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The general problem under investigation is to understand how the complexity of a system
which has been adapted to its random environment affects the level of randomness of its
output (which is a function of its random input). In this paper, we consider a specific
instance of this problem in which a deterministic finite-state decision system operates in
a random environment that is modeled by a binary Markov chain. The system interacts
with it by trying to match states of inactivity (represented by 0). Matching means that
the system selects the (¢ + 1)th bit from the Markov chain whenever it predicts at time
t that the environment will take a 0 value. The actual value at time ¢t 4+ 1 may be 0O or
1 thus the selected sequence of bits (which forms the system’s output) may have both
binary values. To try to predict well, the system’s decision function is inferred based on a
sample of the random environment.

We are interested in assessing how non-random the output sequence may be. To do
that, we apply the adapted system on a second random sample of the environment and
derive an upper bound on the deviation between the average number of 1 bit in the output
sequence and the probability of a 1. The bound shows that the complexity of the system
has a direct effect on this deviation and hence on how non-random the output sequence
may be. The bound takes the form of O(+y/(2F/n)) where 2 is the complexity of the
system and n is the length of the second sample.

Keywords: prediction of random binary sequence, markov chain, subsequence selection,
frequency instability

1. INTRODUCTION

This paper stems from our aim to understand the interaction between deterministic systems
and their random environment. This is of interest in many fields, for instance, in reliability
theory and failure analysis [15,21], queuing theory [8], biology [5,19], aerospace [20], learning
automata [13]. Another field is theoretical computer science which deals with the interaction
of deterministic systems with highly complex input. Here, systems called selection rules,
which are modeled as Turing machines, are used to test if a highly complex binary input
sequence is random [4]. One consequence of this theory [1,9] is that the complexity of a
selection rule (system) affects the rate of convergence of the law of large numbers (LLN)
for subsequences that are selected by it (this is referred to as frequency instability). In other
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words, such finite state machines select subsequences for which the average number of 1
bits deviates by a large amount from the probability of a 1. The deviation is proportional
to the complexity of the input sequence and the complexity of the system.

We wish to investigate this fact, however, from a different angle. Instead of using selec-
tion rules for testing randomness of highly complex input sequences, we use them to select
subsequences from an input sequence (environment) which is, as a given fact, random. We
are interested in the rate of the LLN of such subsequences. The systems that we consider
are not chosen arbitrarily but are first adapted to their random environment and then are
used to predict its future behavior. As a byproduct of this prediction, the systems select
subsequences from the environment. We aim to understand how the complexity of such
systems affects the frequency stability of these subsequences.

It is less interesting to consider an environment which is represented as a sequence of
i.i.d. random variables because the best prediction strategy, in this case, is the trivial one,
namely, at any time instant predict the symbol with the largest a priori probability (which
would need to be estimated). Instead, predicting an environment which is modeled by a
probability model known as a Markov chain is more interesting and applicable because it
assumes interdependences between consecutive segments of symbols. (Nonetheless, one can
predict sequences without assuming an underlying probability model as done in universal
prediction [11].)

We consider a basic random environment which is modeled by a binary Markov chain
and consists of a sequence of dependent binary random variables that indicate if the
environment is active (denoted by 1) or inactive (denoted by 0).

As a system, we consider an automaton, or a deterministic finite state machine (FSM).
We define the complexity of the system to be its number of parameters which are estimated
from a sample of the environment.

The FSM predicts the next bit of the environment based on its current state. By repeat-
ing this process of prediction multiple times, we let the FSM select a subsequence from the
input environment as follows: the system decides at every time instant whether the next
input bit is likely to be a 0 (that is, if the environment is likely to be inactive). If the system
predicts 0 it selects the next input bit to be the next output bit. Otherwise, it does not
select this bit and does not output any value. We refer to this selection behavior as trying to
match inactivity in the environment or matching the environment for short. (We could also
define matching to be based on predicting a 1 instead of a 0, but a nice consequence of the
current definition is that the selected subsequence can be interpreted as the subsequence of
prediction-error indicators, as described further below.)

This matching behavior is interesting to analyze because it allows us to represent the
prediction of an input sequence as a selection of a subsequence from this input (the selected
random subsequence is just a sequence of error indicators when predicting zeros).

In order to measure how nonrandom the output sequence may be, we compare the
deviation between the average number of 1 bit in the output versus the probability of a
symbol 1. Empirical investigations of such matching systems [17,18] show that subsequences
that are selected by them have empirical frequencies that deviate from the probabilities in
proportion to the complexity of the system’s FSM. The current paper confirms this. We
obtain a mathematical relationship that shows the dependence of this deviation in terms of
the length of the input sequence, the length of the sample from which the FSM is inferred,
the order of the environment’s Markov chain and the complexity of the FSM. Our analysis
can be applied to other deterministic functions of the input (not just selection functions)
as long as the functions are Lipschitz continuous.

The aim of the paper is not to study the accuracy of learning to predict but rather to
analyze a predictor as a selection system and investigate its output frequency instability.
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The motivation comes from the general aim to understand how a complex system interacts
in a random environment (see the references mentioned at the start of this section and [16]).
For the FSM system considered here, its interaction with the environment is represented by
the selected subsequence which is defined as its output. While we are not aware of practical
applications of the results, the analysis may be useful in problems of learning to predict
Markov stochastic environments.

Let us summarize the remaining parts of the paper: Section 2 has the mathematical
setup and notation, Section 3 describes how the system adapts to the environment, Section 4
states the aim of the paper, Section 5 defines the system’s decision function, Section 6 states
an assumption about the Markov environment that is needed for using a concentration
bound, Section 7 states the results and the proof is presented in Section 8.

2. PRELIMINARIES

We use capital letters X, S, Y, Z to represent random variables and lower case letters z, s,
y, & to represent their values. Let I(E) denote the indicator function for a logical (Boolean)
expression F.

Let

{Xt it e Z} (2-1)
be a sequence of binary random variables possessing the following Markov property,

PXy=u | X1 =21, Xy 2 =24-2,...)
:P(Xf =T | Xt—l :zt—17~-~7Xt—k* :It—k*) (2.2)
where x;_g«,...,2T;_1, 2; take a binary value of 0 or 1. This sequence is known as a discrete-

time Markov stochastic process, or Markov chain, of order k*.
The Markov chain has a Markov probability model

Mk* = (Sk* 5 Q)

which consists of a state space Sp« = {O,l}k* and a 2 x 2F" state-transition prob-
ability matrix Q. We denote the it state of M. by s, i=0,1,...,28 —1,
with s*(©) .= [szgl)l, . 33(0)] =[0,...,0,0] (the all-zero state), s*(1) := [52(12 . ,s;(l)] =

1»
[0,...,0,1],...,s*@" =D :=[1,... 1]. The (ij)*" entry of Q is denoted by

Qli,jl:=q (S*(j)

s*(“) . (2.3)

Henceforth, by environment, we mean the Markov chain (2.1) and we assume that it is
stationary (that there exists a stationary probability distribution is discussed further below).
We can express the Markov chain {X;:t € Z} as a random sequence of states

{S; :t € Z} where
S; = (Xt,k*Jtht,k*JrQ’ e 7Xt) S Sk* (24)

is the random state at time ¢. The transition matrix @ is fixed with respect to time hence
the chain is homogeneous.

There are two possible outgoing transitions from a state S} to the next state Sy,
since S}, | can take only one of the two values (X;_g+12,...,X¢,0) or (Xy—p+q2,...,X;,1).
We call them type-0 and type-1 transitions. Thus the matrix @ is sparse and with each
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state s*(") € Sp- we associate two non-zero valued parameters which are the probability of
transition to those two states s*(9) that are obtained by a type-0 or type-1 transition from
state s*(?). We denote these parameters by

a(1]d) = q(1]s"™),  q(0]i) = q(0]s*@) = 1 — q(1]3). (2.5)

The set {g(1[i ) 0 <i<2¥ —1} serves as parameters of My-. We assume that for all
0<i<2F —

)

0 < q(1]i) < 1. (2.6)

The structure of My is isomorphic to a directed De Bruijn graph with vertices mapped
to states of My~ and edges mapped to state transitions. The graph is connected because
(2.6) holds for all 7 hence it follows that all the states of My~ communicate and thus the
chain is irreducible. With the finiteness of the state space, this implies that the Markov
chain has a stationary distribution (Corollary 8.2, [14]).

Let the vector

T = WG T (2.7)

denote the state stationary probability distribution, where m; is the probability that
Sf = s*(0) . We also write T =m,0<i< 2F" — 1. We denote by P the stationary joint
probability distribution of a state sequence (S7,...,S]) defined as follows: for any sequence
(s%,...,87) €S,

]P)((ST77SI*):(ST7 H 7+1|$

Henceforth, by a system, we mean an FSM based on the states and transitions of a
Markov probability model My, of order k (which may be different from £*) with a state space
Sk. According to this model, denote by S; € Sy a random state at time ¢. (To distinguish
between the automation system’s states from the states of the random environment, we
place a star for variables that represent the environment, as for instance S; in (2.4), and no
star for variables that represent the system’s state.) For every state of a system there are two
possible outgoing transitions to the next state. We denote the two probability parameters
that correspond to state s € Sy, by p(1]i) and p(0|4).

3. ADAPTING THE SYSTEM TO THE ENVIRONMENT

In the previous section, we defined a system to be a FSM whose states and transition
probabilities are according to the probability model M. In this section, we start by showing
that these transition probabilities are determined by the unknown transition probabilities
of the environment’s model M- and then we can, therefore, define statistical estimates for
these probabilities.

Let us denote the stationary probability of the event {X; = 1} by

Bi=P(X;=1). (3.1)

In case k* > k we denote by P(ji) the stationary probability of the environment’s state
S¥ = 5709 where s*") € Sy is a binary number whose k* — k leftmost bits amount to
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a binary number whose value 0 < j < 2¥" =% — 1 and whose k rightmost bits amount to a
binary number whose value is 0 < i < 2 — 1. For 1 < k < k*, we denote by

P(jli) = —id) (3.2)
=0 P(ﬂ)

the probability that the £* — k leftmost bits amount to the decimal value j given that the
k rightmost bits amount to .

For 1 < ¢ <r, define the projection operator < - >,: S, — S, as a mapping that takes
a state s() € S, to a state

s =< S(i) >4= [S((Iill, ceey Séz)] S Sq (3.3)

whose ¢ digits correspond to the ¢ least significant (rightmost) bits of 50,

From the environment, we sample m + max{k, k*} consecutive values and obtain a
stationary Markov chain

X(m) = {XT+25}?;7 max{k,k*}+1 (3'4)

where T' € Z is any fixed time index. (It is stationary because the environment is assumed
to be a stationary Markov chain, see the start of Section 2).

According to the system’s model My, the true (not estimated) probability that the
chain X (™ makes a type-1 transition from state s € Sy is p(1[i). If k > k* then

p(1]i) = ¢ (1

< s >k*> (3.5)

which is a parameter of the environment model M. If k < k* then

p(1]i) = Z_ q<1

Jj=0

5 = s*(ﬁ)> P(jli) (3.6)

where the state s*U9) is defined above. In either case, p(1]i) is determined directly from
M« since it is determined by the stationary probability distribution and the true tran-
sition probabilities ¢(1 | S* =< s >;.) or ¢(1 | S* = s*U%) of the environment’s model
M». Thus the true values of the system’s model parameters p(1]¢) are unknown and are
completely determined by the environment’s model My«. As they are unknown, next, we
define estimates of these parameters based on the sample X (™). Let

S*(m) = {S:};nzl ) S: = [XT-‘:-t—k*-‘rla s aXT-‘rt] ) 1 <t<m (3‘7)

and
S(m) = {St};ll 5 St = [XT+t7k+17 e 7XT+t] 5 ]. S t S m. (3.8)
There is a one-to-one correspondence between these two sequences since each one can be

obtained from the other by going through X (™. (We will choose to use them as needed
depending on the context.)
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For 1 <i<2F_—1let
1 & ,
TRES —Z]I{St:s(’)}
mt:l

denote the empirical frequency that state s() € S, appears in the state sequence S(™ . We
denote by

o= a(S™) = [ap(SM™), ... agr_1(ST™)]

where « satisfies
2k 1

Z a; =1 (3.9)
i=0
and for brevity, we also write
o = o (X)) = (M),

Note that the initial state Sy = [X_g41,. .., Xo] at time ¢ = 0 is not accounted for in «
but only states S; at times 1 <t < m. For instance, if T =0, m = 6, k = 3, max{k, k*} =
3 and i=1 then s =[001] and for the sequence X(™ := {Xp,:}7 max{kk*}41 =
010010001, we have a; = 2/6 since the states at time instants t = 1,2, ..., are s, s(1) .. |

respectively.
We denote by

mi = Elay] (3.10)
the stationary probability that S; = s, for s() € S, 1 <t < m.

If o; > 0, we can define the estimate of p(1|i) as the frequency of type-1 transitions
from state s in the sequence S, which is denoted by

p(1]3) == E I{Xy 41 =1}. (3.11)
a;m .
I: Sy =5
The index in the sum runs over those time instants ¢; € {0,...,m — 1}, 1 <1 < a;m, where

Sy, = s,

Henceforth, we consider the adapted system to be an FSM with these parameter esti-
mates (based on X (™)) that are substituted for the unknown transition probabilities of
the model M. (For brevity, sometimes we omit the word ’adapted’ and just refer to it as
system.)

4. STATEMENT OF THE PROBLEM

We are interested in how the complexity of the adapted system influences the frequency
stability of subsequences of the environment which are selected by the system. To study
this, we obtain another sample from the environment, an (n + max{k, k*})-bit stationary
Markov chain, denoted by

X(n) = {XT’-&-t}?:f max{k,k*}Jrl s (4.1)
where T" € Z is any fixed time index that satisfies
T —max{k,k*} +1>T +m. (4.2)

This sequence is used as input to the adapted system. The condition (4.2) ensures that X (n)
is a sample that comes later in time after the sample X (™) ends. This ensures that it is
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possible to use X (™) to test the random subsequence which is selected by the system after
the system has already adapted based on X ™. Obviously, the two sequences are dependent
since they are from the same Markov chain (2.1).

The FSM starts at the initial state

SO = (XT/—k+1a-~-7XT’) (43)
where X7/, is the tth bit of X (") and produces a sequence of decisions
Y = (v}, (4.4)

where Y; € {0,1, REJECT} is the value taken by a decision function d (described in the
next section) at time ¢. By definition of matching, it behaves as follows: if Y; = 0, the system
decides to select bit X7/ 4. Otherwise, if Y; =1 or Y; = REJECT, it decides not to select
Xrpiag, 1 <t <n. We define the output of the system to be this selected subsequence of
X (™) and denote it by

=) = =i (4.5)

where the time instants ¢; correspond to 0-decisions, ¥;, =0, for 1 <! <v <n.

Our aim is to assess the frequency instability of Z(*). The main result, Theorem 7.1,
states a bound on the deviation between the frequency of 1 in Z(*) and the probability of
1 with a dependence on the complexity of the adapted system.

5. DECISION FUNCTION

In this section, we define the adapted system’s decision which is a function of the probability
estimates p(1]i), 0 < i < 2% — 1, defined in (3.11). Let the set

Y :={0,1, REJECT} .

The decision function is denoted by

der?
and is defined as a vector that consists of the individual decisions at each of the states of
the FSM,
d:=d(X"™) =[d(0),...,d2" —1)], (5.1)
where
1 if p(1]7) > § + T (e, 1)
d(i) :==d(i,n) = {0 if p(1]i) < § — T (ai,m) (5.2)

REJECT otherwise

for 0 <4 < 2¥ —1, and 7 defines a threshold that determines if a non-REJECT decision is
made. The option of choosing a ‘REJECT’ action is a standard way to minimize decision
errors by refraining from making a decision that has a small confidence (it had been in use at
least as early as [7]). The value of 7 depends on a confidence parameter 7 € (0,1] and on the
state frequency a; (X (™). We henceforth write d without explicitly showing the dependence
on 7. Note that if a; = 0, then X ™ did not visit state s() and d(i) = REJECT because
the threshold 7 equals infinity (this is described below) which means that the third line
holds in (5.2).
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Given a fixed 7 and a realization z(™) of the sample X (™) we measure a(z("™)) and
evaluate the threshold 7 (cy,n) for each state s(i), 0<i<2k_1. With these threshold
values, we have a decision function d which is defined according to (5.2) and is used at
every state of the FSM.

The function 7 equals infinity at o; = 0 and decreases with «; and 7. It is defined such
that if d(i) = 1 then with probability at most 7 the Bayes’ optimal decision is d*(i) = 0, or
if d(i) = 0 then with probability at most 7 the Bayes’ decision is d*(i) = 1,0 <4 < 2F — 1.
That is, with confidence at least 1 — 2n the system’s decision d agrees with the Bayes’
optimal decision function d*. We note that in Theorem 7.1 the choice for 7 is dictated by
the choice of a confidence parameter §.

The selected subsequence Z*) is defined as follows: for time instants ¢; that correspond
to 0-decisions (Y3, = 0), we have Z;, = X;,, 1 <1 < v. We are interested in the event that
the frequency of 1 in Z(*) deviates (in absolute value) from 3 by at least € and that the
subsequence is not too short (since we are interested in the rate of the LLN).

To bound the probability of this event, we use a concentration bound for Markov
chains. Such bounds involve mixing characteristics of the chain and are discussed in the next
section.

6. MIXING

Concentration bounds for Markov chains depend on the rate in which chains mix [3]. Our
analysis uses such a bound and we, therefore, need to state explicitly any assumption about
the mixing properties of the environment’s Markov chain. In the Appendix, we show that
there exists a minimum integer [y, such that for [ > [y, the environment’s transition matrix
Q in (2.3) satisfies Q' > 0, that is, every entry of @', denoted by ¢V (s0)|s()), is positive.
We henceforth choose

lp := min{l : Q' > 0} (6.1)

and in theory, if Q was known then [y can be evaluated by computing Q' for a sequence
of 1 >1 until the first [ is found such that Q' > 0. Denote by po the minimum entry

of Q,

po := min g (j[) (6.2)
i

)

then the fact that Q' >0 implies that uo > 0. We henceforth make the following
assumption.

ASSUMPTION 1: The environment’s transition matriz Q satisfies one of the following con-
ditions: (i) the minimum entry po of Q" satisfies po # 275 or (ii) po = 2% and for all
0 <i < 2K —1, the transitions probabilities (2.5) are 1/2.

REMARK 1: In both parts (i) and (ii) of the assumption, Q may have a uniform stationary
distribution 7 = [2_’“*, cee 2_’“*], which means Q is doubly stochastic and lim;_,. Q" is a
matriz U, of the same size as Q, with all its entries identical to 2=% . Part (ii) treats the
special case where this limit U is reached exactly at time ly, that is, Q" = U.
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We use [p and g in the following definition. According to the cases of Assumption 1,

define
1—2%
TS M if case () holds and [y =1
240 ;
(k" lo) == 2 if (i) holds and [y > 2
PR 5 ) = if case (z2) holds and [y >
(1— Qk*uo)([ofl)/[o (1 —(1- Qk*uo)l/fo>
k™1 if case (i4) holds.
(6.3)
In the first condition of (6.3), (2.6) implies that @ > 0 and thus o is the minimum entry
of Q. Define
1 if k*>k+1
r(k, k) = = (6.4)
E—k*+2 ifk* <k
7. RESULT

The next theorem states that if the adapted system’s decision function d uses a threshold 7
(which is specified below) then the system’s output, namely the selected subsequence =)
of X" can have an average value that deviates from the probability 3 of symbol 1 by as
much as €, where the expression of € is stated. This establishes the rate of the LLN for the
sequence Z(*) as aimed for in Section 4.

The parameters k*, [y, po of the environment’s Markov chain are assumed to be
unknown. We assume that an upper bound on p(k*,ly) is available for the system.

THEOREM 7.1: Let m,n,k,k* [ > 1 be positive integers and o a positive constant. The
environment is a stationary binary Markov chain {Xi}tiez of unknown order k* and
p(k*,lp) < 0. Let My, be a Markov model of order k used by an FSM (system). Let
XM = {Xpp 3 mas{k k417 XM = {Xprp 0 max{k )1 b€ samples of the environ-
ment with T +m < T' — max{k,k*} + 1. Denote by a; := a;(X™), 0<i<2F —1, the
random variables representing the empirical frequency that state s of My, appears in the
state sequence SU™) that corresponds to X (™. Denote by (3 := P(X; = 1) the stationary
probability of symbol 1. For any,

e 0<d<1,
o (ec{l,....,n},
° wé(%,l],

if the system uses a decision function a?,(X(m)) defined according to (5.2) with

k+4
T(;,0):=0p 3—221n <2>, (7.1)

mao; day

then with probability no more than & the subsequence =) of X that corresponds to the

time instants when the system’s decision is Yy, =0, t; € {1...,n}, satisfies both of the
following conditions:
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e the absolute value of the deviation between 3 and the frequency of 1 in E) is more

o Ar(k, k*)p(k*, lo) \/2 ((2k +4)In2+1n (HW» "

w n (w—(¢/n))d

e it has a length v > wn.

The theorem implies that with probability at least 1 — J, either the absolute deviation
between ( and the frequency of 1 in Z(*) is no more than (7.2) or the length of the subse-
quence 2 satisfies v < wn, where in the latter case there is no guarantee about the size of
the deviation. In the former case, if we take the upper bound (7.2) on the deviation to be a
measure of non-randomness of the system’s output sequence and view the number of states
2% as the complexity of the FSM (which is based on model My), then it follows that the
larger the complexity the less random the output. This is evident in numerical simulations
[17] (Section 6.3). Also, the output becomes less random if the mismatch k — k* between
the system’s model order and the environment’s Markov order grows or if the environment’s
Markov order k* increases.

Note that the threshold 7 depends on the random variables a;, 0 <1 < ok _ 1, and
hence the theorem allows for evaluating 7 after the random sample X ™) is drawn. Thus
the result of the theorem applies to the output of a system which has adapted to its random
environment, namely, it depends on the random sample X ™. As we describe in the next
section, we use data-dependent concentration bounds to achieve this.

If £* is known but yet the system is constrained to use some k which may differ from
k*, then we have the following corollary which has an improved (lower) threshold 7 in case
k > k* (Q and hence p are still unknown as above). The advantage, in this case, is that
the length m of the sample X (™) can be smaller while still maintaining the result of the
theorem for the same given values of §, n, £.

COROLLARY 7.1: With the same definitions and wunder the same conditions as in

Theorem 7.1, except that k* is known by the system, if the system uses a decision function
d(X™) defined according to (5.2) with the following choice for T,

3 1n(2"‘“) ifk >k

20, m dav;
T (i, 6) == (7.3)
0 7322 In (%) if k < k¥,

then the statement of Theorem 7.1 holds.

The proofs of Theorem 7.1 and Corollary 7.1 differ by a small amount which is described
in the last paragraph of Section 8.

8. PROOF OF THEOREM 7.1

Considering all possible decision functions based on Markov models My of order k, the
Bayes decision function d* yields the minimal expected number of decision mistakes. Its
decision at state s(*) is d*(i) = 1 if the true unknown probability p(1]i) > 1/2 and d*(i) = 0
otherwise, 0 < i < 2¥ — 1. The decision function d in (5.1) is obtained based on the sample
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X (™) and is hence a random variable itself that may differ from the optimal Bayes decision
function.

We need to bound the absolute deviation between the frequency of 1 in the system’s
output Z(*) which is selected by this random decision function d. We define the relation
= on the set T2° x T2" as follows: for d, d e TQk, d=d if for all 0 <i <2k —1 either
d(i) = d'(i) or one of the values d(i), d'(i), is equal to REJECT. That is,

d=d <= Vv0o<i<2k-1,
(d(i) = d'(i)) v (d'(i) = REJECT) V (d(i) = REJECT)

and

d#d < 30<i<2F-1,
(d(i) # d'(3)) A (d'(i) # REJECT) A (d*(i) # REJECT)

When d =< d’', we say that d and d’' are equal up to rejects. When d % d', we say that
d and d' are ’strictly’ different. The Bayes decision function d* has no rejects, that is
d*(i) € {0,1} thus the event d % d* means that there exists a state s() such that d(i) # d* (i)
and d(i) # REJECT and a; > 0 (recall, from Section 5, if a; = 0 then d(i) = REJECT).

To obtain a bound on the probability that the absolute deviation is larger than e we
consider two cases, d # d* and d=d* . In the former, we bound the probability that d

strictly differs from d*. In the latter case, we bound the probability that the deviation is
larger than e for an output sequence Z*) of a system which is based on a decision function
that is equal to the Bayes’ optimal function d* up to rejects.

The theorem and corollary state finite sample sizes m and n, thus the proof does not rely
on any asymptotic approximations. As mentioned above, we derive concentration bounds
that are data-dependent. These two aspects of the proof come at the expense of more work
and a longer exposition. Therefore, we summarize next the main steps of the proof.

8.1. Summary of main steps

Denote by E[(;z the event that the absolute deviation between the frequency of 1 in the

system’s output sequence =(*) which is selected by the system’s decision function d, is
larger than e and its length v satisfies v > £. Then
de*)[?’(cfxd*)

P (E;@) —P (Eff) d d*> P (CZ # d*) 4P (Eff)
JP(J%d*) +1P><Eg2 de*>. (8.1)

In order to bound (8.1) from above, in Section 8.2, we bound from above the first term of
(8.1) and in Section 8.3, we bound the second term. In Section 8.4, we combine these two
bounds to yield the result.

Section 8.2 is divided into two subsections. The event d # d* implies that there is at
least one state s(* such that the average p(1]7) of the number of type-1 transitions from
it deviates from its expectation by a large amount. In the case of the Corollary, we take
advantage of the known value of £* by splitting into two cases. If £ > k*, then although the
underlying sequence is Markov, this can be represented as a deviation of the average of a
sequence of i.i.d. Bernoulli random variables from its mean. This is treated in Section 8.2.1
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where we exploit this independence and use a Chernoff bound. The second case where
k < k* is more involved and is treated in Section 8.2.2; it is split in two subsections 8.2.3
and 8.2.4. Here p(1|i) is represented in terms of a sum of a selector function f;(s) which
takes the value of a bit Xy, if the state at time ¢ is s(9) . We show that f; is Lipschitz with
a constant 1 and use it in a concentration bound for Markov chains. In Section 8.3, there
is no independence to be exploited. We use a different selection function fy that takes the
value X1 if the system’s decision Y; = 0. We show that its Lipschitz constant is r(k, k*)
and use the same concentration inequality.

As mentioned in Section 7, we derive data-dependent bounds. In Section 8.2, this is
done to handle the fact that the random variables «; which appear in the statement of the
theorem are dependent on X (™) and in Section 8.3, this is done to handle the fact that the
length v of the system’s output sequence Z(*) is dependent on X (™).

8.2. Bounding the probability of the event d % d*

Consider a state s(V € M, and define the indicator random variable

ty

iy )1 if atype 1 transition occurs at state Sy, = s
~ |0 otherwise.

We consider two cases,

(a) k> k*

(b) k < k*.

In case (a), the probability that US) =1 only depends on the state s*) at time ¢;, that
is on Sy, = s(Y). Therefore from (3.5), we have

]P’(vt(f) = 1) =q (1

Since the probability ¢(1 |< s >.) is a parameter value of the model My~ then it is
constant with respect to time {;.
In case (b), from (3.6) we have

P
P (vgf) = 1) = q (1

Jj=0

< st >k*> . (8.2)

S; = S*Ui)) P(ji) (8.3)

where both of the probabilities in the sum of (8.3) are completely determined by the
environment’s model M.
We henceforth denote by

p(1]i) =P (vt(? - ) (8.4)

remembering that it is either (8.2) or (8.3) depending on whether case (a) or (b) holds,
respectively. We also have

p(1)i) = Ep(1]i) (8.5)
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in both cases, where the expectation is taken with respect to the stationary probability
distribution IP. This follows from the following: let 1 < ¢, ..., {4, < m be random variables
that represent the time instances at which the state S;, = 5(9). Denote by E,, the expected
value with respect to the probability distribution of a;, then we have

a;m

Ep(1]i) = Eo, E [Z

=1

€73

1 .
EE[ R

cm g teim

Oéi‘| . (8.6)

The inner expectation above is the expected value of a sum of a;m i.i.d. random variables

(1/a;m)v (l), 1 <1 < a;m, each with expected value p(1]7)/a;m. Continuing from (8.6), w
have

Ep(1]i) = Eq, [a;m(1/a;m)p(1]i)]
= p(1]i).

Consider the event d # d*. By definition of the relation =, this event implies that
there exists an i € {0,...,2% — 1} such that d(i) # d* (i) and d(i) # REJECT and a; > 0.
If p(1]i) < 1/2 then d*(i) = 0 and therefore, the event d(i) # d*(i) implies that d(i) = 1
According to the decision function (5.2) this implies that p(1)i) > 1/2+ T (oy,n). If
p(1]i) > 1/2 then d*(i) =1 and in this case the event d(i) # d*(i) implies that p(1]i) <
1/2 — T (v, ).

Thus the event that there exists an i€ {0,...,2*¥ —1} with «; >0 such that
d(i) # d*(i) and d(i) # REJECT implies the existence of some i € {0,...,2¥ —1} such
that.. [p(1]i) — p(1]i)| > T (e, n), «; > 0. (Here p(l]i) depends on «; since it is the
number of type-1 transitions from state s(¥ in the sequence s divided by may,

see (3.11)).
Let
1;:{;,...,1} (8.7)
and let
Ag = {z™ € {0,1}™: 30 <i < 2% —1,d(i) # d(i), d(i) # REJECT?. (8.8)

The event d # d* is equivalent to the event that X (™ belongs to the set Agq.. We wish
to bound from above the probability of A4+ hence we use the following fact,

Ag- € {at™ e {0,147+ 30 <4 <2 — 1, 1p(11) - p(110)] > T (e, m), csla™) > 0}
={ﬁm€{Qﬁm:%SisffLHWGLWMﬂ*MWH>TmmL%@m5=%}

c {a™ eqo.13™: 30 < <2¥ 1, 3y, € 1, (L) — p(U)| > T (i, m), ei@™) = i}
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Let 0 < 0; <1 and choose 7 to be a function 7(v;, d;) such that
P(3vi € 1, |[p(1]d) — p(L])| > T (vi,n(i, 6:)) , i = %i) < 6. (8.9)

Then for any 0 < § <1 if we let

1)
i = Seri (8.10)
we obtain
2k_1
P(Ag) < Y PGy €L [p(1]i) = p(1]i)] > T (vi,n(7i, 6:)) » s > %)
i=0
k
5= 1
EPIr
i=0
1)
= = 11
2 (8.11)

We henceforth hide the dependence on 1 and write simply Ag- for Ag- .
In the next sections, we derive the functions 7 (y;, ) and 7(v;, §;) such that (8.11) holds.

82.1. T in case (a) In case (a), although the sequence is a Markov chain, the indicator
random variables vt(f) are i.i.d. Bernoulli with success probability p(1]i) := g(1] < () >p-).

To see that, consider two instants ¢; and t,. where the state is s then we have

P <vt(f) =1 v,ﬁ?) =P (vt(f) =1|5, = FON vti)>

where the equality (i) shows the independence of vt(;) and v,Ei) and the equality (ii) which
follows from (8.4) implies that they are identically distributed. Thus in case (a), p(1]¢) is the
average of a subsequence of a;m i.i.d. Bernoulli random variables where «; > 0 is a random
variable taking values in I. (Clearly, the random variables a;, 0 < i < 2% — 1, are mutually
dependent but this is irrelevant here.)

The term in (8.9) that we need to bound from above by J; is

P 3y € I+ |p(1]d) — p(Ld)] > T (vi, n(vi,6i))s i > i)

=P U {p(1]i) = p(1]d)] > T (vi,n(vi, 04)), o > i} | - (8.12)
yi€l
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We have
P (p(1]i) > p(1[i) + T, . > 7:) = > P(p(1]i) > p(1]i) + T, o =)
r27i
—Z < >p(1)—|—Toci:7‘>]P’(ozi=r). (8.13)
T2

Using Chernoff’s bound [6] for the average of a sequence of i.i.d. Bernoulli random
variables we obtain

P (ﬁ(1|z) >p(ll) + 7T
thus (8.13) is bounded from above by

Z exp {—QTmTZ} P(a; =7) <exp {—2%77172} Z P(a; =7)

> >

< exp {—2%-m7'2} .

o = 7“) < exp {—ZTmTQ} (8.14)

In a similar way, one obtains

P (p(1]i) < p(1]i) = T, o > ;) < exp {—2v,mT?*} (8.15)
therefore, we have
P ([p(1]i) — p(1]3)| > T, a; > ;) < 2exp {—2y;mT>}. (8.16)
Let
1 2
T(@) (v, ) = In(Z 8.17
o) = (2) (8.17)

then we have for any 0 < 7 :=n(y;, ;) <1,

P (5(15) = 1) > T (36,m(36,8)) s 0 = % ) < 0, 6. (8.18)

Following a method of proof of Proposition 8 in [2] let us now define
60,3, m) = {2 p(11i) — p(1fi)] > T (P, m) s asla™) 21}

Note that because 7 decreases with respect to increasing v; and 7 then for (1) < v < ~(2),
we have J (v, 7, 1) C J(v,7,7) and for n, < ny we have J(v,7,7a)  J (7,7, 7).
From (8.18) we have,

P (J (757965103, 8)) = P (15(113) = pA1D)] > T (ism(,61)) i = %)
< n(i, i) (8.19)
Define the set T'; C [0, 1] as follows,

- [00]

The set I defined in (8.7) clearly satisfies I C |J;Z, T
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n (8.12), let us choose

T(in(3:00)) = T (.03, (8.21)
with
divi
0(vi, 1) = ; . (8.22)

Then (8.12) is now bounded from above as follows,

U {Ip(]é) — p(Ll9)] > T (vi, m(7is 0:)), i > i}

Yi€l

=P | U {Ip0u1) —pali)] > 7 (300,80 ) o = % f

vi€l

=r| | J@m, ;) (8.23)

vi€l

<P U U J( i ”Z) (8.24)

Jj=0~;€l;
= Vi 1
J( ’L7 7 Z 2)

IN

Z ( [CREET))

where the last inequality follows from the fact that for all ¥ € T'; we have v/3 < (1/2)7 1! <~
and v < (1/2)7. Using (8.19) it follows that (8.25) is bounded from above by

8= (1)’
htl -) <
2 Z (2> <
Jj=0
as required for (8.9) to hold. Thus in case (a) our choice for 7 in (8.11) is as defined

n (8.21) and the choice for n(v;,d;) is as defined in (8.22). This gives 7 (y;,m(7i,0:)) =
T (7:/3,6:71/2)-

8.2.2. T in case (b) In case (b), the indicator random variables v( R

we use a different bound for the convergence of p(1| ) to p(1]4).

Let us fix i € {0,...,2% — 1}. For a state s* € Sy~ and 0 <r < ¢ < k* — 1, we denote
by < s* > the binary vector [s},...,s;] € {0,1}77" !, Define f; : Sp- — {0, 1} as follows:
for a state s* € S+ and s(9) € Sy, let

. 0, if < s* >k £ 50

are dependent. So

<s*>q, if <s* >k =500,

In words, given a state s* = [SZ*—D ey 8Ey e, 5T,88] € S if [sf,...,57] # s then
fi(s*) = 0. Else, [s},...,s7] = s and f;(s*) equals < s* >¢= sj. For a sequence s*(") =

https://doi.org/10.1017/50269964818000451 Published online by Cambridge University Press


https://doi.org/10.1017/S0269964818000451

544 Joel Ratsaby

{si}m,, 57 € S, 1 <t < m, define

*(m) Z fz St

Therefore, p(1]i) can be represented as

Fi(S*(m)

H(l)i) = ———=——< 8.26
) = (8.26)
where S*(™) is defined in (3.7). To see this, consider a sequence S™ in which state s(*)

appears at least once, that is cym > 1. Then for its corresponding sequence S*(™) we have

1 m * 1 *
—Y RS = — > fils7) (8.27)
Qim = i L<Sy >h=s®

1 (i)
- a;m Z Vi1

K .
l:<5’z‘l Sk=s(1

1 mao; .
= ‘ 8.28
aim U, ( )

= p(1]2)

where (8.28) holds by definition of the indicator variables vg) whose index ¢, runs over
those time instants where the state S;, = s, s() € My, t, € {0,...,m — 1}. We have

= Eq, [ma;p(1]i)]
= mp(1]i)E[o]
= mp(1[i)m;. (8:29)

E [F(s™)] = Fi(5*0)

mao;

> v
=1

For two sequences s*("™) and ¢*(™) e Si%, let us use the Hamming metric dg : Sjlt x Sjt —
{0,1,...m} which is defined by

dp(s™™), q" (™) ZH{St 74}

Consider some r > 1 and consider s*(™ = (s%,...,s% ) and ¢*™ = (¢},...,q},) € SP such
that dy (s*(™) ¢*(™)) < r. Define the following subsets of {1,...,m},

I, = {l < sy, Sk s < ar, LT s(i)}

Iy = {l:<st Skt 50, < q;, l—s()}
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I3 := {l < sy, pLES s < qz, >k s(i)}

I = {l < 5] k=50 < qp Sk s(i)} (8.30)

then we have

[Fi(s*0) = Fi(g™)| =

S st = 3 i)

<Z|fz (sf) — filar)

S filst) — filar) (s3,) = fila}) (s,) — fila})

lely lelz lels
+ > | filst) = filar)]
lely
=Y (0= < g >0l + D |< s >0 0]+ D [< st >0 — < g >0
lely lels lely
<Y Usi A+ U{sh #ai )+ > I{si # 4}
lely lels lely

m
<> I{si #qf}
t=1
— Ay (570 ()
<. (8.31)

Hence it follows that the function Fj is Lipschitz with constant 1.

In the Appendix, we show that the chains S*(™) and S*(™) satisfy the condition of a
concentration bound (Lemma A.1) which holds for a Lipschitz function with constant 1.
Hence it follows that we can apply the lemma for F;. Before we do that, we have for any
non-negative numbers a,b, ¢, d,

|ab — cd| = |ab — ad + ad — cd|
<alb—d+dla—c|. (8.32)

For any fixed i € {0,...,2F — 1} and positive a; we have,

1B(LlE) — p(Lli)| = aiiamum - %_mp(lli)

1

&%) TG

IN

O%|aiﬁ(l‘ i) — mip(1]d)| + mip(1]i)

p(1li)

7

|7Ti— i‘-

1 o .
= loip(1]i) — mip(L]i)| +
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Hence,
P (3vi € 1, [p(1]d) — p(L[i)| > T (vi, ) o = v:)
<P (3% er: ai lasp(1]i) — map(1]3)] > M i > %)

1)
P Tl
(67} 2

i (i,
=P (3%‘ € I: |a;p(1]i) — mp(1]i)] > w, ;> 'Yi)

OQT (’Ylv 77)

+IP(E|¢€II7T¢OL¢> ;
i € L m =il > =5 g

8.2.3. Bounding the first term of (8.33) We have

iT 79
P <3% eI Jaip(l)i) — mp(1]i)| > w a; > %)
—P (3% el |pQ1)i)— “p(w) > 7(72"’77), a; > %—)
ip(1]e T (i,
<r| U {p(u)—”’( 9| (72 ”),aiz%} . (8.34)
0<y;<1 i

In the following, we avoid conditioning on the value of «; in order not to violate the
Markov property of the probability distribution (this property is assumed in Lemma A.1).
Let us bound the probability of one term in the above union. We have,

P (‘p(ui) - M > % a; > %-)

_p (\Fl-(s*“”)) —E[F(s" )| > moil s %—)

2
(s*(m)yT
= 3 P(S*(m))ﬂ{ Fi(s*m) - EFZ,(S*(m))‘ > mal(‘z)}
55 (m) sy (57 (M) >ys
(8.35)
and (8.35) is bounded from above by
*(m) +(m) c(m)y| o ML
3 P(s* "I ‘Fi(s ) —EFy(S )] > T

s*(m)iay; (s%(m)) >,

S P(s“m))ﬂ{\ﬂ(s*(m))—EE(S*“”)\>mf}

s*(m)GSZi

=P (‘Fi(S*(’”)) - ]EFZ»(S*(’”))’ > ””27) . (8.36)
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Now, use Lemma A.1 for the Markov chain $*(™) and F;. Applying (A.12), we obtain

2
P ()Fi(sﬂm)) - EFZ-(S*(’”))‘ > mﬁ) < 2exp {—’;‘ (Z) } (8.37)

where p is defined in (6.3). It follows that

T
P (‘Fi(s*“”)) —EFi(S*(m))‘ > g) < 2exp {—m2T2/8p} . (8.38)
Let
2 [2 (2
T® (1) == £ ln(> 8.39
(o) = 242w (2 (8.39)

then for any 0 < 7(vy;, ;) <1 and from (8.36), (8.38), (8.39), we have

P (oo - =210

Q5

2

, Q> %‘) < (i, 6;). (8.40)

Now define

) ; (b) (~(1)
(1) — mip(1]i) ‘ - T (v 377)7 (™) > 7(2)}'

J(W 43 ) = {I(m) : i (20) 5

As in Section 8.2.1, for v(!) <
Na <, we have J (), 73, 5) C
From (8.40) we have,

v <3 : we have J(yM),~3) n) C J(y,v,m) and for
Ty, A3 ).

P it 00 = P (oo - 2D T2O0n000) o, 5 )
< (i, 0)- (8.41)
Now choose
T (i, n(vi, 61)) := T (%m(%&)) (8.42)
with
n(i, 6;) 1= %T&' (8.43)
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Using the definition of the sets in (8.20) then (8.34) is now bounded as follows,

ﬁ(1|i) _ Wip(lm

| U {

i 2 ’
0<v; <1
. Q) (l %51)
ip(1 ’
= U i - 2 AR A
0<~; <1
- Yi O
=P RN .
UUJ<277 4) (8.44)
J=0v;€l;

(8.45)

where the first inequality follows from the fact that for all v € T';, we have v/2 < (1/2)7! <
v and v < (1/2)? and the second inequality follows from (8.41).
It follows therefore that (8.34) is bounded from above by 0;/2 .

8.2.4. Bounding the second term of (8.33) We have

T
IP’(E’yZ-GI:mai|> @ ,OéiZ’)/i>

2p(1}i)
a; T
<P T — 0| > ! ,,OéiZ’}/i} . 8.46
0<U,<1{' > Sl (8.46)
Vi

Let us bound the probability of one term in the above union. Define g; : Sg« — {0,1} as
follows: for any state s* € S« let

. 0, if <s*>k#£50)
9i(s") = : ok _ o(i)
1, if <s*>F =5,

For a sequence s*(™) = {s;}7,, s € Sg-, 1 <t < m, define
Gi(s* ™) = gils7).
t=1

Using the regions in (8.30) one can show using the same argument as in (8.31) that
for any two sequences s*("™) and ¢*(™) such that dg(s*"™),¢*(™)) <7 then |G;(s*"™) —
Gi(¢*™)| < r and hence G is Lipschitz with constant 1.
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We have
Gi(57m)

m

:ai

and
E [Gi(S*(’"))] = mm;.
So,
OéiT
Ploy —m| > c——=, s > %
(101> g2

_p (’Gi(S*(m)) ~E [Gi(5"™)]| > ;;Ef) ;> %)

= Z P(s*(m))]] { ‘Gi(s*(m)) _ EGi(S*(m))‘ S

$7(m) oy (87 (M) ) >y

Ry

my; T }

may; (s M) T
2p(1]) }

IA

S*(7">1(1i(5*(7"))2%‘,

IN

S ORI {‘Gi(s*(m)) - EGZ-(S*(’”))‘ > 3ol

s*(m)esT,

—p (’Gi(sﬂm)) - EGi(S*(m))’ > 2”;(71;) . (8.47)

As above, we use the concentration bound (A.12) for the Markov chain S*("™) and function
G;. For any positive x this yields

P (‘Gi(S*(m)) — EGi(S*(m))’ > mn) < 2exp {7; <>2} . (8.48)

It follows that

T .
P <’Gi(S*(m)) - EGi(S*(m))‘ > m) < 2exp {—m~}7T?/8p*(1]i)p*}
2p(1i)
< 2exp {—m~]T?/8p%} (8.49)
because 0 < p(1]i) < 1. Using 7® defined in (8.39) and with 1(v;, ;) defined in (8.43), we
obtain
@ T® (yi, (i, 6)) )
P |o; — ;] > L >
(1= 2013 !
TO (v, (v, 05))
<P i ®(m)y _ EG. *(m) mo; Yis I\ i, Oi
<P ([ ) -Ba (s> 2
< (%, 6)- (8.50)
Let
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From (8.50) we have,

;T (yi,n(yi, 6i)) )
P (J (i, visn(vi, 00))) = P { |eg — mif > S, @ >
(7 G 6) = P (Jos = s .

< (i, 6:)- (8.51)

Substituting the value of (8.42) for 7 in (8.46) and substituting for 7 the expression in
(8.43) then we obtain the following upper bound on (8.46),

OéiT
P T — Q] > Ny Qi 2 i
U {' > Sl ”}

0<y;<1

N i divi
U U (57)

J=0~:€l;

IA

i
- (8.52)

where the last inequality follows from (8.51) and the same reasoning as in (8.45).

From (8.45) and (8.52) it follows that (8.33) is bounded from above by d; as required
for (8.9) to hold. Thus for case (b) we choose the value of 7 as (8.42) and the choice of 7
as (8.43). This gives 7 (i, (7, 0:)) = T® (7:/2, 0:7:/4).

8.3. Bounding the probability of large deviation

Recall that the adapted system decides Y;, 1 <t < n, using the decision function d. The
first decision Y} is based on an initial given state (4.3). Let v be the number of times that
Y; = 0. Since Z(*) is a subsequence of X (™ then we can associate a selection rule

R;:{0,1}" — {0,1}"

based on d as defined in (5.2) which selects 2*) from X (™. Note that v = v(S*("), d) is a

random variable that is dependent on the random decision function d and on the random
sequence of states S*(™ that corresponds to X ()| that is, on

) = ={S . S/ =Xrti—kt1,..., X4
where X7/, is the tth bit of X(™, 1 <t < n.

For every e >0, 1</ <n and d € T2° we denote by Ec(fz C {0,1}™ the set of all

sequences x(™ for which there exists w € (%, 1] such that the subsequence W) of z(™
selected by Ry is of length v > wn and its frequency of 1 deviates from the expected value
0B by at least €. Formally, this is defined as,

Za”

E((fz = {x(") Jw € (t/n,1], €W = Ry(z™), v > wn,

> e} . (8.53)

To show the dependence on the decision function, we sometimes explicitly write =*) =
R;(X™) where X (™ is the second sample (4.1). We wish to bound the second term of (8.1),

which is the probability of the event Egz given that d=d* . Below, we take an approach
to bounding this which holds for any decision function d € 12",
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The technique here is similar to that of the previous section. There, the concentration
bound was for a subsequence that consists of time instants at which the random state is
5(9. We avoided conditioning on the random empirical frequency «; since that could make
the probability distribution violate the Markov property. In the present section, we apply
the concentration result to a subsequence that consists of time instants where the states
happen to be members of a set of states at which the selection rule selects a bit from
X () While these states are determined solely by the selection rule R 4> the length v of the
subsequence depends also on the sequence of states S*("), namely, it is the number of times
that S*(") visits one of the states in this set. Here too, if we condition on the value of v this
may culminate in a conditional probability distribution of S*(") which violates the Markov
condition. Hence in the following analysis, we avoid the conditional distribution as done in
the previous section.

The current section differs from the previous one in that we do not need to consider
two cases (a) and (b) since the sequence of interest here is the subsequence Z*) which
consists of dependent random variables, unlike the i.i.d. subsequence of Section 8.2.1. To
see that, consider first the case where k > k* and define by L C Sy, the set of states s() € Sy,
where p(1/i) <1/2 =7 (from (5.2) these are the states Sy, at which the system decides
Yi,+1 =0). Let v;, be the indicator random variable whose value is the type of transition
from state Sy, at time ¢; where S;, € L. Clearly, since Y;,+1 = 0 then the error at time ¢; + 1
is Z¢,,, = vy,. For any two elements Z,, Z;, of the subsequence =) where t;, t, € L, the
following holds

P(E, =112, ) =P(vy—1 = 1|vg,-1)

= ZIF’(vtl,l =1

i€L

= ZP(vtl,l =1

i€L

Stlfl = SU)? Utrfl) P (Stll = S(i)

Uul)

vtrl) (8.54)

Sp—1= S(i)) P (St,1 =50

where (8.54) follows since the type of transition v;,_; depends only on the state Sy _1
because k > k*.

In (8.54), the conditional probability P(Sy,_; = s() |v;, 1) can in general be different
from P(S¢,—1 = s(i)) because the time ¢, — 1 may be in the set {t; — k,...,t; — 1}, that
is, the bit v, _; can be one of the bits of the state S;,_1 = (X4, —k, ..., X¢,—1). Therefore,
knowledge of the value of vy, _; can limit the possible values of the state S;,_;. Thus one
cannot remove the dependency of v, 1 on vy, 1, that is Z;, depends on =, . This conclusion
also holds in case k < k*. Hence, in general, we do not have P(Z;, = 1|2;,) = P(Z;, = 1) and
unlike the previous section where we split into two cases, here we just assume that Z(*) is
a subsequence of dependent random variables.

We now continue the analysis and derive a bound on the probability of (8.53) that holds
for any d. We assume that X (™) has been drawn and d is a fized decision function which is
the realization of the random variable ci(X (m)) defined in (5.1). This means, in particular,
that v = v(S*(™, d) is random only due to S*(™).

Consider any state-sequence 6 € SZ(*k’k*) consisting of r(k,k*) states in Si» where r
is defined in (6.4) and if r(k,k*) =1 then 6 is a single state of k* bits. We extend the
definition (3.3) and denote by < 6 >, the ¢ least significant bits of the binary sequence that
corresponds to the state sequence 6, and let < 6 >f denote the binary subsequence starting
at the 7*" bit and ending at the 5" bit from the right where the rightmost bit has index 0.
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For example, suppose T/ = 0, k* = 2, k = 5 and for n = 4, we have

4) _
e@ = (x_y4,x_3,2 9,71, 0, %1, Ta, T3, T4)

= 111001010
then at t = 2, we have 6; € S3 (since k — k* + 2 = 5) which equals

0r = (3:74a 3:737 S:an 3:717 SZ)
= (11, 10, 00, 01, 10)
— (!9"‘(3)7 S*(2), S*(O), s*(l)’ 5*(2))

so < 0 >9=11001 and < 6 >¢= 0. Note that the binary sequence that corresponds to a
state subsequence 0 € Sr(k *) has a length of r(k,k*) — 1+ k* = k + 1 bits if k* < k or k*
bits if k* > k + 1.

We denote by ©F = (S:—r(lm*)-rlv"" ¥ 5, S 1,5F) a sequence of r(k,k*) random
k*)

state variables where ©F takes values in S;&k according to the joint probability measure

P. Define fy : k LR {0,1} as follows,

<0 >q, ifp(ll<o>t<i_T
fd(a): 0 p( | ) 1) 2
0 otherwise

where to avoid complicating the notation, we just write 7, although it can, in general,
depend on the value of # (as is the case for d where the threshold (5.2) depends on the state
i through «;).

Note that if at time ¢ the random state ©; = § where 0 satisfies p(1| < 6 >¥) < 3 — T
then from (5.2) the decision function d decides Y; = 0 in which case the value of the function
fa (which is the ’output’ of the selection rule Ry) is the least significant bit of 0, that is, fq(0)
equals the bit selected by the rule Rq. Otherwise, p(1| < 6 >%) > 1 — 7 and the decision
function decides Y; = 1 or REJECT, and Ry does not select it; this is represented by fg = 0.
Hence we represent the selection rule Ry by the function fy.

For a sequence s*(™ = {s¥}7_, where sf € Sy+, 1 <t < n, define

W)=Y fa(6:)
t=1

where 0; = (st_r(kyk*)ﬂ, ...y 8f_1,8;7). For the convenience of notation, we sometimes write

Fy(2™) where (") corresponds to the state sequence s*(™).
Consider the random state sequence S*(") = St, ..., S} associated with X (™) We can
express the average of the subsequence Z(*) as follows,

1 & 1
- = = —F,(S*™)
V; L= a(S™")

which follows from

Fy(8(M) = Zfd (©,) (8.55)
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- Y ey

Lp(1]<©y, >h) <3 -T

:% Z 5,

Lp(1|<Oy, >h)<5-T

1 v
= — E El
14
=1

553

(8.56)

(8.57)

where (8.57) holds since there are v time instants ¢; where the decision Y;, = 0 and hence

1 <[ < v. Define the random variable

as the empirical frequency that a bit is selected. We henceforth denote

- 1
Fy(870) == —Fa(8"™)

1 An _
= 3 =i
an —
where (8.58) follows from (8.57). We have
E [Fd(S*(”))} —E, |E |Fy(5*™) VH

il
B, v
= BE,[V]
— GELN,

(8.58)

(8.59)

(8.60)

where (8.59) follows because 2() is a subsequence of X (™). The expected value of A depends

on d, therefore, we denote by

and have

E [Fd(s*(m)} = Bnmg.

(8.61)

(8.62)

For two state sequences s*(") and ¢*(™) € S, we use the Hamming metric d; : Si. x SE. —

[0, 00) defined by

dr (s “ q*(n) ZH{Sf #q; }
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Consider s*(") = (s%,...,s%) and ¢*(") = (¢f,...,q%) € S{. such that

iy (5™, 4" ™) < A

and define

0y = (S:—r(k,k*)+1v 8115 87)
and

Ve = (G p(k )41 A—1,95)-

Define the following subsets of {1,...,n},

fim {101 <00 8 2 5= Topl] < v >h > L -7}
i {191 <0, >H 2 3~ Toptal < v >h) < -7}
o= {101 <0, 50 < - Tl < v >0 2 5 -7
n={pti<o s <p-Tatl<ush < -Th @)
We have
|Fa(s™™) = Falg™™)| < Z|fd 0r) — faWy)|
=Y 1fal0n) = fae)| + > 1fa0n) = fa(@o)l + D [fa(On) = fa(br,)]
lel; lels lels
+ > 1 fa(0n) = fa¥r,)]
lely
=D 10— <ty Sol+ D <O >0 =0+ > < 0y, >0 — < vy, >0
lels lels lely
<Y {0y # Yt 4+ > T{6n # i} + Y {0 # vr}
lels lels lely
<D {0 # i}
t=1
<r(k, k) > 1{si # 0} (8.64)
t=1
— T(k,k*)dH(S*(n),q*(n))
<r(k,k")A (8.65)

where (8.64) holds since for every ¢ such that s} # ¢; there are at most r(k, k£*) time instants
7 such that 6, contains state s}, 1, contains state ¢; and 6, # 1. For instance, let 77 = 0,
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n =9, k=3, k* =2 and let the binary sequences that correspond to s*(™ and ¢*(™ be
™ = (x_g,x_1, 20,21, . ..,29) = 011010011000
) = (Z_9,%_1,%0,%1,...,%9) = 011100001000

then r(k,k*) =3 and 6, ¢ € S3. We have Y.} | I{s; # ¢/} = 5. Looking at subsequences
of length k+1 =4 and comparing them across z(™ and (™ over 1 <t < n, we obtain
Sor {6, # ¢} = 8 and indeed 8 < (3,2) -5 = 15.

From (8.65) it follows that the function Fy is Lipschitz with constant r(k, k*).

Let the constant wg be defined as

then from (8.53), we wish to bound the probability that there is some w € (wp, 1] such that

5’>e and A>w

where from above Fd 1Fd.
The probability of thls event is bounded from above by the following probability,

]P’(Elwe(wo,l]:‘Fd—ﬂ’>e,)\zw>gﬂ” U {‘Fd—6‘>e,)\2w} . (8.66)

wo<w<l1l

From (8.32) it follows that,

‘Fd - ﬁ) = l/\Fd - %Wdﬁ

>

1
X ’)\Fd — Wdﬁ‘ + Wdﬁ

i

1 .
:X’)\Fdfﬂ'dﬂ‘+x|)\*ﬂ'd|.

Hence the right side of (8.66) is bounded from above by

pl {/\‘)\Fd—wdﬂ‘ )\>w} +p U {

|)\—7Td|> /\>w}

wo<w<1 wo<w<1 A
Ae
<P ‘AFdﬂrdﬁ’ Azwp | +P| U Rl > So Az
w0<w<1 wo<w<l1l ﬁ
- e
<p| U ‘)\Fd—mﬁ’ > S Azw (8.67)
wo<w<l1
+r( {)\—Wd|>)\6 /\>w} (8.68)
277~
wp<w<1

where the last inequality follows from the fact that 0 < g < 1.
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We now bound (8.67). Let us bound the probability of one term in the union of (8.67),

P(‘Aﬁd—wdﬂ’>>;,)\>w> —]P’(

—P < Fa(8*™)  nmaf

Fd_# >)\>w>

An An

>;,)\Zw>

:]P’< 1(S*(M) —mrdﬂ‘ > — /\ > w)

—P ( Fy(8*™) —E [Fd(s*<n>)} ] > ’%e A > w) . (8.69)

Now, we can write (8.69) as follows,

*(n)
P(S*("))H{‘Fd(s*(”)) _ ]EFd(S*(”))‘ > ")‘(82)6}
s*(n): X\ (s* (M) >w

< «(n) ‘ «(n)y _ x(n) ’ nwe
< Y PG )]I{Fd(s )~ EFy(S")| > ™ }
s*(m): X\ (s*(n))>w

< > RE{|Fuls ™) - BR(s )| > 2

2
s*(mMesn,

—P (’Fd(s*(”)) - ]EFd(S*(”))‘ > %) . (8.70)

Since the Markov chain S*(") has all the properties of the chain S*(") in the previous
section, we use Lemma A.1. We apply (A.12) to the function Fy/r which is Lipschitz with
constant 1 and define k(w,n) as

w n

ww,m) = 22 2 <2> (8.71)

then we obtain

r r

’ (\Fdw*w . (Fd<s*<">>>’ o)) o

from which it follows that

P (‘Fd(S*(")) - EFd(S*("))’ > ”“’“(2‘“7)) <. (8.72)
Let
T, w® ) = Lo | fry(ptmy = TP (w™,n) Az™) > w®
) 1) ¢ . d A(Ji(n)) 2 )
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then
- A o)y TdP K(w,n) )
P(J(vaﬂl)) =P Fd(S ) /\(X(n)) > 5 , )\(X ) > w
=P ( Fd(S*(n)) — ’[’Lﬂ'dﬁ‘ > w’ )\(X(")) > w)
<2 (|ruts) - B o] > L)
=1 (8.73)

As above, for wM <w <w®, we have J(w®,w® 1) C J(w,w,n) and for 7, <np,
J(w®,w® n,) € J(w®,w® m). Define the set A; C [0,1] as follows,

wo + (1= wo) (;)j+1 o+ (1 — wo) (;)j] . (8.74)

We have [J;Z, A; = [wo, 1]. Now, substitute for

Aj =

€=k (“2’(”_2”0)") (8.75)

then the probability in (8.67) is bounded from above as follows,

. wa3 € w (w—wo)n
_ ler e > — dl
wo<w<1 wp<w<1
=P [j J gw(a}*wo)ﬁ
277 2

where the last inequality follows from the fact that for all w € A, we have w/2 < w + (1 —
wo)(1/2)7+! <wand w < wp + (1 — wp)(1/2)7. From (8.73) it follows that (8.76) is bounded
from above by

;’a—wwi@j = (el

and thus (8.67) is bounded by (1 — wq)n.
We now proceed to bound (8.68).
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Define g4 : Sz(f’k*) — {0, 1} as follows: for any state-subsequence 6 € S;(*k’k*) let

. ifp(l]<o>H < i—T
gd(e) _ ( | . 1) 2
0, otherwise.

For a sequence s*(") = {5317 st € Sy for 1 <t < n, define
Ga(s*™) =" ga(6:)
t=1

_ * * *
where 0 = (87_, gy 110 -2 St—1557)-

*(n

Note that G4/n is the average number of times that the sequence s ) visits a state at

which the decision is 0. That is, we have

Ga(5"™) v |
n n

and so from (8.61), we have
E [Gd] =nkE [)\] = Nmq.

Using the definition of the regions (8.63) one can show using the argument of (8.65)
that Gy is Lipschitz with constant r(k,k*). Consider the probability of one term in the
union in (8.68). We have,

«(n)
]P’()\—wd| > )\6,/\>w> :P(‘Gd(s ) _EGa) )\6,)\>w)
2 n n 2
:P(‘Gd(s*("))—EGd‘ > ";e,bw). (8.77)

Now, we can write (8.77) as follows,

s*(m):X\(s* (M) >w

< Y RE{[Gus ) —BGusT)| > 1Y

s (M)A (s*(M)) > w

< ¥ P(s*("))ﬂ{’Gd(s*("))_EGd(S*(n))’>%}

s*(Mesy,

—P ('Gd(S*(”)) . ]EGd(S*(”))‘ > %) . (8.78)
We use Lemma A.1 since as is shown in the Appendix, the Markov chain $*(") satisfies the

necessary conditions. With the choice of (8.71) for x, applying (A.12) to Gy/r and S*(™)

https://doi.org/10.1017/50269964818000451 Published online by Cambridge University Press


https://doi.org/10.1017/S0269964818000451

ON DETERMINISTIC FINITE STATE MACHINES IN RANDOM ENVIRONMENTS 559

yields the following bound (as in (8.72))

i (‘Gd(s*(")) . EGd(S*("))‘ > W) <. (8.79)
Let
Jw®,w® )= { (n) . ’/\(x(”)) _ Wd‘ > A (z™) k(w®, ), Aa™) > w@)}
then

MX M)k (w,
2

P (J(w,w,7)) = P (‘)\(X(")) - Fd’ > D Ax™) > w>

<P (‘Gd(S*(")) 7EGd(S*(n))’ - nwné@ﬂ))

- (8.80)

IN

Substituting for e the value in (8.75) and using the sets of (8.74), with (8.76) and (8.80),
implies that (8.68) is bounded from above by (1 — wg)n.
Hence for a fixed decision function d, with the choice of (8.75), we conclude from

(8.66)—(8.80) that
>m(§7(w_2w0)n),)\2w>

An
o) e e

<2(1—=wo)n. (8.81)

8.4. Combining

We now combine the results of Sections 8.2 and 8.3 to obtain an upper bound on the
probability that for the random decision function d the event Eg) occurs. We have

P(5f0) =p (Bl A0) + 2 (5030
—p (E0]as ) P s v (50

From (8.8), we have Ag. := {z(™) : Vi, d(i) = d* (i) or d(i) = REJECT}. Hence given that
A4 holds then d = d* and hence }P’(Egz‘Ad*) =P(Uzg=a-

Ad*) P(Aqg-). (8.82)

6) where the index d runs

over all decision functions in Y2" such that d = d*. Thus (8.82) is bounded from above by

P (Ag-) +IP’< U Effi). (8.83)

d:d=d*

For arbitrary 0 < ¢ < 1, recalling the choice of (8.10) then the first term of (8.83) is
bounded from above by 6/2 provided that the system’s model threshold 7 for state 50
equals 7 (¥ ((7;/3), (67:)/(28%2)) or T®) (v;/2, (67;)/(2513)) subject to whether case (a) or
(b) holds, respectively.
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In the statement of the theorem, k* is assumed to be unknown so the system cannot
know which case holds. The threshold for case (a) is bounded from above by that of case
(b), and the latter is bounded from above by 7 (v;,6) (which is defined in (7.1)). Letting
(7.1) be the system’s decision threshold 7 for state s*) means that the first term of (8.83)
is bounded from above by /2 in either case (a) or (b).

The derivation leading to the bound of (8.81) holds for any d, in particular, for d that
satisfies d < d*. Let us choose for n the following value

0
”7 L 22k+2(1 _ wO)

then, with the choice of (8.75) for € we bound the second term of (8.83) using (8.81) as
follows,

(U 0 < 3 p(EY)

d:d=d* d:d=d*

< 221 — wo)y (8.84)
9

2

where (8.84) follows from the fact that for any fixed d* there are Z?io (2;) = 22" possible

decision functions d that satisfy d = d* since for every 0 < i < 2¥ — 1 there are two choices:
REJECT or not REJECT (in which case d(i) = d*(i)). Thus (8.84) and (8.11) imply that
(8.83) is bounded from above by 4.

The proof of Corollary 7.1 follows directly from the above, with the exception of
Section 8.4 where instead of bounding 7(®) and 7(®) we use them directly. O
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APPENDIX A.

The total variation distance between two discrete probability distributions p and ¢ on a domain X’
is defined as (see for instance, Definition 13.2, [3])

Ip = allpy = sup [p(A) — q(A)]
ACx
and is related to the [{-distance as follows (Lemma 13.3, [3]),

1
o —dliryv = 5 llp = dll; - (A.1)

") = {si}7_; € S{. is defined as follows: for any

A normalized Hamming metric for sequences s*(
s* ) g+ ¢ Spx,
n
dy (s*m),q*(n)) = ZH{S: #a}- (A.2)

t=1

For a discrete time, Markov chain with transition matrix Q defined in (2.3), denote its " row
by ¢(:]?), that is, the conditional probability distribution given that the current state is s*() For

discrete time [, we denote the entries of the matrix Q' by q(l)(j|i), and q(l)(~\i) denotes the it row
of Ql. Define

7;:=  max ) Hq(l)(~|i) — "

0<i<2k" — TV

where 7" is defined in (2.7). The next lemma is Theorem 1.1 of [10] applied to our finite Markov
chain. It establishes a concentration bound for $*(™ and functions that are Lipschitz with respect
to the Hamming norm. (That we can apply this theorem follows from the fact that a Markov chain
can be regarded as a hidden Markov chain by letting the emission alphabet be identical to the state
space and emission probabilities to be delta-functions.)
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LeEMMA A.1 ([10] Theorem 1.1): Forl <a<ooand0< <1, ifr < apt—t forl=1,2,..., then
for any ¢ : Si. — R with Lipschitz constant 1 with respect to the Hamming metric, the following
holds:

P <<,0(S*(")) — E@(S*(")) > ’rlli) < exp (—771(1 ;ag)%CQ) (A.3)

and

2.2
P (Ep(5°™) > p(5"™) 4 nr) < exp G%) |

For this to be useful, we need to ensure that we can apply this lemma to the samples x(m)

and X" of the environment’s Markov chain. Let us investigate this for X(™) (the case for X (")
would then follow directly).

The sequence X ("), and hence S *("), is a sample of a homogeneous Markov chain with two
types of transitions, a type-1 and type-0 transition (see Section 2) which occur with a probability
q(1]s*®) and q(0|s*(i)), respectively, 0 < i < 2¥ — 1. The transition matrix Q of (2.3) has the
following form (recall the notation of (2.5)),

q(00) q(1]0) 0 B o
0 0 q(0]1) q(1]1) 0 e o
0 0 0 0 q(0[2) q(1]2) 0 .. o
0 0 0 0 0 S0 q(o]2FT 11y g(12k 10y
Q= q(O\Zk*fl) q(l‘gk**1> 0 e 0
0 0 q(012F" =141y g(1)2F" 141 0 T o
k*—1 k*—1
0 0 0 0 q(0]2 +2) q(1]2 +2) 0 0
: . . : : . A i i
0 0 0 0 0 o0 qo]2kT =1y q12FT -1

It is clear that for all k* > 2, ) is not a (strictly) positive matrix. Thus we need some additional
work to show that the condition of Lemma A.1 holds for the environment’s Markov chain under
all the cases of Assumption 1 with p as defined in (6.3).

A nonnegative irreducible matrix is regular (or primitive) if it has a single eigenvalue on the
unit circle [12]. As mentioned in Section 2, the Markov chain is irreducible with a nonnegative
transition matrix. By assumption (2.6), @ has at least one positive entry on the diagonal, hence it
follows that @ is primitive ([12] Example 8.3.3). From [12] p.693, lim;_ Q' exists and is a matrix
all of whose rows are identical to the stationary probability distribution of the Markov chain. More
relevant for us, by the Frobenius’s test for primitivity ([12], (8.3.16)), it follows that because Q
is primitive then there exists a minimum integer [g, such that for [ > I, Ql > 0, that is, all the
elements of Q' are positive ([12], Example 8.3.4 shows that Iy < 92k" _gkTH1 4 2). We choose [y
as in (6.1). That Q" > 0 implies that the minimum value po of Q" satisfies

o > 0. (A.4)

Recall from (2.7) that 7 := [mq, ..., 75.- ] is the stationary probability distribution of the chain.

Note that every row of Q' (which is a ok™ x ok” matrix) has an entry whose value is no larger
than 1/2k because Q[" is row-stochastic and hence the sum of the entries in every row is 1. Hence

1
o < ok (A.5)
Define the constant
_ * i k*
co = co(k™,lp) :==1—2" g (A.6)
then, by (A.4) and (A.5), it follows that
0<¢cy<1.

We need to consider the cases of Assumption 1. We start with case (i) where the environment
has a @ such that pg # 27%" 5o that ¢o > 0. In this case, by Proposition 10.5(ii) [3], if [p > 2, we
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have for every 0 < i, j < ok _ 1, and every I > [,

< (i) o, (A7)

‘q(l)( m

jli) =73
This means that the distance between the i*" row of Ql and the stationary distribution is
2k 1 L*
D)aps 2 11
1: Z ‘q()(]h)*’]‘[‘j S (CO) CO/O (A.S)
J=0

where |-||; denotes the I1-norm. Therefore, from (A.1) and (A.8),

o (i) ==

X
NP 27\ W
Hq (o) = TV = <200> ‘0
e\ (1t
= <200 (CO ) . (A.9)
Letting
a =2k "l o=/l (A.10)
and
B=c/" (A.11)

means that we may use Lemma A.1 for $*(") (whose transition matrix is (2.3)) together with any
function ¢ that is Lipschitz with constant 1. Substituting (A.6) for ¢p and plugging (A.10) and
(A.11) for o and S in the bound of Lemma A.1, then the concentration bound (A.3) becomes

2
P (s@(s*(n)) — E(p(s*(n)) > nn) < exp {—; (%) } , (A.12)
with
a Qk*fl
P=1"3" © A\ (lo—D)/I . Y (A.13)
1-p3 (1—2ku0)(0 )/0(1—(1—2kﬁ£0)/0)
If [p =1 (and still under case (i) of Assumption 1) then @ > 0 and by Proposition 10.5(i) [3],
q(l)(j|i) — 7rj*- < cf). Following the above steps it suffices to choose o = Qk*_lco and 8 =cp to

obtain
o a 1- 2k*,u0
1-8 2u0

We now consider case (ii) of Assumption 1 where the environment’s ) has po = 2% and
therefore, (A.13) cannot be used. The stationary distribution, in this case, is uniform so @ is
doubly stochastic and lim;_, Ql = U is reached exactly at time [y, that is, Q" = U. The matrix
Q is as above with ¢(1]i) = ¢(0[i) = %, forall 0 < i < 2" — 1. We have [y = k* and the limit matrix
U has all entries equal to 2% (if k¥ =1 then Q = U). For [ > [y the left side of (A.7) equals zero
because the limit is reached at [p. But for 1 <1 < Iy the left side of (A.7) is bounded from above
by 27!, Thus for all [ > 1, the left side of (A.9) is bounded from above by 2k*_1(1/2)l. We let
a=2F"2and B =1/2 to yield p = ok" 1,

All the above holds also for the sample 5*("m) of the Markov environment, with m replacing n.

In summary, we showed that for every case of Assumption 1, the necessary condition of
Lemma A.1 that 73 < aﬁl_l holds and therefore, the lemma can be used as a concentration
inequality for both samples X and X in the proof of Theorem 7.1.

p:
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