M = eV R) block-code, transmission occurs as follows. A message
m € {1,2,---, M} enters the encoder which it subsequently emits using the m-th codeword z,,. At

time NN, upon receiving the word y, the decoder produces the estimate m’ of m if there exists a true
codeword such that,

]P)(xm/’y) > 6Np

]P)($m”) y)

where p > 0. If no such codeword exists, the decoder forgets what it has received and requests a
retransmission. The transmission repeats in this fashion until the decoder produces an estimate. The
parameter p governs the relative magnitudes of the probability of decoding error and the probability
of a retransmission: as p increases, the probability of a decoding error is reduced but retransmissions
are more likely. This scheme, originally due to Forney [13], describes a variable-length method of
transmission with the following property,

V! 4 m/7

Theorem 2.4.1 (Forney, [13]) For any 6 > 0 and rate R < C' there exists a decision threshold p > 0
and a block-code (N, eNT) such that,

Co<R—-06<R<C,
Pe S eiN(Efié)

in which the exponent Ey is given by the following expression,
E¢(R) = Egp(R) — R+ C,
and Cy 1s the rate at which Es, becomes infinite.

There are two things to keep in mind. First, the achievable exponent E is strictly larger than
the sphere-packing bound over the entire spectrum of finite values. In particular, Ey is significantly
superior at rates close to capacity. To see this, observe that as R tends to C, E + approaches zero with
a slope of negative one. In contrast, the sphere-packing curve approaches zero with a slope that also
tends to zero. Second, only one bit of feedback is used for each block transmitted from the encoder to
the decoder. Consequently, this demonstrates that even the ‘least’ amount of feedback information can
be used to significantly improve the performance of the feed-forward system.
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Chapter 3

Anytime channel coding with feedback

We formally present the anytime channel coding problem. We formulate the problem as an
encoder-decoder design problem. The objective is to design encoder-decoder pairs with large ‘exponents’.
In order to evaluate the exponent we present lower and upper bounds that depend only on the channel.
The main contribution of this chapter is to find an upper-bound. We conclude by reviewing a method
of design that will be used extensively in subsequent chapters.

3.1 Problem set-up

A source produces one bit s; of new information every 1/R time units for a prescribed rate
R > 0. These bits are fed into an encoder. At time n (n > 0), based on what it has seen so far, the
encoder emits a channel symbol a,. At the same time n a decoder receives b,. Based on what it has
seen up to time n the decoder produces an estimate 5(n) for ‘all’ of the true source bits s; through s;,
where j,, is the number of bits produced by the source up to time n,

In = {nlﬂ
Observing that §(n) is a vector, we write,
5(n) = (51(n), 52(n), -, 35, (n)). (3.1)

There is a perfect feedback link from the channel output to the encoder. So the encoder is described
by functions,

an = 5n(517827'” asjnv b17b27"' 7bn71)
_ J n—1
= gn(slnabl )7

where we use the notation s{" = (51,582, ,8j,) and similarly for other variables a, b, etc... The channel
is described by a memoryless probability distribution,

P(bn =b | ap = @, p—1,0pn-2,"** ,01, b’nflabn72a' t 7b1)

= P(bn:b|an:a)
= pij, a=12,--- A b=1,2,---,B. (3.2)
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The integers A and B denote the number of distinct channel inputs and outputs respectively. Finally,
the decoder is described by functions,

§(7’L) - Dn(btha'” 7bn)
= D, (b}).

The set-up is illustrated in Figure 3.1.

1/R 1
N

Bit J&r Encoder v

source
Perfect . .
feedback Discrete-time
link memoryless
communication
Unit channel
delay

<« Decoder
Decoded bits

Figure 3.1: A block diagram illustrating the set-up of anytime coding with feedback.

For a prescribed communication channel and rate R > 0 the basic problem is to design an
encoder-decoder pair (£, D) such that for some «, 5 > 0 the probability of estimation error is bounded
as,

V(n >0,j < j, and s{”), ]P’(éj(n) # 55 | s{" was transmitted) < ﬁQ‘“de) (3.3)

where d(n, j) denotes the time delay,

To keep the notation compact we write,
P.s(n,j) =P(8j(n) # s; | sT" was transmitted).

The inequality in (3.3) is the anytime decoding property. The decoder is capable of producing an
estimate of any bit b; at any time n > j/R. The larger the time difference the better the quality of the
estimate. An encoder-decoder pair (£, D) with this property is called an anytime encoder-decoder or
simply an anytime code.
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Remark 3.1.1 In a more general sense, we may consider replacing the 2-%4m3) in (3.3) by some
function f(d(n,j)) that tends to zero as d(n,j) tends to infinity. We will not do so here.

Remark 3.1.2 An anytime algorithm is an asymptotically convergent calculation that can be stopped at
any time to produce an approrimate answer to a difficult question. The later the algorithm is stopped,
the closer the answer is to the asymptote. Anytime algorithms are in general non-trivial but are of
interest because they offer a mechanism to trade off calculation time vs. quality of answer.

For a given channel and rate R encoder-decoder (&€,D), the largest exponent « for which
inequality (3.3) holds is called the anytime exponent and is denoted as FE,(R). Observe that the
anytime exponent really depends on the channel and encoder-decoder. The notation E,(R) is used
because the encoder-decoder is assumed to be associated with the rate R and the channel is assumed
to be clear from the context.

Definition 3.1.1 For a given channel and rate R encoder-decoder the anytime exponent is,
E.(R) = sup {35 >0 5.t V(n>0,j < jn, S{"), P.y(n,j) < ﬁ2—ad(n,j)}
«

where d(n, k) denotes the discrete time delay,
d(n,j) =n—j/R.

Conversely, for a given exponent o > 0 we define the anytime capacity of the channel as,

CA(a) = sup {Ea:z'sts a 3> 0 and rate R encoder-decoder (€,D) s.t.
R>0

V(n> 0,5 < jn,87"), Pes(n,j) < 52‘“‘“”’”}

The basic objective is to design good rate R anytime codes for which the anytime exponent
E,(R) is large over a large range of R. For this objective to make sense we really need bounds on the
anytime exponent. So given a channel we would like to have two functions E, (R) and E; (R) such that
there exists anytime codes with exponents greater than or equal to E, (R) and such that the exponent
of any coding scheme is less than or equal to E;(R). These two functions should depend only on the
channel.

Sahai’s lower bound holds for an arbitrary discrete-time memoryless channel without feedback.
This bound remains valid with feedback since feedback can only improve the anytime exponent. This
lower bound is presented in the following section. We are not aware of any known upper bounds.
Following the review of Sahai’s lower bound we design an upper bound using a time-sharing argument.
The rest of the chapter is devoted to understanding the properties of our upper bound.

Before continuing we encourage the reader to compare the definition of the anytime exponent
E, with the way the reliability function is defined in Section 2.1. Observe that the reliability function
is defined over a family of block codes of increasing block length. By contrast, the anytime exponent is
associated with a single encoder-decoder pair.
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3.2 The random coding bound

Beyond defining the concept of Anytime information theory, Sahai was able to bound the any-
time capacity of an arbitrary discrete-time memoryless channel by a quantity well-known to information
theorists. Specifically, for any given discrete-time memoryless channel and for any rate 0 < R < C,
there exists an encoder-decoder pair such that,

1. the encoder-decoder has access to a common source of randomness,
2. there is no feedback link from the decoder to encoder,
3. forall 0 < R < C, E4(R) > E(Rlog2)/log2,

where E,(R) is Gallager’s random coding exponent (cf. Section 5.6, [14]) also discussed in Chapter 2.
The ‘well-known’ quantities are, of course, the Shannon capacity C' and the exponent E,.(R).

Remark 3.2.1 The log 2 factor is used to convert between the units of ‘nats’ and ‘bits’. For cleanliness
of the presentation the units of nats is preferable. To see this, compare the derivatives of e* and 2*.
However, in our setup, because bits, rather than messages, enter into the decoder, there is no convenient
way to define the anytime exponent and capacity in Nats.

Without common randomization a slightly weaker result is true. For any discrete-time mem-
oryless channel and rate 0 < R < C, there exists an encoder-decoder pair such that,

1. the encoder-decoder does not have access to a common source of randomness,
2. there is still no feedback link from the decoder to encoder,
3. exists B > 0 such that for all n > 0 and j < j,,

EsPe,s(n7j) < /Bzfd(n,j)Er(RlogQ)/logZ (34)

where the expectation is taken over all possible source messages. So without common randomization
we cannot bound the probability of error uniformly as required by Definition 3.1.1. At each time n,
there may be source sequences s1" and j < jy for which the probability of decoding error P 4(n, j) is
much larger than the average in (3.4).

We know that FE, is strictly positive for any rate R strictly less than capacity. In this sense,
the most important point about the above mentioned results is that there exists an anytime code with
a strictly positive exponent for all rates strictly less than capacity. The converse follows from classical
results: There is no code for which the anytime exponent is positive at rates above capacity.

3.3 A time-sharing upper bound

Consider the following scenario. We are given a rate R source {s;} and anytime encoder-
decoder pair with anytime exponent F,(R). At some randomly selected time n we select a delay An
(0 < A < 1) and ask the anytime decoder to produce an estimate $1(n), $2(n), -, 8;,_,,,(n) of the
true encoded bits s1, s9, - - - i Ay By Definition 3.1.1, the probability of an error in one of more of
the j1_»), estimated bits is bounded as,

Pes(n, (1 —X\)n) < p2-Ee(BAn, (3.5)
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Keep in mind that the constant g is independent of the delay An and in particular that this inequality
is true for any choice of the time index n, the delay An and the true source bits s1, sg, - - - 1 S(1-2yn-
Consider also the alternative scenario where the decision time n and the number of bits j;_y),
is fixed ahead of time. In this scenario we are given the ‘best’ (n, 2j(1—A>”) block code. Up to time
n the source bits sq,ss, - 1 Sj(1_aym AT€ fed into the block encoder. From times n to 2n the block
encoder communicates these bits over the channel and at time 2n the decoder produces an estimate
51,89, - 753‘(14)71 of the true source bits. For even the best such block code the probability of block

decoding error is bounded as,
P s> ,é27nE+((17)‘)R/ log; e) logy e (36)

where E* is the upper bound on the reliability function of the channel (Theorem 2.1.1) and f is some
constant that is independent of the source bits s and the time index n. The factor log, e is used to
convert between the units of Bits and Nats.

Compare the two scenarios. Because of the additional a priori knowledge and because the
block encoder-decoder is the best possible we have by (3.5) and (3.6),

62—Ea (B)An - BQ—nEJr((l—)\)R/ logs €) logy e
By taking logs,

1B
)\nog .

E.(R) < %E‘*‘((l — AR/ log, e) logy e — 3

But 3 and ' are both independent of n and n was arbitrary. So for any value of A\ and an arbitrarily
small § > 0 we can pick n so large so that,

1
E.(R) < XE+(<1 — AR/ logy e) logy e — 4.
Because A was also arbitrary this proves the following result.

Theorem 3.3.1 Consider a discrete-time memoryless channel. The exponent of any rate R anytime
encoder-decoder pair is bounded as,

Er((1 - 1 1

Eq.(R) < min (1 =XN)R/logye)logye
0<A<1 Y
=Ef(R),0<R<C.

in which BT is given by Theorem 2.1.1. If the channel is symmetric then ET may be replaced with the
sphere-packing bound Es),.

Remark 3.3.1 Because of the term (1 — \)R we call this the ‘time-sharing’ bound.

In the following subsections we present some of the basic properties of the upper-bound E; of
Theorem 3.3.1.
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3.3.1 A parametric representation for symmetric channels

Consider a symmetric channel with channel transition matrix [p;;]. For such a channel, the
upper bound E on the anytime exponent is expressed in terms of the sphere-packing bound as follows,

Eg((1—=X)R/logye)logye

EN(R) = mi
« () = min, A
) 1 (I-=X)pR
= —| Eo(p) — ——— |1
02A<1 r/?%( A < () log, e > ©82¢
. 1
=  min, [%33‘ b\ (Eo(p) logye — (1 — A)pRﬂ : (3.7)
in which Ey(p)log, e is Gallager’s exponent base-2,
1 7(1+p)
Eo(p)logye = —maxlog ) | [Z qmij"} logy €
j i
1 7(1+p)
= _ méiX log, Z [Z Qipilfp] (3.8)
j i

The exponent Ey(p), illustrated in Figure 3.2, is well-studied (Theorem 5.6.3, [14]) and has desirable
properties. It is positive concave and a line of slope C' drawn from the origin is tangent to the curve
at p = 0. So unless the channel is trivial (ie. has zero Shannon Capacity C') then Ey(p) > 0 for all
p > 0. On the other hand, the form of E}(R) in (3.7) resembles the ‘conjugate’ or the ‘dual’ of Ej.
This suggests that £ itself might have similar desirable properties. This last observation leads to the
main result of this chapter.

Theorem 3.3.2 The function Ef(R) given in (3.7) may be written parametrically as,

R = Ey(n)logye/n (3.9)
Ef(R) = Ey(n)logye, n > 0.

and has the following properties,
1. lim,_ Eo(n)logye/n = C and Eyz(0) =0,
2. limy,—.oc Eo(n)/n =0 and lim, . Eo(n) = Es(0),

3. It is concave and decreases from E}(0) = Es,(0)logy e to zero at R = C.

Remark 3.3.2 The result is based on the Sphere-packing bound which is known to be the tightest block-
coding bound at high rates for symmetric channels with feedback. At low rates, there may be tighter
block-coding bounds such as the Straight-Line bound, [19], that could be used to improve the result of
Theorem 3.3.2.

Remark 3.3.3 It is possible to get rid of the annoying logy e factors by redefining Ey in base-2. How-
ever, this complicates the subsequent analysis which is more convenient base-e.
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Figure 3.2: Sketch of Ey(p).

Proof: The first property follows immediately from the properties of Fy. The third property follows
from the first and second properties together with (3.9). So we only need to prove the second property
and that E} can be represented parametrically as in (3.9).

First consider the limit,

E
lim 0(77).
n—oo 1
By (3.8) and Jensen’s inequality,
()]
E 1 n)|n
lim Eo(n) = — lim maxlog [ [Zqip;jﬂ] ]
n—oo 1 n—oo g r -

e
< —nli)rgo mqax logz [Zqipiljﬂ]
] (2

-
L
i
1%77 can also be made arbitrarily close to one. Consequently, for any probability distribution ¢, the
summation on the right hand side can be made arbitrarily close to one. Because log1 = 0 this means
that the right hand side converges to 0. On the other hand, Ey(n) > 0 for all n > 0 so the limit is
identically zero.

To complete the proof of the second property we observe the Gallager form for the sphere-

packing bound,

For very large values of 7, the quantities p can be made arbitrarily close to one and the exponent

Eop(R) = max [Eo(p) — pR].
Taking R = 0 and keeping in mind that Ey(p) increases in p we obtain the desired result.
It remains to show that the upper-bound E; can be written parametrically as in (3.9). Con-
sider (3.7). Observe that the maximum in the brackets is a function of n and R and write f(n, p(n, R))
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to denote the maximum. The quantity p(A, R) is understood to be the value of p in (3.9) at which the
maximum occurs. But Ej is concave so that p(A, R) may be taken as any solution of,
OEo(p) (1-MR

- =0. 3.10
Op log, e (3.10)

A solution exists because FEjy is concave. If the solution is not unique we will pick the smallest solution.
Now use (3.10) in (3.7),

B (R) = min 1 Eg(p()\, R)) —p(A,R)M .

3.11
logoe  0<A<1 A dp ( )

Write g(A, R) to denote the quantity in the brackets. Again, by concavity, the minimizing value of A
can be taken as any solution of,

Ixg\R) _
oA -
By the ratio rule of differentiation, this solution is any fixpoint of the following equation,
_ 9\ R)
A= 29OR) (3.12)
oA
where, by direct calculation and (3.10),
dg(\, R) R
——F = —p(\,R
1)) P )log2 e

Using this in (3.12) and subsequently in (3.11),

7. ([l

The point of this theorem is to demonstrate that the function E; has some desirable properties.
So E} is a ‘nice’ function. We still need to see whether it is also a ‘nice’ bound. In particular, does
it represent a reasonably close value to the true achievable anytime exponent? This is a non-trivial
question to which we have no definitive answer. Instead, we compare E; with previously known truly
achievable anytime exponents. We proceed to do so for the case of an optimal encoder-decoder for the
Binary Erasure Channel with feedback.

3.3.2 The bound is tight for the Binary Erasure Channel with feedback

Consider a Binary Erasure Channel with feedback and a rate R source {s;}. The optimal
anytime encoder maintains an infinite binary queue. Every 1/R time units the next source bit is put at
the end of the queue. At the n-th use of the channel, the encoder emits the bit at the head of the queue.
If there were no errors, this bit is removed from the queue. If there were errors, the bit is retransmitted
at time n + 1. The function of the decoder is obvious.

The encoder-decoder pair described above is trivially optimal. We use the term optimal to
mean that it achieves the largest possible anytime exponent. The exact formula for the achievable
exponent is calculated in [22].
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Theorem 3.3.3 Consider a Binary Erasure Channel with feedback and erasure probability 0 < e < 1.
The anytime exponent of any encoder-decoder is bounded by,

1
E, <1— ElogQ [1+e(27 - 1)}) (3.13)
=n—logy [1 +e(27—1)], n > 0. (3.14)
The relationship holds with equality for the encoder-decoder described above.

Now consider the upper-bound calculated in Theorem 3.3.2. For the Binary Erasure Channel
the channel transition probabilities are,

e

Using these figures in (3.8),

1 7 (1+m)
Eo(n)logye = —mgxlogQE [E qz'pff"]
i [

1\ (1+m)
= —max log, {(qo(l —€) 1+n>
q

+(q1(1 g lin)(l-i-n)

1 1\ (1+n)
+ (%6 Hn +qe ”")

) 1
(:55) —log, [(1—5)2—”4—5]

— n—logy [14¢(27 —1)]

Using this in (3.9) gives the following parametric representation for £,

R = 1- 717log2 [1+e(2"—1)] (3.15)
Ef(R) = n—logy[14¢e(2"—1)]

This expression coincides with the anytime exponent of Theorem 3.3.3. Because this exponent is achiev-
able we conclude that the upper bound E; is tight for all n > 0 and consequently for all 0 < R < C
for the Binary Erasure Channel with feedback.

For illustrative purposes (Figure 3.3) we plot E; (R) versus R for a Binary Erasure Channel
with feedback and erasure probability e = 1/4. In the figure we have also plotted the curve (1/X)Eqp((1—
AR/ log, e) logy e versus R for several distinct values of the parameter A. For each value of A the
associated curve tangentially touches E; at the value predicted by (3.15).

3.4 Anytime coding and estimation of unstable systems

Anytime codes are interesting because they can be used to estimate the state of an unstable
scalar system over a noisy communication channel with or without feedback. This result was proven
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Figure 3.3: Plot of Ef(R) vs. R for a Binary Erasure Channel with erasure probability ¢ = 1/4.

by Sahai [22]. The converse statement is also true. If we can reliably estimate the state of an unstable
system over a noisy channel then we can construct an anytime code for that channel. Although less
obvious the converse statement is more interesting because it provides a method to design anytime codes.
Constructing an anytime code by designing an estimator is analogous to solving an integer program by
solving its linear program relaxation. The idea is to avoid typical problems in integer counting and case
enumeration.

In this section we prove Sahai’s theorem that shows how to construct an anytime code from a
stable estimator. In subsequent chapters we will use this result to design anytime codes. The proof is
repeated here to avoid excessive cross referencing.

Theorem 3.4.1 (Sahai) Consider the unstable system,
Ty =0Tp_1+wp,n>1 20=0, 0>1

where wy, is a bounded but otherwise unknown disturbance. Suppose there exists an encoder that observes
T, at time n and communicates its observations over a noisy channel to a decoder in such a way that
the decoder produces an estimate vy, of x, for which,

Vn > 1,sup Elz,, — y,|" < oc.
n
Under these conditions we can construct a rate R = log, o anytime encoder-decoder pair for which,

E,(R) > nR.

In other words,
C*(nlogy 0) > logy 0.
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Remark 3.4.1 The result holds for any noisy channel with or without feedback or memory.

Proof: Let 6 > 0. We construct a rate R = logy, s 0 anytime code with the necessary anytime exponent.
A pre-encoder simulates a system,

Ty =0Tp_1+wp,n>1 20=0, 0>1
and feeds the state x,, into the encoder of the theorem. At time n7, the pre-encoder examines the source
bits,
S|(n=1)R|+1> """ » S|nR|

and selects,
[nR)

wa=0" Y (248"

m=|(n—1)R|+1
if [InR| > |(n—1)R]| 41 or selects wy, = 0 otherwise. Observe that w, is bounded for all n > 1. To see
this, note that |a] — |b] < |a—0b] < |a] — |b] + 1 and simplify,

[nR]

wy, =0" Z (24+4)™

m=[(n—1)R|+1
~l(n—1)R| - ) o (2 4 §)~Ln=DERI-1
nR 2+5 —|(n—1)R|-1

IN

[nR

LRJ+1)

|R] +1) (24 68)"F (2 4 §)~Ln-DEI-1
i ) (

I

IN

(
(
(
(

IN

R| +1) (2 +6)"BI=L (2 4 s)nf-Ink]
(LR| +1) (2 + )&,

IN

So wy, is a bounded but otherwise arbitrary sequence as required by the assumptions of the theorem.
The reason for selecting w,, in this awkward manner is obvious once we write out the state evolution,

zp = 0" <<2 +6) s+ (24 0) P4+ (24 5)‘L”RJSLnRJ>'

The post-decoder guesses 31(n), 82(n), -+ , 3|,r|(n) such that,

Un=0" > (248) "8m(n).

m=—1
So if the first j bits §1(n),-- -, 8;(n) were guessed incorrectly then necessarily,
[nR| [nR]
yn — | > oI/ %ﬁ [ Z (246) s — Z (24 68)"™8,(n)
Sit1 m=j+1 m=j+1

> g" i/ Z (2+48)™
m=j+1
1406

=0
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Consequently, by Markov’s inequality,

P(3(n) # s;5) <P(3](n) # 51)
< P(k’/n - $n| > Oﬂ_j/RCl)
Elyn — 2n|"
clgn(n_j/R)
< CQU*ﬁ(n*j/R)

IN

which proves the theorem. ]
The main purpose of this theorem was to demonstrate a design method for anytime codes. We
first design a stable estimator for an unstable system with parameter o. The proof of the theorem then
gives a construction which leads to a rate R = logy o anytime encoder-decoder. It is interesting, but
perhaps irrelevant, that the anytime exponent of the constructed encoder-decoder is similar in form to
the parametric representation of the bound E; of Theorem 3.3.2.
To conclude we state without proof the converse of Theorem 3.4.1.

Theorem 3.4.2 Consider a discrete-time channel whose capacity is C' and for which E} is an achievable
anytime exponent. Consider also the system,

Ty =0Tp1+wp,n>1, 20=0, c > 1.

Iflogy 0 < C then there exists an encoder-decoder pair such that the encoder observes x,, at time n and
communicates its observations to the decoder in such a way that the decoder produces an estimate y,, of
T, for which,

SupEkﬂn - yn‘n <0

n>0

for any n < E(logy o)/ logyo.

3.5 Discussion: Tree codes

Consider a discrete memoryless channel and a rate R = % anytime encoder. Because the rate
is purely rational and because an anytime encoder is also a ‘sequential’ encoder, we can describe its
operation by means of a coding tree. The coding tree has 2P branches, each containing ¢ symbols from
the input alphabet of the channel as illustrated in Figure 3.5. The source bits s1, s9, 3, - - determine
a path along the tree. The encoder moves along this path (one node each ¢ time steps) and emits the
channel symbols it sees along the way. At time n, based on the n channel symbols it has received, the
decoder produces an estimate §(n) = (¢, 81, ,§;,) where,

jn: ’Vnp-‘an_la2v
q

It there is a feedback channel from the encoder to the decoder, the branch labels depend on the history
of symbols transmitted by the encoder and the history of symbols received by the decoder.

Suppose that we drop the anytime property and that we are interested in an encoder-decoder
pair that produces the ‘best’ estimate $(/N) for a given time N. Suppose also that we drop the feedback
assumption. Then the tree code reduces to a convolutional code for which Viterbi proved the following
result in his seminal paper [32],
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Figure 3.4: A block diagram illustrating the construction of an anytime code from a state estimator.

Theorem 3.5.1 (Viterbi, [32]) Consider a rate R = p/q tree code with total transmission time N.
Let the source sequence be ‘zero padded’ such that the last d (0 < d < N) bits smg*dﬂ = 0. Then the
probability of decoding error is bounded by,

P (ggNR]—d y S{nR}—d) o odlEL(R)o(d)

where Er(R) is determined by solving for n > 0 in the following equations,

R = Ey(n)logye/n (3.16)
Er(R) = Ey(n)log, e.

Furthermore, the bound is tight for R > Ep(1).

There are three important aspects of Viterbi’s bound. First, he is not assuming any feedback
information. Second, the bound is tight for a region of rates close to capacity. Lastly, the bound (3.16)
is identical to the parametric bound in (3.9). Putting all of these together we obtain the following
surprising result,

“Feedback cannot be used to improve the reliability of a tree code for symmetric channels
and for the region of rates R > Ey(1).”
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To put this into perspective recall the analogous result for block-codes. (Theorem 2.1.1) Without
feedback, the family of tree-codes of length N is a strict subset of the family of length N block-codes.
But with feedback, the two families are one in the same. Consequently, the result for tree-codes is
stronger than its analogue for block-codes.
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Figure 3.5: A rate R = 1/3 Tree-code with two branches, each labeled with ¢ = 3 channel symbols.

The source bits s,, n =0,1,2,- -
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Chapter 4

A time-sharing anytime code

We design an anytime code with feedback. The design has a simple time-sharing property.
The time horizon is broken into segments of length N. Each segment is then divided into a ‘information’
and ‘control’ part. The information part is used to transmit new bits of data from the encoder to the
decoder. For an anytime code no errors can go uncorrected. When an error occurs the control part is
used to inform the decoder about the situation. The basic idea may appear to be a special case of the
time-sharing argument for variable-length block codes described previously in Section 2.3. However,
there is a crucial difference. Because the decoder reinterprets every bit upon receiving new data it is
possible that bits that were correctly decoded in the past can be corrupted by errors that occur in the
present. These kinds of back-ups are a very real and difficult bottleneck for Anytime codes.

The code has an interesting ‘renewal’ property that helps us deal with the back-up problem.
There are time instants when we say the code is renewed. At a renewal time the encoder-decoder
dynamics are reset. Between renewals times, new bits of information are transmitted, if there were
no errors, or no new information is transmitted, if there were errors that were then recaptured by a
sequence of distinguishing symbols.

To avoid problems of integer counting and enumeration we employ Theorem 3.4.1. So rather
than designing an anytime code we design a stable estimator for an unstable scalar system. The reader
who has skipped forward may wish to look at Section 3.4 before proceeding.

Our time-sharing codes achieve an Anytime exponent E,(R) close to the upper bound E;
derived in the previous chapter. As a consequence, the achievable exponent beats the sphere-packing
bound. Therefore, observing that the Anytime exponent E, can be used to lower bound the performance
of a convolutional or tree code targeted at a fixed decoding delay, we have disproved Pinsker’s result [21]
which argues that the sphere-packing bound is a hard bound on fixed delay decoding with feedback. In
particular, this disproves the general belief that feedback is useless for the Binary Symmetric Channel:
the sphere-packing bound is misleading when it comes to the opportunities provided by feedback.

4.1 The estimation problem
We consider a one-dimensional, unstable discrete-time system,
Tpt1 =0 Tp +wp, 0 >1,290=0,n>0, (4.1)

where w,, € [-W, W] is a bounded but otherwise unknown disturbance. An encoder observes x,,. Based
on its observations up to time n it emits a channel symbol a,. At the same time a decoder receives b,,.
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Based on what it has received up to time n the decoder produces an estimate &, of x,. Formally, the
encoder is described by functions ¢,,,

Zn = (bn(x",b"_l), n >0,

the channel is described by the probability distribution (3.2) and the decoder is described by functions

w’l’lu
Ty, = Pp(b"), n>0.

By Theorem 3.4.1 the pair (¢,1)) is a rate R = logy 0 anytime encoder-decoder with anytime exponent
nlogy o provided that the error in the estimate is n-stable,

sup E|z,, — 2,|" < 0. (4.2)
n>0

The design objective is:

Fix the system coefficient ¢ > 1 and design an encoder-decoder pair (¢,) such that the
error in the estimate is 7-stable for the largest possible 7.

4.2 The best estimator for the perfect channel

Let’s begin with a special case. Suppose the channel is the perfect binary channel. So the
channel input a,, is a binary signal and the channel output b,, is equal to the channel input,

b, = an, n > 0.
The following theorem is originally due to Tatikonda.
Theorem 4.2.1 Ifo < 2 there is a bounded-error encoder-decoder pair so that,

sup |z — &x| < oo.
k>0

If 0 > 2 no such pair exists.

Remark 4.2.1 A generalization of this theorem also holds for higher dimensional linear systems for
which xy is a vector and o is a matriz. See Tatikonda [29] for details.

Proof: We construct the required pair. At each n, the decoder determines an uncertainty interval
[ln, up] that is guaranteed to contain z,, and selects the estimate to be the mid-point of this interval,
Zn = 3(ln + up), starting with [lo, ug] = [—1,1]. Observe that at each time n, the encoder can also
calculate Z,. The encoder selects any1 as ap41 = 1 if 2441 > 02y, and anp41 = 0, otherwise. Upon
receiving a1, the decoder selects [l,,41, un+1] by

(0%, oun + W], if zp41 =1,

[ln+17un+1] = { (4'3)

[ol, — W, 0Zy) if 2,01 =0
Since xp41 = oxp + wy € llp,un] + [-W, W] it follows that z,41 € [ln41,Unt1]. The size of the
uncertainty interval evolves as

g
Un4+1 — ln+1 = 5(“11 - ln) + W7
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which remains bounded if o < 2.
On the other hand, at time n, x, = Z?;& on1=d w; can be any point in the following interval,
o —1

o—1

By time n the decoder has observed 2" possible values of a”, based on which it could have made 2"
possible point estimates ¥, (a™). Hence the worst estimation error is at least

i — ™ > X
fel%%in@ Yn(a”)| = | X

c"—-11

=2W —
o—1 2%’

which is unbounded if o > 2. g
The construction is very simple but demonstrates a fundamental technique. The idea is to
maintain an interval at the decoder and to ‘cut’ the interval at the fastest possible rate. We proceed
now to the general case. We attempt to carry over the basic technique developed here. Because of
channel noise, however, we can no longer guarantee the interval to contain the true state.
Observe that for the perfect channel,

sup E|z,, — 2|7 < 00
n>0

for any > 0. By invoking Theorem 3.4.1 we see that the anytime capacity of the perfect binary channel
is given by,
CAa)=1, a > 0.

Conversely, the anytime exponent for the perfect channel is infinite for any rate up to one,

E,(R) =00, 0<R<1.

4.3 A decent estimator for a non-perfect channel

The decoder maintains an interval I, = [l,,u,]. Contrary to our previous construction we
cannot guarantee I,, to contain the true state at all times. For this reason we will call this the ‘interval
of confidence’. The decoder believes that the true state is in the interval so it produces the estimate Z,,
of the true state x,, as the mid-point of the interval,

(4.4)

At time n + 1, the encoder also computes the interval I,,. Once again, the encoder can do this because
it has perfect knowledge of the decoder.

4.3.1 The decoder

At time n, the decoder adaptively listens for a variable-length codeword. Let N, L and M
be parameters to be determined later. The decoder first receives L channel symbols o275~ These
symbols are used according to the maximum a posterior probabilities to distinguish between a binary
hypothesis: ‘back-up’ or ‘continue’.
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Say that the decoder makes a decision in favor of the hypothesis ‘continue’. The decoder then
receives N — L channel symbols bnig ~1 that are used to select one of M possible messages according
to the maximum a posterior probabilities. The decoder concludes that the true state was in the m-th
cut [pm, Pm+1] of an M partition of I,—1 = [l,,—1, up—1],

ln1=p1<p2<--- <Py =Up-1.
Consequently, at time n + N — 1 the decoder updates the interval of confidence as,
Lnsn—1 = 0" [y psa] + [FTR (W), TE (W), (4.5)
where

N—-1
% (W)=Y o'W (4.6)
=0

The decoder saves the index m in a stack S for future use and at time n + NV listens for a new variable-
length codeword.

For the first NV — 1 time steps, while the decoder is receiving the codeword, the interval is
updated by,

I, :U[ln—h un—l] + [_Wa W]a
Liy1 = olly, un] + =W, W],

Ly N2 =0[lny N3, UnyN—3] + [-W, W].

Suppose now that the decoder had decided in favor of the ‘back-up’ hypothesis at time n+L—1.
The decoder concludes that the true state x,,_1 was not in the interval I,,_; so the decoder pops a
partition index m from the top of the stack S and enlarges the interval as,

Inyr—1=0" [ln-1 — m|In_a|, tn—1 + (M — (m + 1)) |11 ] (4.7)
+[ = TZ(W), TL(W)],

where T" is the function defined in (4.6). In words, the interval is extended to the left by m|I,—1| and
to the right by (2 — (m 4 1)) and the resulting interval is propagated by the system equation (4.1).
At time n + L the decoder waits for a new variable-length codeword.

Observe that independent of the value of the partition index m the interval is updated such
that,

U(N+L)In71 + | = F?\H—L(W)v ?V—&—L(W) (48)
CINyr-1, (4.9)
This concludes the description of the decoder.

4.3.2 The encoder

We prescribe the probability of transmission errors. P, jo denotes the probability of decision
error for the ‘back-up’ hypothesis by L uses of the channel and P, j,1 denotes the probability of decision
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error for the ‘continue’ hypothesis by L uses of the channel. We also prescribe the M probabilities P ,,,
m =1,2,---, M, which denote the probability of error in transmitting a M-ary message by N uses of
the channel. Write P, = max,, P, n,

Based on our previous description of the decoder and on the prescribed probabilities, the
encoder can exhibit exactly three distinct behaviors as illustrated in Figure 4.1:

i) At time n — 1 if x,—; € I,_1 and the decoder is waiting for a new codeword we select
®n, - s PnyL—1 to be the encoder that transmits the ‘continue’ hypothesis. So with probability (1P, 1)
the decoder decides in favor of the ‘continue’ hypothesis in which case we select ¢p4r, -+, dnin—1 tO
be the encoder that transmits the appropriate cut of the partition of I,,_1 that contains the true state
Zn—1. With probability greater than (1 — P.) the decoder receives the true cut and updates the interval
according to (4.5) such that x,yn_1 € I+ n—1. This is the good case.

ii) With probability P, 1 the decoder decides in favor of the false back-up hypothesis. So at
time n + L — 1 the decoder mistakenly enlarges the interval according to (4.7). The situation is not so
grim because at time n + L — 1 we still have 471 € In4p—1.

iii) Finally, the worst case occurs when the decoder decides in favor of the true continue
hypothesis but makes a mistake in deciding the true cut. At time n + N — 1 the decoder mistakenly
updates the interval according to (4.5) but the true state z,4+y_1 is no longer contained in the updated
interval I,,n_1. Starting at the troublesome time n + N the encoder is designed in such a way as to
bias the decoder to always favor the ‘back-up’ decision. The encoder goes back to normal operation at
the smallest time n’ > n + N such that the decoder has decided in an equal number of ‘back-up’ and
‘continue’ decisions in the time interval {n,n +1,--- ,n'}.

Observe that the smallest such time can be represented as n’ = n+ K (N + L) for some integer
K > 0. This is because each continue decision leads to a run of N time steps and each back-up decision
leads to a run of L time steps. Furthermore, for any such K > 0 it follows by (4.8) that,

oKD+ [—F}'((]\HL)(W): F?((NJFL)(W)] C Inir(N+L)- (4.10)

This concludes the design of the encoder-decoder pair. What we really need now is a useful mathematical
model that describes the dynamics of the interval.

Observe that in each of the three possible cases there is a common property. The true state
is contained in the interval x,,_1 € I,,_1 and the decoder awaits a new codeword at the start and end
times. This suggests a natural mathematical abstraction which we pursue next.

4.3.3 Mathematical model of encoder-decoder

Say that the pair is ‘renewed’ each time the interval contains the true state and the decoder
awaits a new codeword. At each renewal time, the encoder-decoder dynamics are reset. In between
renewal times, the interval either shrinks, if there were no errors, or the interval grows, if there was an
error that was later recaptured by a sequence of back-ups. In the following paragraphs we make these
statements precise.

Let’s begin with some notation that we’ve found to be useful. Consider a stochastic process
Y = (Y1, -, ) with random termination time 7. Let Y, Y2 ... be independent copies of Y. Write,

T = ( e R ,Tiﬁ), i > 1.
Construct a new ‘renewal’ process by concatenating these independent copies of T,

(Y1,Y5, . Y, X3, Y5, T, ) (4.11)
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Figure 4.1: Illustration of three possible cases in the transmission of the control and information parts.
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Write Y(n) to denote the n-th entry in this process. Let i, denote,
in=min{i | T' 4 - +T" >n}. (4.12)
Now consider the worst-case estimation error,

Xy, =sup|z, — Tpl, Xo=0,n>0.
wn

Using the notation developed above we have,

Lemma 4.3.1 Consider the prescribed probabilities P, po, P, j1 and Pe. There exists a stochastic process
T with random termination time T such that the worst-case estimation error is bounded by,

The distribution of Y is given by,

T
IP<T =L []1i= MO'L> = P (4.14)
=1
T
IP(T:N, ITx :M10N> < (1-P)(1-PF) (4.15)
=1
and for K > 1,
T
P(T: KN +L), []Ti= o—K<N+L>> (4.16)
=1

<(A—=P. )P
1 (2(K-1) K-1 K
< K( o >(pe?ho) (1= Pp)".

Proof: The existence of such a renewal process T is obvious from the description of the encoder. What
we need to verify is the specified distribution. The first two equations (4.14) and (4.15) are fairly
clear. These correspond to the cases of false backup and the ‘good’ successful transmission. To verify
the last inequality (4.16) we note a result known to combinatorial analysts. Consider the number of
{—1,1}-sequences {r1,--- ,rox} such that Y 7 ;7 > 0 for j < 2K and 21251 rr = 0. The number of
such sequences is given by the Catalan number , [34],

1 (Q(K ~1)

K>1
K\ K-1 ) =

Now consider the case scenario to which (4.16) corresponds. At time n — 1, a renewal occurs. So the
true state z,_1 € I,_1 and the decoder waits for a new codeword. The encoder delivers a cut but
the cut is received in error. The encoder then keeps transmitting ‘back-ups’ until the smallest time at
which the decoder has decided an equal number K of back-ups and false cuts. Associate the ‘back-up’
hypothesis with a —1 and the ‘false cut’ hypothesis with a +1. So add a point for each false cut and

deduct a point for each back-up. This can occur in %(2(;((:11)) many ways and the probability of each
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occurrence is identical and given by (1 — Pe,h1)Pe X (Pe,ho)K_l(l — Paho)K. This proves the desired
result. 0

This lemma is useful for finding sufficient conditions for which the estimation error remains
bounded. By the definition of X,, and recursive substitution in (4.13) we bound the estimation error
as,

E|z, — dy|" < EX”

< IE( nf oW ﬁ T(n”))n (4.17)
n'=1

n!'=n'

n—1 n-—1 n
:(2W)”E<Z 11 T(n“)) (4.18)

n’=1n'"=n’

(4.19)
However, for this bound to be useful we need to be able to calculate the expectation of X,,. For this we
will make use of the following quantity,

T
v(n,61) =EJ] (Ti(@ + 61))" (4.20)

=1

which denotes the average gain of the n-th moment of the estimation error in each renewal cycle of the
system. Using the fact that Renewal cycles are independent we write out (7, ;1) as,

y(n,61) = (M(O’(l + 51))L>WP8JZ1

+ (Ml(a(l + 51))N)n(1 — P, )(1-P.)

+ (1 - Pe,hl)Pe (4‘21)
X Kzl % <2(I€—(_—11>) (0_(1 + 51))K(N+L)77 (P&hO)Kfl(l _ Pe’ho)K,

Fortunately, we know the generating function [34] for the series. Forany z < 1/4,>"%_,(1/K) (2([1({:11))331{ =
(1 —+/1—4x)/2. Using this we can simplify the expression in (4.21) into something more manageable,

v(n,81) = (M(o(l T 51))L)npe,h1

+ (M—l(a(l + 51))N>n(1 —P.)(1-P.)

Pe

+ (]. - Pe’hl)ﬂ
€,

x |1— \/1 —4(a(1+6) B, o (1~ Pupo)

Coming back to the bound that we were after, leads to the next result.
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Theorem 4.3.1 Consider an arbitrary discrete-time memoryless channel. Design a time-sharing encoder-
decoder by selecting L, N and M and two block coding schemes. The first scheme uses the channel L
times to distinguish between a binary hypothesis and the second scheme uses the channel N — L times to
transmit an M -ary message. Calculate the probability of decoding error for these schemes and denote
them as P, po, P, p1 and P = maxy=1,... M Pem-
Now consider system 4.1 with parameters ¢ > 1, 7 > 0 and W > 0. If you can find 61 > 0
such that y(n,01) < 1 then the design produces a bounded-error estimate for the system (4.1) with,
supE|z,, — &,|" < 0.
n>0
Proof: To prove this result it suffices to show that v(n,d1) < 1 implies that worst-case error X, is
n-stable. By (4.17) it suffices to show that,

[n—1 n—1

EZHT”

Ln/=1n""=n'

< 00, n > 0. (4.22)

where we have omitted the 2W term for notational simplicity. Let n > 1. By Hdlder’s inequality,

n—1 n—1
—[Z [T (xe")(1+60) (1+61)" ]
n/=1n'"=n’
%_:,_(1] 1 [ n-1 n—1 % — g
< [ ( [T ()@ +a) ] [Z (1+01)” >]
n’=1 “n'’=n’ =1
1 1 1

(h (T(n"><1+61>>)] [Z (1-+00) 77 1

For any 7 > 1 and §; > 0 note that c¢; is some finite constant that depends on 1 and §;. So we can
bound (4.22) by,

n—1 n-1 n—1
Z H (") <Clz < H ')(1+51))>n. (4.23)
n/=1n'"=n/ n/'=n'
Recalling the definition of Y(n”) we write,
n—1
IT (r(x")a+6))
' ;:z’ in—1—1 T?
- 11 (T (1+51) ( I1 H( (1461)) ) H( i1l +51)> (4.24)
j=m1 =1, j=1

where i, is the stopping time defined in (4.12) and m; = n/ — (T ' +-- -4+ T~ 1) and mg =n—1— (T* +
+ T%-1~1). Now observe that E H;TFZI max(Y;,1)" < Eo"!. This is because the estimation error can
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never grow faster than o. Furthermore, because v(n, 1) < 1 it follows by Lemma 4.3.1 that Eo"? < oo.
So EHiT:1 max(Y;,1)" = ¢y for some constant that depends on 7 and o. Now take expectations in
(4.24) and keeping in mind that the Y, Y2, ... are independent,

E H 1+(51))

1" —

Ttn! tn—1—1
=BT (7 (1+a) ( I IEH( (1+061)) )xEH( T (146
Jj= m;klil . 1=1,,/
<(@? ] EH(T;(1+51))”
i=i,  j=1
in—1—1 T
= (@? ] EH(Tj<1+51))”
i=i,  j=1

— (62)27(17,51)1'”_1—1'"/—1_
So we can bound (4.23) and consequently (4.22) by,

n—1 n—1 n—1
[Z [[ 1) QW] <ad Y y(n, o)t (4.25)

'=1n/"=n' n/=1

To finish the job we employ a large deviations bound. First write,

(1, 81) 1 < (1, 61) 7 <P(in-1 — i < 1) + (1, 51)2') (4.26)
Now, because i, is a stopping time, by definition,
Pin—1—ip <i) =P(T"+--T">n—1-n). (4.27)

Letting p = ET and n — 1 — n/ = [iu] and invoking Markov’s inequality we obtain,

) E(QGT)@'
1 /
P(T'+---T">n—-1-n") < P -

, logo E20T
—(n—1-n’) [Q_T]

(4.28)

=2

for any 6 > 0. But an old result (Durrett, Lemma 9.4) is that the exponent 6 —
29T

log, E207 . .
Og# is strictly

positive for some small § provided that there exists some 6 > 0 for which E < 0o. This last condition
is implied by our hypothesis v(n,d1) < 1. So using (4.28) in (4.27) in (4.26) we conclude that there
exists some constant c3 < 1 such that,

7(777 51)1',#171'”/71 S ng—l—n/'

Plugging this back into (4.25) concludes the proof of Theorem 4.3.1 for the case n > 1. The proof
follows for the case n < 1 by replacing Holder’s inequality above with Jensen’s inequality. ([l
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Theorem 4.3.1 gives us a fairly general method of designing stable estimators and, consequently,
anytime codes for arbitrary discrete-time memoryless channels. We first select a channel and a rate
0 < R < (. These are the design specifications. Based on the choice of channel and rate we solve the
following optimization problem,

maximize 7 (4.29)

subject to:
N\
1) (M(o(1+51)) ) P,

+ <M—1(a(1 + 51))N>n(1 ~P)(1-P,)

+(1- Pe,hl)zl_%m X [1 - \/1 —4(a(14+6) NP (1= Pe)| <1
2) N,L,M, P, o, P, 1, P, are feasible: There exists a (L,2) block code whose
probability of decoding error is P, j0 and P, 51 and there exists an (N — L, M)
block code whose worst case probability of decoding error is P,.
3)d1 >0

4)o=28465, 6, >0

Finally, having solved the optimization for a positive n we proceed to construct a rate R anytime
encoder-decoder pair with anytime exponent F, = nR as described in Theorem 3.4.1.

Observe that §; and Jo are slack parameters. The design space is therefore nothing but the
space of all (L,2) and (NN — L, M) block codes. Since L, N and M are also unconstrained the design
space is simply the space of all block codes that satisfies the first constraint. This is not a standard
optimization problem. We do not know how to solve it in a generalized sense. It is also not obvious
whether the exponent E, = nR predicted by (4.29) is truly optimal. For the Binary Erasure channel
we will see that (4.29) is trivially solved and yields the optimal exponent. For the Binary Symmetric
channel we are able to limit the design space to a small subset of block codes such that the exponent
predicted by (4.29) is ‘good’.

Remark 4.3.1 The 6y is the slack parameter required by Theorem 4.5.1 and the d2 is the slack parameter
required by Theorem 3.4.1. Both parameters may be selected arbitrarily small without any effect on the
anytime exponent of the encoder-decoder pair. However, the coefficient 3 in Definition 3.1.1 does depend
on 01 and d3.

4.3.4 The formulas are tight for the Binary Erasure Channel

Consider a Binary Erasure Channel. Observe that the optimal encoder-decoder (cf. Sec-
tion 3.3.2) coincides with the time-sharing encoder-decoder such that L =0, N =1 and M = 2. The
parameter L is degenerate because the decoder knows when channel erasures occur. So there is no real
need for ‘back-up’ or ‘continue’ messages. So the question is not whether the encoder-decoder is optimal.
Rather we check whether the optimization problem in (4.29) yields the optimal anytime exponent.

We evaluate the anytime exponent F, = nR that is predicted by (4.29). For the optimal
encoder-decoder we have L = 0, N = 1 and M = 2 which leads to the P, 0 = P, ;1 =0 and P, = ¢
where ¢ is the erasure probability of the channel. We need to evaluate the first constraint in (4.29), or
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equivalently, the expanded version in (4.21). By direct substitution the summation in (4.21) is simplified
as,

(1—Pop)Pex Y. 11((2(;((_—11)) (o(1+6) VP, ) T (1= P)
K=1

=e(o(l+ 51))(N+L)n.
Plugging this back into (4.21), we obtain,
7 "
(210(1 + 51)> (1—¢)+ <U(1 + 51)> e <1

Rearranging terms and taking logs,

1 1
logo(1+61) < ~ log {277(1 —€)+ E:|

=1- 71710g [1 +¢e(27-1)]. (4.30)

Using Theorem 3.4.1 and observing that d; > 0 is arbitrary we see that our formulation predicts that

the anytime exponent E, = nR is achievable by the rate R =1 — %log 1+ 5(277 — 1)] optimal encoder-

decoder. Comparing this with the parametric representation in (3.13) reveals that the predicted values
for the rate and exponent are the optimally achievable values for the Binary Erasure Channel.

4.3.5 The formulas are decent for a good Binary Symmetric Channel

In contrast with the situation for the Binary Erasure Channel there is no trivially optimal
encoder-decoder for the case of the Binary Symmetric Channel. Unlike the case of the BEC, bits that
were correctly decoded in the past can be corrupted by errors that occur in the present. Consequently,
we are necessarily lead to think about the entire space of block codes to find a good solution to (4.29).
In particular, we need to consider codes that provide a good trade-off amongst the rate at which
new information is transmitted and the rate at which control information (ie. back-up or continue) is
transmitted.

Let’s begin with a good Binary Symmetric Channel. By this we mean that the channel
cross-over probability e is very small so that channel errors are very unlikely. Because errors are
unlikely we consider those block codes that provide very little or no forward error protection. This
intuition turns out to be correct at modest rates. For such rates we pick L = 1 so that the binary
control information (‘backup’ or ‘continue’) is transmitted using a single unprotected bit. We also pick
M =2N-L (N — L =1,2,---) so that the new true information is transmitted without any forward
error protection. For these choices of N, L and M the optimization problem in (4.29) reduces to,

maximize 7 (4.31)

subject to:

1) <2N—1a(1 + 51)>ne
+ <2—(N—1)(a(1 + 51))N>n(1 — N
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1—(1— N-1

+(1—o! (26) >><[1—\/1—4(0(1+51))(N“)"e(1—e) <1
€

)N =234,

3)51>0

4)o =246, 8>0

To solve this optimization problem we need to determine the optimal E,(R) = nR as a function of the

rate R. Observe that d; and 05 are slack parameters. Consequently, for a fixed N we can calculate

E(SN) = nR as a function of R and then consider the optimal function E, as the least upper bound over
: ) (N)

the entire family {Eg ' }n=12....

In Figure 4.2 we have numerically calculated E(SN) (N =2,3,---,11) for a Binary Symmetric
Channel with cross-over probability € = 0.01. The blue curve is the upper bound E;. The dashed curve
is the sphere-packing bound and it is drawn only for reference. The gap between the anytime exponent
E(SQ) and E} at R = 1/4 is fairly small and supports our intuition that forward error protection is not
necessary for a good BSC channel. On the other hand, the gap is significant at very low and high rates.

High rates are not achievable because of the time-sharing property of our encoder-decoder. A
fixed ratio, L/N, of the time is devoted to the transmission of control information, the ‘back-up’ or
‘continue’ signals. So unless L/N is very small rates close to capacity cannot be achieved. On the other
hand, if we design L/N very small then we significantly increase the chances of forward transmission
errors and consequently the transmission and retransmission of backups. There is very little or nothing
that we can do with the proposed scheme to recover performance at high rates.

At low rates a more interesting situation occurs. At rates close to zero, true information bits
are rare. In between the true bits, the encoder is transmitting an excess amount of control information
(ie. ‘back-up’ or ‘continue’). But this control information is unprotected so that ‘false backups’ occur
frequently. Such backups are costly and lead to a performance loss. However, observe that there is a
simple technique to recover this loss — do not transmit an excess amount of control information. To
see how this can be done, consider the peak of the curve labeled N = 2 and denote this point by
(R*, E,(R*)). For rate R < R* we can modify the encoder and decoder so that the encoder transmits
true information at the optimal rate R* and transmits ‘dummy’ bits during the excess time. The encoder
knows that certain bits are dummy. Consequently, the reliability E,(R*) is achievable for all R < R*.
This is illustrated in the figure by drawing a solid black line tangent to the peak.

4.4 Improving the estimator for a non-perfect channel

In the previous section we saw that a very simple time-sharing estimator performs well for a
‘good’ Binary Symmetric Channel. It turns out, however, that this estimator performs poorly if the
channel is very noisy. In this section we modify the estimator for improved performance on a very noisy
Binary Symmetric Channel. Our approach is to introduce an ‘inner’ encoder-decoder that converts the
noisy channel into a good virtual channel. The simple estimator is then applied to the virtual channel.

4.4.1 The inner encoder-decoder: creating the virtual channel

The inner encoder-decoder pair is Schalkwijk’s 1-up J-down (J is a parameter to be determined
later) previously described in Section 2.4.1. We repeat the description here to avoid excessive page

flipping.
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Figure 4.2: Anytime exponent E(SN), N = 2,3,---,11 of time-sharing code for a Binary Symmetric
Channel with cross-over probability ¢ = 0.01 and no forward error protection.

At time n a bit m € {0,1} is handed off to the inner encoder. The encoder repeatedly emits
m until the decoder makes a decision at a random time n 4+ 71, T > J.

As before the decoder is described by a Mealy machine consisting of 2J + 1 discrete states as
illustrated in Figure 2.4. At time n the decoder starts in state J. Suppose that the decoder is in state
2z at time n < n/ < n+T7'. Upon receiving a one at time n’ the decoder jumps to state z,/ 11 = 2, + 1.
Upon receiving a zero at time n’ the decoder jumps to state z,/11 = z,» — 1 at time n’ + 1. The decoder
makes a decision in favor of m’ = 0 at the first time instant n+ T at which it makes a jump into state
zero. Conversely, the decoder makes a decision in favor of m’ = 1 at the first time instant n + T at
which it makes a jump into state 2.J.

We write,

IP’(TI =J+2t,m' #m| bit m was transmitted),
IP’(TI =J+2t,m' =m| bit m was transmitted).

qm (t)
Pm(t)
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By symmetry p1(t) = po(t) and ¢1(t) = qo(t) so we will simply write p(¢) and ¢(t) to denote the respective
quantities. The statistics of p(t) and ¢(t) are given by the matrix expressions (2.19) and (2.20). For
J =2 and J = 3 these expressions reduce to,

p(t) = JH1 —e)7 Tt t >0, (4.32)

and
q(t) = Je/TH (1 —e)t, t > 0. (4.33)

We are not able to come up with such simple expressions for J > 3. The interested reader may wish to
verify that for J =2 and J = 3 that (4.32) and (4.33) indeed define a true probability distribution. In
particular,

S p(t) +a(t) = 1.
t=0

Observe that the inner encoder-decoder pair described here is used for the reliable transmission
of a single bit. The pair effectively converts a noisy Binary Symmetric Channel into something that
resembles a less noisy binary channel. More precisely, we think of the transfer function from the input
of the encoder to the output of the decoder to be a virtual channel. The transfer function is not quite a
standard channel because different bits experience different delays from the time they enter the encoder
until the time they leave the decoder.

4.4.2 The outer decoder

An outer decoder maintains an interval of confidence denoted as I, = [l,,,u,], n > 0. The
decoder believes that the true state is contained in the interval and therefore produces the estimate
Zn = (I, + up)/2 for each time n > 0. The description of the outer decoder then follows by describing
the update rule for the interval of confidence.

At time n the outer decoder, just having received a code-word, adaptively listens for a new
variable-length code-word. Let N be a parameter to be determined later. The outer decoder first
receives a bit by, from the inner decoder. The time 7 is a random variable that depends on the
statistics of the inner encoder-decoder. The outer decoder uses b,., to distinguish between a binary
hypothesis: ‘back-up’(bp4- = 0) or ‘continue’ (bp4r = 1).

Say that a decision is made in favor of the ‘continue’ hypothesis. The decoder then receives
N bits (bntrttyy Ontrtttitty, ’bn+T+Zf\thi> from the inner decoder. The times tq,to,--- ,tn are
randomly determined by the statistics of the inner encoder-decoder. These N bits are used to select
one of 2V possible messages according to the maximum a posterior probabilities. Denoting the selected
message by m the decoder concludes that the true state x,, was in the m-th cut [pm,pm+1] of a oN
partition of Ip,_1 = [lp—1, Un—1],

ln—1=p1 <pa <+ <pov = up—1.
Consequently, at time n + 7 + Zfi 1 ti the decoder updates the interval of confidence as,
I = o™ X iy, o] + [T, o, (W), D7 s, (W)] (4.34)
n+7+z£\;1ti = m> Pm+1 T+Zi-v:1ti y T+Zf\]:1ti . .

The outer decoder saves the message m on a stack for future use and listens for a new code-word at
time n 474+ SN | t;.
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Suppose now that the decoder had decided in favor of the ‘back-up’ hypothesis at time n + 7.
The decoder concludes that the true state x,_; was not in the interval I,,_; so the decoder pops a
partition index m from the top of the stack and enlarges the interval as,

Inyr = o’ [ln—l — m|In_1\, Up—1 + (2N — (m + 1))‘171_1” (4.35)
+[ - Fg(W)7 Fg(W)]a

where T" is the function defined in (4.6). In words, the interval is extended to the left by m|I,_1| and
to the right by (2 — (m + 1)) and the resulting interval is propagated by the system equation (4.1).
At time n + 7 the decoder waits for a new variable-length codeword.

Observe that independent of the value of the partition index m the interval is updated such
that,

0Lt + | = T2(W), TI(W) | € Lsr, (4.36)

This concludes the description of the outer decoder.

Observe also that the outer decoder described here is almost identical to the description of the
time-sharing decoder of Section 4.3.1. To see this take L = 1 and M = 2~ in the description of the
time-sharing decoder. The only notable difference is that the input to the time-sharing decoder comes
from a true Binary Symmetric Channel whereas the input to the decoder described here comes from
the virtual channel induced by the inner encoder-decoder.

4.4.3 The outer encoder

It should be no surprise the description of the outer encoder follows from the description of
the time-sharing encoder of Section 4.3.2. The description begins by considering the behavior of the
outer encoder at a time n — 1 at which the true state x,_1 is contained in the decoder’s interval of
confidence, z,_1 € I,,_1, and the decoder is waiting for a new code-word. The outer encoder advises
the inner encoder to emit a ‘one’ indicating the continue hypothesis. A random 7 time units later the
decoder decides on either the continue or the back-up hypothesis. Suppose that — with probability
p(7) — the decoder decided on the continue hypothesis. In this case the encoder calculates the cut of
the 2V partition of I,_; that contained x,_; and hands off the N bits that represents the cut to the
inner encoder. These bits are transmitted to the outer decoder at random times n + 7+ t1,n + 7 +
t+1+tg,--- ,n+7+ vaz 1 ti respectively. If there were no errors in the transmission of these IV bits,
at time n + 7 + 21111 t; the decoder updates its interval of confidence according to (4.34) such that
Tppr N 4, € In+7+zﬁ\;1 ¢ and waits for a new code-word. This is the good case.

There are two more possible case scenarios. With probability ¢(7) the decoder could have
decided in favor of the ‘back-up’ hypothesis at time n + 7. So at time n + 7 the decoder mistakenly
enlarges the interval according to (4.35) and waits for a new code-word. This case scenario is not so
grim because at time n + 7 we still have that x, 1+ € I, 1.

Finally, the worst case scenario occurs if at time n+7 the decoder decides in favor of ‘continue’
but subsequently an error occurs in the transmission of the /N bits that represent the cut of the partition
of I,,_1 that contained x,_1. At time n + 7 + Zl]\i 1 ti the decoder mistakenly updates the interval ac-

cording to (4.34) but the updated interval no longer contains the true state; A o4 InJrTJrzzgv:l 8

Starting at the troublesome time n + 7 + Zf\i 1 ti the encoder attempts to bias the decoder to always
decide in favor of the ‘back-up’ hypothesis. The encoder goes back to normal operation at the smallest
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time n/ such that the decoder decided in favor of an equal number of back-up and continue hypotheses
in the interval {n,---,n’}. It follows by (4.36) that,
O_n/—n 1+ [_ re

n’—n(

W), T%,_(W)] C L.

n'—n

This concludes the description of the encoder.

4.4.4 Mathematical model of the modified system

The description of the outer encoder-decoder pair is almost identical to that of the time-sharing
encoder-decoder pair of Sections 4.3.2 and 4.3.1. The information about the state is encoded in exactly
the same way. The only thing that changes are the times at which the encodings occur. The latter is
due to the virtual channel induced by the inner encoder-decoder. Consequently, the ‘renewal’ property
is maintained and the model that was used to analyze the original system also applies here.

In conjunction with Lemma 4.3.1 we define a stochastic process Y = {Yi,---, Y7} with
random termination time 7T such that the worst-case estimation error X,, is bounded by,

Xnt1 < YT(n)X, +2W, Xo=0, n>0. (4.37)
We remind the reader that the worst-case estimation error is defined as X,, = sup,n |z, —2,|. We also re-
mind the reader that the notation Y (n) indicated the n-th entry of the process {1, Y3, -+, T4, Y3 13 ...

in which the Y* = {Y¢ 1%, ,TiTi} are independent copies of T for all 4 > 1. Supposing that we are
able to determine the distribution of T then we immediately get the following analog of Theorem 4.3.1,
the proof of which follows from that of Theorem 4.3.1.

Theorem 4.4.1 Consider a modified estimator with parameters J and N and consider system (4.1)
with parameters o > 1, 1> 0 and W > 0. Let,

T

v(91,m, J,N) = EH (Ti(14061))".
i=1

If you can find 81 > 0 such that v(61,m,J, N) < 1 then the modified estimator produces a stable estimate
for system (4.1) with,

sup E|z,, — 2,|" < 0.

n>0

To make this a useful result we determine the distribution of T and subsequently calculate

~v(01,m,J, N). Consider the three situations that are possible in between renewals. These are the cases
of a false backup, a successful transmission and a recapturing sequence. The false backup is the easiest
and follows by selecting,

T
P(T = T,HTi = QNUT) =q(7), 7> 0.
i=1

To see this observe that ¢(7) is nothing but the probability that a ‘continue’ hypothesis is transmitted
in error in 7 time steps by the inner encoder-decoder. Then use Y; = 2V¢7 in (4.37) and compare
with the actual dynamics of the interval given by (4.35). The case of a successful transmission is also

, T

2 .
T2



95

straightforward and follows from (4.34) by selecting,

N T
P(T=r1+Y ti, [[Ti=2""0")
=1 =1
= p(7)p(t1)p(t2)p(ts) - p(tn),
Tt te, oty > 0.

The quantity p(7) represents the probability of successfully transmitting the continue hypothesis in 7
time steps and the quantity p(t1)p(t2) - - - p(tn) represent the probabilities of the subsequent successful
transmission of the partition cut.

To complete the model we need to describe the distribution of T that corresponds to a re-
capturing sequence. Analogous to the situation in Lemma 4.3.1 we consider a recapturing sequence
consisting of K errors and K true backups,

K N K T
P(T=>"Y (™ +¢M) + Zgw, [Tri=07)
k=1 i=1 1))P =1
% Q(ff ) (F)g(r) - q(r 5
x p(sM)p(s@)p(c®)) - p(st))
K
< TT ( @)+ a(t)) (1) + a(t$)) - () + at3)))
k=2

T(k)ag( )7t§k)aték)7 e 7t§\kf:) Z 07 k= 1727 U 7K-
in which P denotes the overall probability of error in transmitting the partition cut,

P =1-p(t1)p(tz) - p(tn).

To verify these expressions it suffices to note that p(T(l)) is the probability of successfully
transmitting the first continue hypothesis in 71 time steps and P is the probability that an error
occurs in one or more of the N bits in the subsequent transmission of the partition cut. The remaining
quantities describe the transmission of the K — 1 false continues and K true backups. Keep in mind
that a false continue occurs if a ‘back-up’ is understood as a ‘continue’ and the decoder expects to
receive N bits after deciding in favor of a continue. Each of the K — 1 false continues is captured by
the product g(r*))(p(t (k)) + q(t(k))) (p(tgk)) + q(tgk))) - (p(t £k )) + q(t(k))) for k =2,--- K. Observe
that p(t) + ¢(t) is nothing but the probability that a bit is transmitted in ¢ time steps. Finally, each of
the K true backups is captured by the terms p(¢¥)), k =1,2,--- , K, since this quantity describes the
successful transmission of the backup hypothesis in ¢(*) time steps.

Having determined the distribution of T we revert our attention to the calculation of the
quantity (01,7, J, N) which is central to Theorem 4.4.1. By direct calculation,

T
Y(61,m, T, N) =B (i1 + 61))"

i=1
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= Z <2N(0(1 + 51))(J+2T)>n61(7)
7>0

o

n
+ ) <2—N(o(1 + 51))(J(N+1)+27+2“+"'+2tN)) p(T)p(t1) -~ -p(tn)
T2>0
ti, .ty 20

= KN (0 0) i 0\
5 S (s TE T )
K=1

(B (k) > ¢

t(lk)7tgk>74“,;§\’;)zo
E=1,2,--- K
1 /2(K — 1)
yp L
Pl )PK<<K—1>>
K
x [ pc™)
k=1

K N
< [T IT ar™) (p?) + a(t))

k=2n=1
For J = 2 and J = 3 this seemingly long expression reduces to something quite simple. This is because

the sums are geometric for these very special cases. To make the simplifications first observe that
probabilities add up to one so that,

Z <(U(1 +51))2t1+2t2+...+2tN>77P

Ly, tn20

-1_ Z ((0‘(1 + 51))2t1+2t2+~-~+2tN>np(t1)p(t2) .. 'p(tN)

t1, tn>0 ) .
=1- (Z (o(1+61)) "p(t)>
t>0

Using this and (4.32) and (4.33) in the lengthy expression for (1,7, J, N) we obtain,
n
Y(61,m,J,N) = <2N(U(1 + 51))J> Qu

+ <2—N(0_(1 +51))J(N+1)>77(PJ)N+1

(1-(Pn)Y)
h 2Qs(P;+Qy)

1 2(K —1 "
where P; and () are shorthand for,
P; =" (o(1+61))""p(t)
>0
(1-¢’
1—J(o(1+ (51))27]6(1 - 6)7
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and

T J(e(1 4 ) el — o)

To conclude we make use of the following generating function,

(1—+1—4xz)/ i (1/K) < 11)>33K

K=1

which holds for z < 1/4. Applying this to the series in the last expression for v(d1, 7, J, N) we write,
n
J
v(01,m,J,N) = (2N(a(1 +61)) ) Q (4.38)

+ (2—1\/(0(1 +51))J(N+1)>H(PJ>N+1

(1—(P)Y)
2Q7(Pr+Qy)

[1 — \/1 —4(o(1461)) (N“)”PJQJ(PJ +QJ)|.

+ Py

4.4.5 Performance for a noisy Binary Symmetric Channel

We now evaluate the anytime exponent of the modified estimator for a very noisy Binary
Symmetric Channel with cross-over probability e = 1/4. To evaluate the exponent we take out usual
approach and we use (4.38) in Theorem 4.4.1 to obtain the following optimization problem,

maximize 7 (4.39)

subject to:
1) <2N(0(1 + 51))")an
+ (2—N(J(1 +51))J(N+1)>n(PJ)N+1

(1—(P)"M)
P [ S S A
" J2QJ(PJ+QJ)
[1 - \/1 — 4 (o(1+6))"N"P,Q, (P + Q)
2) N=1,2,3,--
3) 61 >0

4) 0 =246, 62 >0

Then, by Theorem 4.4.1, if (n, R) is achievable, then the exponent E,(R) = nR is achievable.
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We compare (4.39) with (4.31). By similarity in the construction we can solve for (4.39) using
the same technique that was used to solve for (4.31). The basic idea is to observe that 6; and d2 are

slack parameters and, consequently, for a fixed (J, N) we can calculate a new function E(SJ’N)(R) =nR

as a function of R. Having computed E(SJ’N) for N = 1,2,--- and J = 2,3 we then consider the

optimal function E, as the least upper bound over the entire family {E(SJ’N)} N=1,2,.., J=2,3. These
curves evaluated for the BSC for J =3, N =1,2,--- ,6 and € = 1/4 are illustrated in Figure 4.3.

01 (J=3,N=1)

(J=3,N=2)

(J=3,N=3)
0.05 [
(J=3,N=4)
(J=3,N=5)
(0=3,N=6

0 0.02 0.04 0.06 0.08 0.1 0.12
R (Nats)

Figure 4.3: The improved anytime exponent for a noisy Binary Symmetric Channel with cross-over
probability € = 0.25.

4.5 Discussion

If we compare the contour of the achievable regions in Figures 4.2 and Figure 4.3 we see
that the aspect ratio of the contour is ‘tighter’ to the upper bound for the noisy channel. From this
perspective, the code performs better for the noisy Binary Symmetric Channel (BSC) than it does for
the good BSC. It turns out that this surprising result has a simple explanation.

To see what’s going on we first keep in mind that the method of encoding is time-sharing so
that a fixed proportion of the time is spent on transmitting control information (cf. the ‘continue’ or
‘back-up’ hypothesis). For a good channel errors rarely occur. In the absence of errors, however, the
control information carries no ‘useful’ information and therefore may be seen as a waste of time that
would have otherwise been used to transmit new information. This fixed overhead explains why rates
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close to capacity are not achievable for the good channel. In comparison, errors occur frequently in a
very noisy channel. So the control information is useful most of the time and, consequently, the fixed
overhead incurs a smaller hit.
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Chapter 5

Regenerative relaying

In this brief chapter we consider the problem of the reliable transmission of real-time data over
two serially interconnected channels as illustrated in Figure 5.1. We give a precise characterization of
the source-to-destination anytime reliability. To avoid trivialities we assume that the interconnected
channels are not symbol-by-symbol compatible. By this we mean that the relaying node must decode,
interpret and re-encode the incoming data in a streaming fashion. Generalizations to more elaborate
graph topologies are possible, however, these will not be addressed here.

Formally, consider the relaying system is illustrated in Figure 5.1. A source produces one bit
of new information every time step. Denote the n-th bit by s,. At time n, an encoder observes s,.
Based on its observations it emits a,, € {1,2,--- 2L } through an L-bit erasure channel. The channel is
described by the memoryless probability distribution,

P(bn:a|an:a):1f5’
Pb,=0|ar=0a)=¢e,n>0,a€c{l,2,---,25}

where b, € {1,2,---,2L} U {0} denotes the channel output at time n. At time n a relay receives b, and
based on what it has received up to time n it produces an estimate 7(n) = (r1(n),r2(n), - , 7 (n)) of
the entire history of the source bits s}. Based on its estimate r(n) the relay emits a channel symbol
¢, through a discrete-time memoryless, but otherwise arbitrary, channel (DMC). We will not need the
transfer function of the DMC, except that the channel output at time n will be denoted by d,.

Finally, the true destination receives d,, at time n. Based on what it has received up to time
n it produces an estimate §(n) = (51(n), $2(n), - ,Sp(n)) of the entire history of the true source bits
sT. The basic problem is to find parameters o > 0 and (3 such that,

P(3n(n+d) # s,) < 27 n>0,d >0, (5.1)

or to determine when no such parameters exist. In particular, we are interested in the largest such
parameter o which will be called the anytime exponent of the source-to-destination system.

Before we proceed to bury ourselves in equations it is instructive to check whether there is a
simpler way to relay the information from the source to the destination. Suppose that the second DMC
had exactly 2F 4+ 1 inputs. In this case we could take the relay to simply forward the channel symbols
b, to the channel symbols c,,

cp =bnp, n>0.



61

In this way we obtain a ‘concatenated’ discrete-time memoryless channel from the source to the desti-
nation. So the basic problem reduces to a point-to-point anytime coding problem. This would mean
that there exists «, 3 > 0 in (5.1) if and only if

CMa) > 1

where C4(a) is the a-anytime capacity of the concatenated channel.

On the other hand, if the input symbol set of the second DMC is not compatible with the
output symbols of the L-bit erasure channel then there is no channel-to-channel mapping of symbols
without reconstructing the true source bits at the relay. This is because the channel symbol c¢,, depends
explicitly on each of the n bits in s} = (s1, 82, -, Sn).

Perfect feedback link

N-bit erasure channel
Source, S a, a
U n
S
n an @ bn
Relay, R
r(n)
Destination, D d, An arbitrary discrete-time c,
() memoryless channel (DMC)

Figure 5.1: An abstract relaying system. The L-bit erasure channel is a discrete-time memoryless
channel described by P(b, =a|a, =a) =1—cand P(b, =0 | a, =a) =¢ forall a € {1,2,--- ,2"'}.

5.1 Producing an estimate at the relay

The system consisting of the source, L-bit Erasure Channel and the relay is modeled as an
infinite first-in first-out (FIFO) binary queue. At each time n the source inserts a new bit at the end of
the queue. Immediately after inserting a new entry, the source selects the first [ < L non-empty entries
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in the queue and emits these bits in a packet of length L over the L-bit Erasure Channel. If no erasure
occurs then these [ entries are removed from the queue. If an erasure occurs then the entries are left in
the queue to be re-transmitted at time n + 1. When n is strictly less than L the source inserts L — [
dummy bits to form an L-bit packet.

Suppose that by time n the relay has received f(n) true information bits,

f(n) = n — source’s queue length,

where the queue length is a random variable depending on the number of erasures that have occurred
up to time n. Because the relay knows when erasures occur it can determine the source’s queue length
and consequently f(n). So at time n the relay produces its best estimate as,

r(n) = (s1,82, " ,8fm), L, 1,---,1), n >0, f(n) <n.

Clearly no better estimate is possible. So the estimate is completely determined by the dynamics of
f(n), or equivalently by the dynamics of the queue length.

On the other hand, the queue is a simple D /M /1 system (deterministic arrivals, bulk Markov
departures). So we can determine the dynamics of the relay’s estimate. Let z, € {0,1,---} denote the
queue length at time n. and F; ; denote the one-step transition probability,

Pij=P(znt1 =J | 20 = 1),

and let 7,(7) denote the stationary distribution,

7.(1) = lim P(z, = 1),

n—oo

if one exists. Using this notation we have,

P(rn(n + d) # s,) = P{finding more than d elements in queue at time n + d} (5.2)
= Z 7.(7).
i=d

Consequently, to conclude the analysis we need to calculate 7,(i). From the description of the queue
above, we determine the one-step transition probabilities,

Ppy=1—¢ (5.3)
Po=1-¢i=1, L—1
P rp1=1-¢1>1L
Piiy1=¢,12>0,

and the ‘generic’ balance equation,

m.(i) = Pyp—1,m(i + L) + Py (i — 1) (5.4)
=(1—-¢e)m(i+L)+em,(i—1), 7> L.

It is clear now that (i) will have a solution of the form v up to a coefficient to be determined by the
balance equations for m,(i), 7 =1,2,--- ,L — 1. Using (5.2) and (5.4) we obtain,
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Theorem 5.1.1 Let the L-bit erasure channel have erasure probability € such that
(1—eyt—y4+e=0 (5.5)

has a solution |y'| < 1. Then for any time n > 0 delay d > 0, the probability of estimation error for the
relay is upper bounded as,

P(ra(n+d) # s,) < g2 (5.6)

for some strictly positive constant 3 > 0 that depends on ¢.

Remark 5.1.1 If equation (5.5) has a solution " in the unit circle then it has at most one such solution
in the unit circle. For a fized e, we have that v — ¢ as L — oo.

Remark 5.1.2 For L = 2 we have a unique solution |y'| < 1 when € < 1/2. This solution is given by

5.2 Relaying the estimate

We now have a simple model for the first part of the system consisting of the source, the L-bit
Erasure Channel and the estimator at the relay. The question that remains to be answered is how the
intermediate estimate will be transmitted to the true destination. Many solutions are possible. In this
section we describe a general solution that is simple and performs well.

Let p’ and ¢ be two integers to be determined later. We define p = log, Zflzo 2! and pick
an ‘off-the-shelf’ rate-p/q anytime code for the discrete-time memoryless channel that lies between the
relay and the true destination. We will not worry about the specifics of the code; only that the code
can emit one of {1,2,--- ,21”/} symbols every ¢ time steps.

The relay maintains an infinite binary queue in conjunction with the source’s queue. Every ¢
time steps the relay selects and removes up to the first 0 < ¢ < p’ entries of its own queue and emits 7
true information bits plus p’ — ¢ ‘dummy’ symbols. So every ¢ time steps the relay prepares a packet
that can take up to ?/:0 2% values and hands it to the ‘off-the-shelf’ anytime encoder, which then ships
it off to the true destination. On the other hand, at each time step, the relay receives up to L true
source bits. It simply places these bits at the end of the queue.

The source’s and relay’s queues form a series queuing system. In the language of queuing
systems, the source’s queue is a D /M /1 (deterministic arrival, bulk departure) and the relay’s queue
is one of deterministic departures. The arrivals to the relay’s queue are exactly equal to the departures
of the source’s queue. We have illustrated the situation in Figure 5.2.

Let 7, 4(,7) denote the stationary distribution of the series queuing system. Suppose for the
moment that we have calculated 7, (¢, 7). Would this help us in achieving our ultimate objective, to
determine «, 5 > 0 in (5.1)7 We attempt to answer this question in the following theorem where the
notation C’A(a) denotes the a-anytime capacity of the link between the relay and the true destination.

Remark 5.2.1 Suppose CA(a) < 1 and the L-bit erasure channel has a non-zero probability € > 0 of
erasures. Then, by definition of the Anytime capacity, there is no o, 3 > 0 for which,

P(3,(n+d) # s,) < B27 n>0,d> 0.
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o
Theorem 5.2.1 Pick p’ and q and pick an off-the-shelf rate R = ngZTi:(ﬂ anytime encoder such that
R > 1. Then, if,

1. there exists some o for which C*(a’) > R,

2. and there exists a stationary distribution 7, (i, j) for the joint statistics of the source’s and relay’s
queues,

we can find an § > 0 for which

~ . . —a(1—p)d ..
]P’(sn(n +d)# Sn) < ) a:CAzB)fZRH 0%%21 [2 ! i+j2>ﬂd Wz,y(laj)]'

Consequently, we can find some a, 3 > 0 that satisfy (5.1).

Proof: Fix 0 < p < 1. Then the probability of the error event y = {5,(n + d) # s, } is upper bounded
by,

P(x) < P(x|relay has emitted bit s,, by time n + pd) (5.7)
—i—IP’(relay has not emitted bit s, by time n + pd)

By the definition of anytime capacity,
P(y | relay has emitted bit s,, by time n + pd) < /27

for any o such that C*(a) > R. The coefficient 3 depends on how close C*4() is to the transmission
rate R. To lose the dependence we insist on the condition C**(a) > R + § so that

P(x | relay has emitted bit s, by time n + pd) < 5(6) inf 9~od (5.8)
a:CA()>R+6

for some finite constant () < oo.
Finally, the relay has not emitted bit s, by time n + pd if we find more than a total of pd
entries in the source’s queue plus the relay’s queue. This is nothing but,

P(relay has not emitted bit s,, by time kn + pd) = Z Tay(%, 7). (5.9)
i+j>|pd|

Using (5.9) and (5.8) in (5.7) and taking the infremum over all 0 < p <1 gives the desired result. [

This result has an appealing aspect. The stationary distribution 7 is independent of the second
discrete-time memoryless channel. It is a function only of the erasure probability € of the erasure channel
and the rate R at which the relay emits bits. On the other hand, the anytime exponent is independent
of the stationary distribution. It depends only on the rate R. So the relaying problem is reduced to
picking the optimum rate R. Picking a small rate increases the performance of the anytime encoder but
degrades the performance of the queues. Picking a larger rate improves the performance of the queues
but degrades the performance of the anytime encoder.
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5.3 Analysis of the queuing system

Before we stated our theorems we made the assumption that we could calculate 7. It turns
out that the problem has enough structure that we can find a closed form solution up to the calculation
of coefficients. Here are the calculations.

Recall that z,, denotes the state of the source’s queue at time n. Denote the relay’s state by
yn. Recall also that 7, ,(7,7) is the stationary distribution of P, (2, = i,y, = j). As we did in the
previous section, we determine m by solving for the balance equations. By direct observation of the
one-step transition probabilities (5.3) and for sufficiently large i, j,

7y (ij) = 7oy (i —p+aL, j+a(L—1)PD

=my(i—p+(g—1L, j+(q—1)(L—-1)— 1)13]-(1)((1_1)@_1)_1,]’

= Tzy (Z —p+ ((] - Z)Lv J+ (q - 2)(L - 1) - 2)Pj(—tsl—)(q—2)(L—1)—2,j

(5.10)

=Tzy (Z - D, .7 - Q)Pj‘(g)%j

q
= Z T2y (Z —p+ (q - k)L7 J+ (q - k)(L - 1) - k)Pj(—(f-)(q—k)(L—l)—k,j
k=0

where PJ(IQ’)J2 denotes the g-step transition probability of the state of the source’s queue:

IP)(Zn—‘,-q - jg,mn - ]1)

That there is such a compact representation for the balance equations is not a surprise. This is conse-
quence of the fact that the series queuing system consists of one queue driving the other. This is why
the balance equations are defined only in terms of the ¢-step transition probability of the driving queue.

To conclude the calculations we need two more things; the g-step transition probabilities and
a guess for the solution. Again by direct observation of (5.3) we see that for large j there are exactly
(g) ways to go from state z, = j+ (¢ — k)(L — 1) — k to state 2,44 = j in ¢ steps. Each of these choices
involve k ‘up’ transitions and ¢ — k& ‘down’ transitions. So we have,

(9) _ (4 k_q—k
P am 1)k = (k)(l —e)tetn

Plug this back into (5.10) and write,

q

moy(i f) =) (Z) Ty(i—p+ (=KL, j+(q—k)(L—1)—k) (1 —e)F1F, (5.11)
k=0

We guess that the solution to this last recurrence equation is of the form,

7Tz,y(ia ]) = ﬂ-y(i)ﬂ-z (])
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where m, is the stationary distribution of {y,} and =, is the stationary distribution of {2,}. Plug this

guess into (5.11) and simplify,

q
| = yab=paa(L-1) (kz_o (Z) pRLy—RE-D (] _ g)ksq—k>

= pal—pya(L-1) (n*L,y*(Lfl)(l —&)+e)d
gL—p

=n a 'y(L_l) (n_L’y_(L_l)(l —€)+e)

and with one final step,
N =1 —e)+ (e,

(5.12)

where R = p/q is the rate at which the relay emits bits to the final destination. Finally, for appropriate
values of L, R, ¢ if we can find |y| < 1in (5.5) and |n| < 1in (5.12) then these must be the unique solutions
of (5.5) and (5.12) respectively. This concludes our analysis and treatment of the subject. The reader
is encouraged to compare the structure of the characteristic equation (5.12) with the representation in

(3.13) of a Binary Erasure Channel.

Source’s Queue

Deterministic arrivals. MIL]
1 bit each time step

Bulk departures.
Upto L bits each

time step.

Relay’s Queue

Deterministic departures.
p' bits each q time steps.

Figure 5.2: Illustration of the series queuing system for the source and relay.
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Chapter 6

Recurrence and stability in infinite
Markovian jump systems

In one of our many initial attempts to model anytime codes we considered a systems approach
based on jump systems. Ultimately we discovered that there were better methodologies but we never-
theless pursued our investigation for the sake of completeness. In this chapter we present what we’ve
learned about jump systems and a set of stability criteria that may be viewed as a simpler and finite
alternative to the traditional criteria which requires the solution of an infinite set of balance equa-
tions. The material is presented in a self-contained fashion and may be read independently of the other
chapters.

Discrete-time jump linear systems are useful models for many systems that exhibit abrupt
changes in their dynamics. In the physical world, the change in dynamics is due to the occurrence
of discrete events at random times. For example, the time and number of customers that arrive at a
checkout-stand or the time and amount of change in the price of stock. Intuitively, there are two sources
of randomness; the time at which an event occurs and which of several possible events have occurred.

The system is said to be Markovian if the times between events are independent (memoryless)
and the event which will occur next depends only on the last occurred event. Formally, let 6(k), k > 1,
be a Markov chain that takes values in the infinite set S = {0,1,2,---}. To each i € S assign an n-by-n
matrix A;. Based on this Markov chain and assignment, the Markovian jump linear system is,

Tpt1 = Ay Tk + vk, k >0, (6.1)

in which x; € R" is the state variable and v, € R"” is a disturbance term.

We are interested in determining the asymptotic stability of the state xj as k tends to oc.
Because the system can exhibit an infinite number of dynamics, the general problem is difficult. An
exact characterization of stability requires solving an infinite number of coupled balance equations.

In contrast, there are many physical systems that are typically simple even though the system
may potentially exhibit an infinite number of complex dynamics at random times. This is because a lot
of events are rare. In this article, we attempt to find a simple characterization of such systems.

To illustrate the idea, let’s solve the problem for a simple example. Consider the Markov chain,
0(k), illustrated in Figure 6.1. For simplicity there is no disturbance, v, = 0, k > 0. Take Ay = 1/2
and forall 1 <j+1< 2 A(;j) = 2. So we have a system that is seemingly unstable. However, we will
show that for ¢; = CA™", i > 0, A > 16/3, the Markov chain visits state (0,0) so frequently that the
system ‘typically’ behaves like zj11 = 1/2 2}, and is consequently stable.
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Here are the calculations. We define the quantities,
T" = min{k>0|0(T ' +---+T" 1 +k)=(0,0)}
ng = min{n | T+ - +T" >k}

The random variable (r.v.) 7™ is the time between the (n — 1)st and nth return to state (0,0). The
r.v. ny is the number of times (0,0) has been visited by time k£ > 1. By the Markov property, 7™ are
independent and identically distributed (i.i.d.). By symmetry in the problem, P(T* =i+1) = ¢;, i > 0.
Using this notation, we write

mp—1_ 1_
o =2 x 2T 2 oo 2T 2 g,

in which 0 < m < T™. By taking the square, expectations and using the independence of the return
times,

E(|lz&[* | 6(0) = (0,0),z0)
= B22 x B(E2XT =) 71 5 |22
< EAT" x E(BEAT 7)™ 5 ||z |2

AN A\ )
_)\—4XE<4)\—16> X Mol

Furthermore, by definition of n; and by Markov’s inequality,

B4T)"

4k
So, taking n = |k/u], for an appropriately chosen p > 0, it is easy to see that P(ng < |k/u]) — 0
exponentially with k. On the other hand, ﬁ < 1 because A > 16/3. So we have the following simple
inequality,

Pnp<n) =PI +---+T">k) <

A Nk A Lk/p]
Evidently, this expectation, and hence, E(kaHZ ‘ 0(0) = (0,0),xo) tends to zero exponentially as k
tends to infinity.

So what have our calculations revealed? We started with a system that was unstable all the
time except when the underlying Markov chain visited state (0,0). Regardless, we showed that, by
recurrence, the system was stable. We believe that the preceding example illustrates a basic fact about
many real-world jump systems. That is, the system may potentially exhibit an infinite number of
dynamics. But the system typically exhibits only a finite set of ‘good’ dynamics. Deviations to ‘bad’
dynamics for long periods are unlikely. Consequently, the system, although seemingly complex, behaves
like a simple and finite system. The main results of this chapter (Theorems 6.2.1 and 6.2.2) models this
effect.

The general approach for determining stability of (6.1) is to look at the Lyapunov exponents
of the system. Costa and Fragoso [7] showed that stochastic stability (c.f. Definition 6.1.1) is equivalent
to the existence of a solution to an infinite set of coupled Lyapunov equations. The ideas presented
here should be seen as an alternative way to determine stability when the system (6.1) is sufficiently
recurrent. Our idea is similar to the notion of ‘regularity’ used by Fang and Loparo in [11] to find
computationally efficient methods for determining stability of discrete-time jump linear systems. A
similar idea, under a different name, can also be found in Bucklew [4].
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Figure 6.1: A simple infinite Markov jump linear system. The state 6(k) of the chain takes values
in S = {(0,0),(1,0),(2,0),(2,1),(3,0),(3,1),(3,2),--- }. The transition probabilities are ¢; = CA 7,
i>0,A>16/3 and C =1/ 72  A~". The coefficient process is Ao = 1/2 and for all 1 < j 4+ 1 <,
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6.1 Preliminaries

The concepts of stability for infinite jump systems is somewhat complex and fragile. In this
section, we present some notation and preliminary results to familiarize the reader with the intricacies.
Recall that the infinite Markov jump linear system is,

Thy1 = Ag(k):ck + vk, k>0, (6.2)

where x € R™ is the state variable, ||vg] < V is an unknown but bounded disturbance term, A;,
i€S=1{0,1,2,---} is a collection of n-by-n matrices and 0(k) € S is a countable state Markov chain.
The Markov chain is assumed to be time-homogeneous, irreducible and aperiodic.

The uncertainty in the system is due to (i) the disturbance vy, (ii) the initial state zo and (iii)
the Markov chain 6(k). We do not assume a probabilistic structure on the disturbance. For simplicity
we also take zg as a fixed non-random vector. Then the only source of randomness is the Markov chain:
the distribution p = (po,p1,---) of the initial state #(0) and the transition probabilities P = (p;;)sxs-
Denote the underlying probability space by (€2, F,P). The solution process z3 = x(k,zo,w,v"*), where
v¥ = (v, ,vg), is then a random process on the probability space Q. We will use the explicit notation
x(k, 20, w, v®) only when necessary, otherwise we will simply write z.

The preceding structure leads us to the following definitions of stability which are similar to
those found in [12].

Definition 6.1.1 Let ® be a set of probability distributions (for the initial state 6(0)) on S. Then, for
¢ >0, system (6.2) is said to be,

a. Asymptotically £-stable w.r.t. ® if for any xg € R™ and distribution p € ®,

lim E|z(k,zo,w,0)|* = 0.
k—o0

b. Stochastically £-stable w.r.t. @ if for any xo € R™ and distribution p € P,

o0

3" Bllak. 20,0, 0)| < oo.

k=0
c. Ezponentially (-stable w.r.t. ® if for any xg € R™ and distribution p € ® of 6(0), there exists K, > 0

such that,
Ela(k, zo,w, 0)|[° < Kl|zol|277.

d. Asymptotically £-bounded w.r.t. @ if for any x¢o € R™ and distribution p € @,

lim sup E||z(k, zo, w,v")||* < co.

k—oco

The cases for £ =1 and £ = 2 are also called mean stable and mean-square stable respectively.

One might expect that some of the concepts of stability are related. Indeed, in Definition 6.1.1,
(b) implies (a) and (c) implies both (a) and (b). Furthermore, if the Markov chain has only a finite
number of states, then (a) also implies (b), so that (a) and (b) are equivalent.

One might also expect that exponential stability implies asymptotic boundedness. However,
this conjecture is false in the absence of additional assumptions. To see why, consider a simple example
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with p;;41y) = 1, Ao = 0 and for all i > 0, A; = 2. Thus, if we take ® = {(1,0,0,---)} then the system is
asymptotically, exponentially and stochastically stable, but not asymptotically bounded. On the other
hand, suppose that the Markov chain admits a stationary distribution = = (g, 1, --) and the chain
is stationary, then exponential stability implies asymptotic boundedness. To show this, write,

k

$(]€, o = 0,0.), ’Uk) = Z AG(k,w) s Ae(jJrl’w)vj-
7=1

Then,

EH.T(]{J, zo = 0, w, vk)H < Z?:OE”AQ(k,w) t A@(j-l—l,w)HV
Z?:OE”AB(j,w) T A@(l,w) ‘V (63)
Yol llzo|l = Viw,0)]

in which the second equality follows from the stationarity of 6(k). But the system is exponentially
stable, so there exists A, 3 > 0 such that E|z(k,z0 = 0,w,0)|] < AV27% Thus, the last series in
(6.3) is convergent so that the system is asymptotically bounded. This simple derivation leads to the
following result.

Corollary 6.1.1 Let ® be a set of probability distributions on S = {0,1,2,---} that are P-invariant.
That is, if p = (po,p1,---) € ® then p' = (p/y,p'1, ) € ® where p/; = Zjo-iopjipj. If there exists
constants K, A > 0 such that for all x¢g and p € P,

E|z(k, zg,w,v™ = (0,---,0)|| < K|zo||27**,
the system is asymptotically bounded.

Let’s conclude our discussion of stability with the following question. Consider system (6.2)
and the largest set of distributions ® for which the system is stable with respect to ®. Then, how big
is ®? In our experience, we've seen that it can be quite small. For example, recall the simple system
we looked at in the introduction. If the distribution P(G(O) = (i,O)), 1 > 1 is ‘heavy-tailed’, then the
system is unstable. For example, let,

(0.9)
P(6(0) = (,0)) =Di>, D=1/Y i ?,
i=1
Then, the instability of the system follows by calculating the following expectation,

E(kaHQ) > 92%¥||z:0||2 P{the chain was in a long branch at time k = 0}

oo
> 2%F||zo|* Y Di?
i=k

o0
> 2%HmoH2/ Dy~ 2dy
k+1

_ 22¥||zo|2D
 (k+1)

and letting k tend to infinity.
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6.2 Main results

Our objective is to characterize the stability of jump systems that have the following property:
the system may potentially exhibit an infinite number of dynamics but the system typically exhibits
only a finite set of ‘good’ dynamics and deviations to other ‘bad’ dynamics for long periods are not
likely. Evidently, our first task is to describe more precisely what we mean by this.

For any state ¢ € S of the underlying Markov chain, we define the following random variables,

R(i) = min{k >1|6(k) =i},
T'(i) = min{k>1]|60(Y(i)+k) =i},

and for n > 1, recursively,
T™(i) = min{k > 1| O(R() + T (i) +---T"1(i) + k) = i}.

So R(i) is the time to reach state i for the first time and 77 (¢) is the time between the (n — 1)st and
nth return to i. Based on the return-times write the coefficient process {Ag)} as follows,

AL(i) = Aggerrgy) k=1,---,T'(i),

and for n > 1,
AR (1) = Ag(k RG)+T1 ()4 T2 () +-4+ T2 (5))> k=1, -+ T"(d).

Finally, denote,

(i)

Ay = ] max (4L 1)
k=1

Lemma 6.2.1 Consider system (6.2) with v, = 0. Let £ > 0 and i € S be a state of the underlying
Markov chain, 0(k), for which E(A(i)) is finite. Then, there exists a finite random variable (6(0))
such that,

E(||lzel|* | 6(0)) < ~(6(0)) E(EHF(Z')Henk(i))
in which ny(i) = min{n > 1 | T1 (i) + - -- + T™(i) > k}.

Remark 6.2.1 The random variable v(6(0)) is a function of two things: A(i) and the time R(i) at
which the Markov chain reaches i for the first time. The details are shown in the proof of the Lemma
in the appendiz.

In this lemma, we have attempted to capture a notion of typicality in infinite jump systems. We
pick a state ¢ € S of the underlying Markov chain. Each time the chain visits i, the expected magnitude
of the state E| x| grows (if E||T'(i)||* > 1) or shrinks (if E||T(7)||* < 1) by a factor of E||T'()||. If the
chain is positive recurrent, then the chain visits i infinitely often. So, the number E||T'(4)|| characterizes
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the typical behavior of the system. Intuitively, the behavior is good when E||T'(i)||* < 1 and the chain
visits ¢ frequently.

Let’s come back to stability. With respect to the preceding characterization, are there any
general conditions for stability?

Theorem 6.2.1 Consider system (6.2) with vy, = 0. Let ¢ > 0 and i € S be a state of the un-
derlying Markov chain, 0(k), for which E(A(i)%) is finite and E||T(i)||® < 1. Consider the set ® =
{(1,0,0,--+),(0,1,0,---),--- } of distributions of 6(0). Then,

a. If ET(i) < oo the system is asymptotically (-stable w.r.t. @,
b. If E(T(z)z) < 0o the system is stochastically £-stable w.r.t. @,

c. If 31 > 0 s.t. FEe™T0) < o0, the system is exponentially £-stable w.r.t. .

Proof: The system is asymptotically ¢-stable w.r.t. the given ® if and only if E| x|/ — 0 for each
¢ € ®. Due to the special structure of ®, this is equivalent to E(||a:k||f ‘ 6(0)) — 0. Similarly for
stochastic and exponential stability.

By definition of ng(i) (Lemma 6.2.1) we have,

P(ny(i) <n) = P(T (i) + -+ T"(i) > k).
On the other hand, for any A < 1, we have,

E(A™0) P(ng(i) < n) 4+ A"P(ng(i) > n)

P(TY (i) + - +T™(i) > k) + \™ (6.5)

IAIA

Using this inequality we will now show the desired results using classical techniques from the theory of
large deviations.
Case a. Let n = |Vk/p) for some p > ET(i). By Markov’s inequality,

nET(G) 1

P(TH(i) 4+ T(0) 2 k) < — = <

=l

So P(T (i) + -+~ +T"(i) > k) — 0 as k — co. We also have that ALVA/#l — 0 as k — co. Thus, by
(6.5), E(A"®)) — 0 as k — oo. So by taking A = E|T'(i)|| in Lemma 6.2.1, E(||zy| 16(0)) — 0 as
k — oo. In conclusion, the system is asymptotically ¢-stable w.r.t. ® = {(1,0,0,---),(0,1,0,---),---}.
Case b. Let n = |k'/*/p| for some p > ET(i). Again by Markov’s inequality,

n2ET(i)? 1
k — k3/2°

P(T'(i) + -+ T"(i) 2 k) <

So the series Zle P(T(i)+---+T™(i) > t) is convergent. On the other hand, the series > i<, ALY /]
is also convergent. This follows by the integral test of convergence; that is,

0 o9

1/4 1/4
E )\k//“<oo<:>/ At < oo,
t=1 1
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But, by the change of variables y = ¢1/4, floo At = floo 493 \¥dy < oo. Using the convergence of the
preceding two series, we have by (6.5),

k
i 10
klfgo;E()\ t) < oo.
The desired result follows once again by taking A = E||T'(7)|| in Lemma 6.2.1 and observing the definition
of stochastic stability.

Case c. Let n = |k/u] for some pu > ET(i). For the last time, by Markov’s inequality,

P(TY(i) + -+ T"(i) = k) < E(e™" )" /T

—k(r—In E(e"'T(i) )/ 1)

=e , 7> 0.

A known result (Durrett, Chapter 1, Lemma 9.4) is that the exponent 7 — In E(e™"() /i > 0 for some
small 7 provided that there exists 7 > 0 for which Ee™(®) < co. In conclusion, by (6.5), E(A\*(®)) — 0
exponentially as k — oo and the desired result follows again by taking A = E||T'()||* in Lemma 6.2.1.0]

This shows that there is a close connection between stability and recurrence. Intuitively,
if the system is recurrent, it exhibits typical behavior. The preceding Theorem justifies this line of
thinking. Deviations from the typical behavior are characterized by examining the frequency at which
the underlying Markov chain visits state 1.

We now present the final result of this chapter. It says that, by recurrence, exponential stability
implies mean boundedness. This may seem obvious, but recall (c.f. Section 6.1) that the implication is
not in general true.

Theorem 6.2.2 Consider the system (6.2). Suppose one can find a state i € S of the underlying
Markov chain for which EA(i) is finite and E||L()|| < 1. If for some T > 0, Ee™®) < oo,

klim sup E(||lzx] | 6(0)) < oo.

UL,eesVk

In other words, system (6.2) is asymptotically mean-bounded with respect to ® = {(1,0,0,---),(0,1,0,--+),--- }.

Proof: At time k, the state of the system (6.2) is given by the random sum,

k
o = Agaey - Ay To + > Ay -+ Agit1) Vi (6.6)
=1

Based on the state i of the underlying Markov chain, define,
™ ™
Znm(i 2) = [T A7G) - [T AP () x 2, m < n.
Jj=1 J=1

Using this, we may decompose (6.6) into two parts: the ‘zero-state’ and the ‘zero-input’. We write,

Tk :AZ““ (@) Arfk(i)(i) Zng (i)—1,0(7 20)

k
+ D AOG) AP 2, 0 (6 AT () - AP (0) vy) (6.7)
j=1
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in which ng(i) = min{n | T*(i) + -- -+ T"() > k} and 0 < p < T and 0 < ¢ < T,

By Theorem 6.2.1 we already know that the zero-input part of (6.7) tends to zero exponentially
with k. So we only need to worry about the series in (6.7). Taking norms and expectation of the series
and observing that A} (7) is independent of z, (i, 2), m < n, we obtain,

k
By g ) ATO() 2, )10y ) (AT - A7 0j)|
j=1

< B[ ApEO ) - AP G| B 2y -1 (AT - AT )| (6.8)
j=1

< Z} EAG)E| 2, 5y-1n, 0 (Al - A7 ) .
=
On the other hand, by definition of z, (7, z), we have,
Ellzny)-10y0(2) | € EAG@) V B(E|TH])™ 070, (6.9)
Now observe that P(ng(i) — 1 —n;(i) <n) = P(T*(i) + -+ T""1(i) > k — j) and for any 0 < A < 1
EXwO=1=00) < Py (i) — 1 = nj(i) < n) + A"P(ng(i) — 1 —n (i) > n).

Similar to what we did in Theorem 6.2.1, let n = [(k — j)/u| for some p > ET(i) and use Markov’s
inequality to obtain,

P(T'(i) + -+ T (i) > k—j) < 6—(k—j)(7—1nE(eTT(i))/u),7- > 0.

Finally, invoking the large deviations result (Durrett, Chapter 1, Lemma 9.4) once again, we have
that the exponent 7 — In E(e™@)/u > 0 for some small 7 > 0 and p > ET(i). Consequently,
EXN()=1=n50) < e€(k=J) for some small € > 0. This means, however, that the series Z§:1 (EA(Z))2 V EXs(0) =1
is convergent. The desired result follows by taking A = E||T'!(7)|| and substituting (6.9) into (6.8). [

Proof of Lemma 6.2.1

Define a process, z(i) = {z,(i)}, by sampling x at the return-times 7™ (i) according to zo(i) =
TR and for n > 1, 2,(7) = TR() 411 (i)4-.+77(7)- This new process may be written recursively as,

. T() ymy - .
(i) = (Hk_g Ay (z)) Zn1(3). (6.10)
The original system, x, is related to the sampled system, z(i), by the relation,
=TI AT () X 201 (1), k>0, (6.11)

in which 0 < m < T™(3).
By the Markov property, the blocks {A}(7),- - - ,A%n(i) (1)} are i.i.d. So, for z,_1(i) # 0, the
random variable ||z, (7)||/||zn—1(?)| is independent of z,—1(i). Denote Z = {z,(i) # 0, 0 < n < ng(i)—1}.
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Using the independence and (6.10),

E([|zng i1 DN°) = E(I2np)-1 )| Z2)P(Z) + E(|| 20y i1 @) | Z2°) P(Z)

Bl | )P0

T I T

‘EE<<||znk(i> O T 01 | )’Z>P(Z)

_ |2, (y—1 (3) | l|21(3) ¢

(el 2 (2w ) e

< B(EITH))"™ ”‘1E(||zO<z'>|\f)P<z> (6.12)

Finally, taking norms and expectation of (6.11) and using the independence of Apy (i), 0 <m < T"(i)
and z,, (j)—1, we obtain,

E(lasl[00) = BE(T]A7V@) % E(llzu -1 (0] [6(0))

£ .
< B(AD) % E(lzm0-16)] | 60)). (6.13)
The desired result follows by substituting (6.12) into (6.13) and observing that,

E(|lz0(0)l°6(0)) = E(llzra)°] 6(0)).

which, by the following claim, is a finite random variable. (]
Claim: E(||lzr@ ] 6(0)) < oo.
Proof of claim: Recall that we assume the Markov chain is irreducible. So for any state j € S, there is
a finite integer t > 0 for which,

ai(i,j) = P(0(t) = 4, T' (i) > t|6(0) = i) > 0.
Using this,
B A @)= (Hif““ max(|| Agqy 1, 1) | 6(0) = 0)
> B(TL) max(||Agu |1 )] 1000) = 3,0(t) = 5,7 () > 1) x ai(i. j)
> E(Hk t+1HAe 1]6(t) =) * (i, )
= E(ILZ14711000) = 3) x ali. )
Dividing both sides by ¢.(i,j) gives the desired result. O

6.3 Conclusion

Infinite Markov jump linear systems are good models for many real-world systems. The sta-
bility analysis of such systems is difficult because the system may potentially exhibit an infinite number
of different dynamics at random times. In general, one needs to solve an infinite number of balance
equations.
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In this chapter, we first presented a simple example to demonstrate a basic property of many
real-world jump systems: even though there are an infinite number of different dynamics, only a finite
set of these are typical. Consequently, the system, although seemingly complex, behaves like a simple
and finite system. The main results of this paper (Theorems 6.2.1 and 6.2.2) was our attempt to capture
this effect.

We are unaware of any other literature that has addressed this issue. In comparison to known
results, we provide an alternative view of jump system that may be useful to determine stability for
systems with the mentioned property.
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Chapter 7

Future work: Noisy feedback

Consider a discrete memoryless channel and the basic problem of digital communication: the
reliable transmission of an infinite stream of bits such that each bit experiences a finite end-to-end delay.
In almost all practical situations, this problem is solved by grouping the bits into blocks and by the
use of ‘good’ block codes. So the problem is not why we use such blocks but how to group the bits. If
there is no feedback channel or if the feedback is perfect, there is no ambiguity among the encoder and
decoder as to which block corresponds to which group of bits. So the overall reliability of the entire
stream is determined by the reliability of the block code. Unfortunately, this construction cannot be
taken for granted if the feedback channel is noisy. To see this, keep in mind that feedback is used to
determine whether a particular block will be retransmitted at a future time. However, a long sequence
of errors is always possible, so that the encoder and decoder are in disagreement about which block of
bits is being transmitted. Observe that such a situation leads to a very large probability of decoding
error which may effectively be the dominating term in the overall reliability of the bit stream.

In a practical situation we overcome the difficulty by the use of sequence numbers. Just think
of the way we achieve reliability in TCP/IP. However, from a theoretical point of view, for any given
block length, the sequence numbers would grow unboundedly so that asymptotically the transmission
rate tends to zero. The infinite problem is therefore fundamentally interesting and different from the
case of no feedback or even perfect feedback.

In the following paragraphs we describe a coding scheme that was described by A. Sahai and
the author to address the infinite problem. The idea is to encode the retransmission requests using
a low-rate Anytime code. Because of the Anytime property, the encoder and decoder are eventually
guaranteed to be in agreement about which block is being transmitted. Therefore, the undetected
feedback error can never dominate the overall reliability of the infinite bit-stream. The basic idea is to
mimic Yamamoto and Itoh’s [37, 38] variable-length block coding scheme for the infinite setting:

e Each block is broken up into sub-blocks which are transmitted using a good block-code. The
decoder feeds back its estimate of each of the sub-blocks using an expurgated block code,

e After the estimate of the final sub-block is transmitted, the encoder emits a ‘confirm’ or ‘deny’
control signal. The decoder feeds back its estimate of the control signal using an anytime code.
If denied, the decoder expects to receive a retransmission of the same block at a future time. If
confirmed, the transmission of the block is finalized.

e Finally, blocks are interleaved so that a retransmission, if necessary, occurs at a suitable time in
the future. This gives the encoder enough time to interpret the Anytime decision feedback with
a very small probability of error.
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It is sufficient for the encoder and decoder to agree on the history of the control signal (i.e. ‘confirm’ or
‘deny’) for them to agree on the current block being transmitted. The Anytime code on the feedback
channel ensures this condition with an exponentially decaying probability of error. Therefore, disagree-
ment cannot contribute significantly to a decoding error. An error occurs if the encoder transmitted a
confirmation even though the preceding sub-blocks were not decoded correctly. This happens if there
is an error in the expurgated feedback for the sub-blocks, leading to the main result of [23]:

_ 1 1\ ! R _

where R is the average rate of transmission and C is the relative entropy of the channel,

Die
C1 =ma g v logy —.
1 i’kX a DPi¢ 108> Dre

The interesting thing about this result is the limiting condition as the feedback noise tends to zero.
Observe that for any rate 0 < R < O, the expurgated exponent E.,(R) tends to infinity as the feedback
noise tends to zero. Thus, by comparison to (2.2.1) this shows that the reliability of the proposed
methods tends to Burnashev’s variable-length block coding reliability as the feedback noise tends to
zero. Because Burnashev’s reliability is tight, the proposed method is close to optimal if the feedback
noise is relatively small.

The preliminary results described above and in detail in [23] show that Anytime coding can
be a useful tool for using feedback in a noisy feedback setting. In Figure 7.1 we’ve plotted the exponent
Ey for the case of the forward Binary Symmetric Channel (BSC) with cross-over probability .1 and the
reverse BSC with cross-over probability 1076, In the same figure we plot the Sphere-packing bound for
the forward channel. By comparison, noisy feedback can be used to significantly improve the reliability
at higher rates. It turns out that our formulation does not lead to improvements for very noisy feedback.
However, we believe extensions are possible: this is the subject of future research.
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Figure 7.1: The noisy feedback exponent E¢ and the Sphere-packing bound E,. The forward channel
is a Binary Symmetric Channel (BSC) with cross-over probability .1 and the reverse channel is a BSC
with cross-over probability 107°.
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