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Abstract—A transform that is universally polarizing over a set
of channels with memory is presented. Memory may be present
in both the input to the channel and the channel itself. Both
the encoder and the decoder are aware of the input distribution,
which is fixed. However, only the decoder is aware of the actual
channel being used. The transform can be used to design a
universal code for this scenario. The code is to have vanishing error
probability when used over any channel in the set, and achieve
the infimal information rate over the set. The setting considered is,
in fact, more general: we consider a set of processes with memory.
Universal polarization is established for the case where each
process in the set: (a) has memory in the form of an underlying
hidden Markov state sequence that is aperiodic and irreducible,
and (b) satisfies a ‘forgetfulness’ property. Forgetfulness, which
we believe to be of independent interest, occurs when two hidden
Markov states become approximately independent of each other
given a sufficiently long sequence of observations between them.
We show that aperiodicity and irreducibility of the underlying
Markov chain is not sufficient for forgetfulness, and develop a
sufficient condition for a hidden Markov process to be forgetful.

Index Terms—Polar codes, universal polarization, universal
codes, channels with memory, hidden Markov processes

I. INTRODUCTION

MPERFECT channel knowledge characterizes many prac-

tical communication scenarios. There are various models
for imperfect channel knowledge; see [1] for a comprehensive
discussion. We consider the scenario where the decoder has
full channel information, but the encoder is only aware of a set
to which the actual channel belongs. Both the encoder and the
decoder are aware of the input distribution, which is fixed. We
wish to build a polarization-based code that is universal over
the set: it achieves vanishing error probability for any channel
in the set, and its rate approaches the infimal information rate
over all channels in the set.

In fact, this work tackles a more general setting. The
universal construction in this paper applies both to channel
coding and source coding scenarios. However, to keep the
introduction focused, we concentrate on a channel-coding
scenario. We wish to design polarization-based codes that
achieve vanishing error probability over a set of channels with
memory. The input distribution to all channels in the set is
fixed and known at the encoder and decoder. The encoder only
knows that the channel belongs to the set, while the decoder is
aware of the actual channel used. Examples of channels with
memory are finite-state channels, input-constrained channels,
and intersymbol-interference channels. We show a polar coding
construction that approaches the infimal information rate among
the set of channels under successive-cancellation decoding,
provided that every input-output process in the set satisfies
some mild technical constraints. This construction achieves
vanishing error probability over all processes in this set with
the same exponent as Arikan’s polar codes [2], [3]. That is,
roughly 2“/K, where A is the codeword length,

The informal statements of the previous paragraph are stated
formally in our main theorem, below. The theorem contains
several terms that will be defined throughout the paper.

Theorem 1. Consider a family of FAIM s/o-processes with
an upper bound on forgetfulness and mixing, where all s/o-
processes share the same input distribution. We consider the
case in which the encoder does not know which s/o — process
was used, but the decoder does know. Let I* be the infimal
information rate over the family of s/o-processes. Then, for
any R < I" and 3 < 1/2, there exists a sequence of codes with
growing lengths such that the following holds for each code:

1) The code rate is at least R.

2) The probability of error is upper-bounded by 2N where
A is the codeword length. This bound holds universally
for any s/o — process in the family.

3) Both the encoding and decoding complexities are
O(|8|?Alog A), where |8| is an upper bound on the
number of states of an s/o-process in the family.

For the proof of the theorem, see the end of Section VI.

A. Prior work on universal polar codes

The study of polar coding for a class of memoryless channels
with full channel knowledge at the decoder was first considered
in [4]. Hassani et al. showed that Arikan’s polar codes [2],
under successive-cancellation decoding, cannot achieve the
compound capacity [5] of a set of binary-input, memoryless,
and symmetric (BMS) channels. In [0, Proposition 7.1] it was
shown that polar codes are universal over a set of BMS channels
if optimal decoding is employed. Thus, the non-universality
exhibited in [4] is an artifact of using successive-cancellation
decoding. Nevertheless, as described below, coding methods
that are based on polarization and successive-cancellation
decoding have been shown to yield universal codes.

In [7], Hassani and Urbanke present two designs based
on Arikan’s polar codes that achieve universality over a set
of BMS channels. Their first construction combines Arikan’s
polar codes and Reed-Solomon codes designed for an erasure
channel. Their second construction may be viewed as a two-
stage method. In the first stage, one forms several Arikan polar
codes, in which identical channels are combined recursively.
In the second stage, different channels are combined to obtain
universality.

Sasoglu and Wang [8] presented another universal polar
coding construction for BMS channels. Their construction is
also a recursive two-stage method. The first stage, called the
slow stage, transforms multiple channel-uses into ones that
universally have high-entropy and ones that universally have
low-entropy. The second stage, invoked once sufficient polar-
ization is obtained, combines the channels that are universally



low-entropy using Arikan’s polar codes to yield vanishing
error probability. The construction presented in this paper is a
simplified variation of the Sasoglu-Wang construction.

We briefly mention other works concerning universality of
polar codes. Universal polar codes for families of ordered
BMS channels or memoryless sources, with full decoder side
information, was considered in [9]. See also [10] for the case of
universal polar source codes, with specialization to the binary
case. Universal source polarization was studied in [ 1], in which
polar-based codes were used to compress a memoryless source
to be losslessly recovered by multiple users, each observing
different local side information on the source sequence. Finally,
universal polar coding for certain classes of BMS channels
with channel knowledge at the encoder was considered in [12].

B. Overview of this paper

We present our universal construction in Section III. It
consists of two stages, a slow stage, described in Section I1I-B,
followed by a fast stage, described in Section III-C. Both
stages are recursive and use Arikan transforms as building
blocks. The fast stage consists of multiple applications of
Arikan transforms as in the seminal paper [2]. The slow stage
uses Arikan transforms in a different manner. Properties of the
slow stage, as well as a variation of it that will be useful for
our proof of universality, are presented in Section IV. When
used over a set of BMS channels and specialized appropriately,
this universal construction is functionally equivalent to the one
presented in [8]. Our goal, however, is to use it over a set of
processes with memory.

Polar codes were shown to achieve vanishing error prob-
ability for processes with memory in [13] and [14]. It was
shown in [13] that a large class of processes with memory
polarizes under Arikan’s polar transform. This result extended
Sagoglu’s earlier findings in [0, Chapter 5]. It was further
shown in [13] that the Bhattacharyya parameter polarizes fast
to O for this class. Later, it was shown in [14] that for processes
with an underlying hidden Markov structure, the Bhattacharyya
parameter also polarizes fast to 1. Combined, the results of [13]
and [ 4] enable information-rate-achieving polar codes for such
processes with memory. A practical, low-complexity, decoding
algorithm for processes with memory with an underlying hidden
Markov structure was described in [15] and [16]. This algorithm
is a variation of successive-cancellation decoding that takes
into account the hidden state.

One drawback of polar codes for processes with memory
using the strategy in the previous paragraph is that they must
be tailored for the process. For example, to design a polar code
for a channel with intersymbol interference, one must know the
exact transfer function of the channel. In a practical scenario,
it is reasonable to assume that the decoder has full channel
knowledge, obtained, for example, by channel estimation based
on a reference sequence [|7]. However, the assumption that the
encoder also has full channel knowledge before transmission
may be unrealistic. This is where universal polar codes come
into play.

In the universal setting we consider, the encoder has partial
information: it knows that the process belongs to some set of

processes with memory. The exact process is known only to
the decoder, at the time of decoding. The encoder must employ
a code that will enable vanishing error probability no matter
which process in the set is used. We wish to design a universal
code with the highest possible rate over the entire set. Thus,
the code is to approach the infimal information rate over the
entire set.

This is indeed what we achieve in this work. We show
that our polarization-based construction is universal over
sets of processes with memory. We prove universality when
the sets contain processes with memory that satisfy two
technical constraints, presented in detail in Section V-A. Briefly,
the processes have an underlying hidden finite-state Markov
structure that is regular (aperiodic and irreducible); and they
have a property we call forgetfulness, which we believe is of
independent interest.

Forgetfulness is a property we now describe informally. In
a hidden Markov process, we are given a sequence of obser-
vations that are known to be probabilistic functions of some
Markov chain called the state process. The process is called
forgetful if, given a long-enough sequence of observations, the
state at the time of the first observation and the state at the
time of the last observation become approximately independent.
Surprisingly, regularity of the underlying Markov chain is not
sufficient to ensure forgetfulness. We note that forgetfulness
was not required in the non-universal setting of [13], [14], yet
in our proof of the universal case it plays a key role.

Hochwald and Jelenkovi¢ [18] considered a property similar
to forgetfulness under the restrictive assumption that there
is a positive probability of transitioning between any two
states in one step. Leveraging ideas from Kaijser [19], who
considered a related setting for hidden Markov processes, we
lift this restrictive assumption and prove, in Sections IX and X,
a sufficient condition for forgetfulness of a hidden Markov
model. This condition, which we call Condition K, takes into
account both the transition matrix of the state process as well
as the probabilistic function that generates the observations.
Specifically, we use mutual information as a measure for
independence, and show that under Condition K, the mutual
information between the states at the beginning and end of a
block, given the observations in between, vanishes with the
length of the block.

The slow stage of the construction is the one responsible
for its universality. The proof of universality is given in
Sections V-B and V-C. Low complexity decoding of the
universal polar codes is based on the successive-cancellation
trellis decoding of [16]; details are given in Section VI.
In Section VII we explain how to construct universal polar
codes for a given family of processes. Numerical results for a
particular universal polar code, constructed using the method
of Section VII and used over several different channels with
and without memory, can be found in Section VIII.

C. Paper Roadmap

There are several ways to read this paper, with increasing
levels of detail. A map of the various paths is shown in Figure 1.
All readers are advised to familiarize themselves with the
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Fig. 1. Roadmap of the various ways to read this paper. All paths start at
Section II and end at Section VIIL

notations and definitions of Section II. In it, we introduce the
notion of a symbol/observation pair, which generalizes the
concept of a channel and allows for simultaneous description
of channel and source coding. Section III is also recommended
for all readers, for it introduces the details of the universal
construction. At this point, there are several options.

A practitioner who wishes to understand and implement
the construction, without getting bogged down with the
proofs, is advised to skip to Section V-A, and read
it up to Example 4. This introduces the assumptions
on the processes for which we can prove universality.
Examples 3 and 4 are important as they illustrate that
forgetfulness does not follow from regularity (aperiodicity
and irreducibility) of the underlying Markov chain. Then,
the practitioner may skip straight to the decoding process
in Section VI. The practitioner is also well-advised to
read Sections VII and VIII to understand how to construct
universal polar codes in practice, and to realize the benefits
of using list decoding to decode these universal polar
codes. We note that some definitions from Section V-C
are required to follow Section VII, but we refer to the
relevant equations as the need arises.

« A reader who is interested in understanding why the
construction is universal is advised to turn to Sections IV
and V after Section III. These sections contain a detailed
proof of universality of the construction, provided that
one takes on faith that forgetful processes exist.

« A sufficient condition for the existence of forgetful pro-
cesses is developed in Sections IX and X. The interested
reader is advised to read them following Section V-A.

Sections IX and X are written for a general hidden Markov
model and may be read independently.

II. NOTATION AND BASIC DEFINITIONS

A discrete set of elements is denoted as a list in braces, e.g.,
{1,2,..., L}, usually denoted with a calligraphic letter, e.g.,
A. The number of elements in a discrete set A is denoted by
|A|. We denote yf. = [yj Vsl yk] for j<k.If j=k
then y% = y; and if j > k then yX is a null vector.

We use boldface to denote vectors, and, unless stated
otherwise, vectors are assumed to be column vectors. The
transpose of a column vector x is the row vector x!. The ith
element of a vector x is denoted by (x); (usually, and unless
stated otherwise, (X); = x;). Special vectors are the all-ones
vector 1, all-zeros vector 0, and the unit vector e;, which has 1
in its ith entry and zero in all other entries. We further define

the norm
lIxlly = > il
i

An inequality involving vectors is assumed to be element-wise.
Therefore, if a is a scalar and b is a vector, x > a implies
that x; > a for all i, and x > b implies that x; > b; for all
i. For two vectors (possibly of different lengths) a and b we

write a é b if there is a one-to-one mapping f between a
and b; usually, f is clear from the context, so we omit it and
simply write a = b. The support o(x) of a vector x is the set
of indices i such that x; # 0. A vector is said to be nonzero if
it has a non-empty support.

Matrices are denoted using capital letters in sans-serif font,
e.g., M. The i, j element of a matrix M is denoted by (M); ;.
The ith row of M is denoted by (M);.. and the jth column of M
is denoted by (M). ;. The identity matrix is denoted by I. For
matrix M, we denote its set of nonzero rows' by N;(M) and
its set of nonzero columns by N¢(M). The support o-(M) of a
matrix M is the set of index pairs (i, j) such that i € N;(M)
and j € N¢(M).

The probability of an event A is denoted by P(A). Random
variables are usually denoted using upper-case letters, e.g., X,
and their realizations using lower-case letters, e.g., x. The
distribution of random variable X is denoted by Px. The
expectation of X is denoted by E [ X]. When X, is a sequence
of random variables and b = [b1 by bm] is a vector
of indices, then Xy, = (Xp,, Xp,, - --» Xp,,)-

Let X and Y be two discrete random variables taking values
in alphabets X and Y, respectively. We define H(X), the entropy
of X, and H(X]Y), the conditional entropy of X given Y, by

H(X)=- > Px(x)log Px(x),
xeX

H(X|Y) == > > Pxy(x,y)log Pxjy(x]y),
yeY xeX

where we follow the usual convention that 0 - log0 = 0.
Logarithms are base 2 unless stated otherwise. The binary
entropy function A, : [0, 1] — [0, 1] is defined by

hp(x) = —xlogx — (1 — x) log(1 — x). 1

'A row or column is nonzero if it has at least one nonzero element.



The mutual information between X and Y, denoted I(X;Y)
is defined by

1(X;Y) = H(X) - H(X|Y).

Let Q be an additional discrete random variable; the conditional
mutual information of X and Y given Q is I(X;Y|Q) =
H(X|0) - H(X|Y, Q).

The following variation of the data processing inequality
will be useful. Let X,Y,Q,W be four random variables. We
introduce the notation X - (Y, Q) - W whenever X and W
are independent given Y and Q. We then have the following
variation of the data processing inequality:

X o (Y,0) - W=I(X;Y|Q) 2 (X;W|Q). ()
Indeed, on the one hand, I(X;(Y,W)|Q) = I(X;Y|Q) +
I(X;W|Y,Q) = I(X;Y|Q), where the last equality is by
conditional independence. On the other hand /(X; (Y, W)|Q) =
I(X;W|Q) + [(X;Y|W,Q) > I(X;W]|Q), since mutual infor-
mation is nonnegative.

The following definition generalizes the concept of a channel.
This generalization allows us to describe polarization transforms
for channel coding and source coding in one fell swoop.

Definition 1 (s/o-pair). A symbol-observation pair, or s/o-pair
in short, is a pair of dependent random variables X and Y. The
random variable X is called the symbol and the random variable
Y is called the observation. We use the notation X — Y to
denote an s/o-pair whose symbol is X and whose observation is
Y. The joint distribution of the s/o-pair is given by Px y(x,y) =
Px(x)Py|x(y|x). The conditional entropy of an s/o-pair X — Y
is H(X|Y).

We emphasize that an s/o-pair is specified using the joint
distribution of X and Y. This is in contrast to a channel that is
specified using only the conditional distribution of the output
given its input. A channel with input X and output ¥ becomes
an s/o-pair once the input distribution is specified. Another
example of an s/o-pair is a source X with distribution Px(x)
to be estimated based on dependent observation Y distributed
according to Pyx(y|x).

Definition 2 (s/o-process). A sequence of s/o-pairs X; — Y,
i =1,2,... is called a symbol-observation process, or s/o-
process in short. We use the notation X, — Y.

Definition 3 (s/o-block). A sequence of N consecutive s/o-
pairs of an s/o-process is called an s/0-block. We use the
notation XY — Y. An s/o-block has a natural indexing:
Xj — Y; is s/o-pair j of s/o-block X »— YN. The joint
distribution of an s/o-block is given by Pyn yn CARISIE
Py () Py e (VY ).

Generally, the s/o-pairs in an s/o-block are dependent; that is,
there is memory in the process. In this paper, we assume that
s/o-processes are stationary. In particular, this implies that for
an s/o-block X IN — Y IN , the s/o-pairs X; »— ¥; are identically
distributed for all i.

The conditional entropy rate of a stationary s/o-process
Xi — Yy is

H(XulYy) =

.1

i, HGH)

— 1 1 N yN ; 1 N
= W ) = i PO

The limits on the right-hand side exist due to stationarity (see,
e.g., [20, Theorem 4.2.1]).

For simplicity, we assume throughout that s/o-pairs have
binary symbols and that their observations are over a finite
alphabet. Extension to the case where symbols are non-binary
over an alphabet of prime size is possible using the techniques
of [0, Chapter 3]. This entails replacing modulo-2 addition
with modulo-|X| addition, where |X| is the symbol alphabet
size, and replacing binary entropies with non-binary entropies.

III. UNIVERSAL POLAR TRANSFORM

In this section we describe the universal polar transform,
which is based on [8]. The transform described in [8] was
used to construct a universal code over memoryless symmetric
channels subject to a capacity constraint. In this work, we
extend the transform of [8] for s/o-processes with memory.

This section is focused on describing the transform. Proper-
ties of the transform and proof of its universality are presented
in Sections IV and V. The decoding operation is described in
Section VI.

A. Overview of the Transform

In this section, we provide a general overview of the universal
polar transform. It is a type of H-transform, a concept that we
now define.

Definition 4 (H-transform). A one-to-one and onto mapping
f between two symbol vectors of length N is called an H-
transform.

Moreover, when we say that s/o-block XY — YV is
transformed to s/o-block FIN — Gf’ by H-transform f, we
mean that:

D FY = (X)),

2) G; = (Ff‘l,YN), for any i.

Example 1. Arikan’s polar codes [2] are based on H-transforms.
In this case, the mapping f is given by FlN = f(XlN) =
BNGS" XN, where N = 2", By is the N X N bit-reversal

1 bl
matrix, G, = [} 9], and ® denotes a Kronecker product.

The name “H-transform” is motivated by the equality

N
HXY ) = HFY YY) = >3 H(FIG)).
i=1

3

The right-most equality follows from the chain rule for
entropies and the definition of G;. Typically, the f of an
H-transform is defined recursively.

Consider an s/o-block X{¥ — YV, with H-transform F}¥ ~—
GIIV . We wish to recover the symbols XlN from the observations
YIN . We denote the recovered symbols with a hat, (*). That is,
X{V = d)(YlN ), where ®(-) is the algorithm for recovery. We



assess @ by its error probability, IP’(X{V # XIN ). H-transforms,
thanks to (3), naturally give rise to a sequential algorithm
called successive cancellation.

Rather than computing X fv from Y IN directly, we may com-
pute £V from YN. By the properties of the H-transform, there
exists a mapping f, with inverse f~!, such that XlN =f! (FlN).
Any algorithm for recovering F{¥ from Y}V is equivalent to an
algorithm for recovering va from Y IN . For, if F IN = dD(YlN )
we can define XN = f~1(FN) = f~1(®(¥YN)) and vice versa.
Since IP’(FIN # FIN) = P(va * va), we concentrate on an
algorithm to recover F IN .

One approach is to compute F' IN sequentially as follows. Let
®; be a maximum-likelihood decoder of F; from G;. Compute
F = @1(61), where Gl = G, = YV, then, assuming that
Fy = Fy, form G, = (F1,YN) and compute F; = ®,(G>), and
so on, culminating with F N = ®N(é ~). This is tantamount to
the successive-cancellation decoding described in [2], and we
will use the name “successive cancellation” to describe this
algorithm.

It is well known [6, Proposition 2.1] that the error probability
of recovering ﬁfv sequentially from GAIIV using successive
cancellation as described above is the same as if a genie
had replaced G; with G; at every step. That is,

B((@(G)Y, # (F)L,) =B ((@(G))Y, # (F),)-

(To see this, observe that if ®;(G;) = F; for all i < iy and
®;,(G;,) # Fj, then we must also have @i(éi) = F; for all
i < ip and q)io(éio) # Fj,.) Therefore, when assessing the
performance of successive cancellation, we may assume that
at step 7, G; (in contrast to Gi) is known.

Definition 5 (Monopolarizing H-transform). Let > 0 and let
L,H c{l1,2,...,N} be two index sets. An H-transform f is
(n, £, F0)-monopolarizing for a family of s/o-processes if for
any s/o-block XY ~— YV in the family, either H(F;|G;) <7
foralli € £ or H(F;|G;) > 1—n for all i € H, where s/o-block
F lN — Giv denotes the transformed s/o-block.

Monopolarizing H-transforms are useful because they make
the process of recovering F; from G; very easy whenever
H(F;|G;) =~ 0, because then F; is approximately a deterministic
function of G;. On the other hand, if H(F;|G;) ~ 1 we know
that F; is essentially a result of a uniform coin flip, independent
of G,'.

The universal transform is a moniker for a family of H-
transforms with increasing lengths. It comprises two stages:
a slow polarization stage and a fast polarization stage. Each
is an H-transform that is constructed recursively. Our goal
is to show that, as the blocklength increases, they become
monopolarizing.

Recursive construction of an H-transform begins with an
initial H-transform fy of length Ny. Then, at step n+ 1 we take
step-n H-transforms of consecutive symbol vectors to generate
a step-(n + 1) H-transform of a single, larger, symbol vector.
A typical case is as follows. Let f, be an H-transform of
length N, that results from step n, and let ¢,.; be a one-to-
one and onto mapping from two length N,, vectors to a vector
of length N, = 2N,,. Apply f, to two consecutive symbol

Arikan Transform

Fig. 2. Illustration of an Arikan transform. It transforms two input symbols,
U (input-I) and V (input-II) to two output symbols, F (output ‘—’) and F,
(output ‘+”).

vectors: va" = fn(XlN") and VIN" = fn(XIZ\]:’il). Then, form
FI™ = @ut (U V™) = fran (X)),

A basic building block is the Arikan transform [2], illustrated
in Figure 2. It operates on two input symbols: input-I: U
(with observation Q) and input-II: V (with observation R) and
transforms them to two new symbols: a ‘=’ symbol F; (with
observation G) and a ‘4+’ symbol F, (with observation G»),
where F1 =U+V, G| = (Q,R) and F, =V, G, = (Fl,Q,R).
Schematically, the Arikan transform is as follows:

‘' :U+V— (O,R)

I:U>—>Q=> F G,

II:V—R ‘4. V. — (F,0,R).
SN—— N ——
F2 Gz

It is evident that an Arikan transform is an H-transform of
length 2.

For an Arikan transform, we obtain

H(Fi|G\) + H(F>|G>) = H(F}|Q, R)
=H(U,V|Q,R) < HU|Q) + H(V|R).

The inequality is because the s/o-pairs U — Q and V —
R are generally dependent. Informally, Arikan transforms
facilitate polarization if one can show that H(F,|G;) =
max{H(U|Q), H(V|R)} and that the inequality is strict unless
either H(U|Q) or H(V|R) is extremal. This was the strategy
of obtaining polarization for standard (Arikan’s) polar codes,
with and without memory. See, for example, [2], [6], [13]. We
will also pursue such a strategy.

B. Slow Polarization Stage

In this subsection we describe the slow polarization stage.
We will focus on describing a slow stage transform called a
basic slow transform (BST). It is an extension of the transform
shown in [8, Section II].

The basic slow transform is constructed recursively. We
call each step in the construction a level. Each level is an
H-transform of length N, = 2L, + M,,. We will specify how
to compute L, and M, later in (8). We call the transformed
s/o-block a level-n block.



We define the following index sets for a level-n block, n > 0.
See Figure 3 for an illustration.

[at; (n)] £ {i | 1<i<Ly,}, (4a)
[aty(n)] £ {i | Ly + M, +1<i < N,}, (4b)
[lat(n)] £ [lat;(n)] U [lata(n)], (4c)
[med_(n)] £ {i|i=L,+2k—-1, 1 <k <M,/2}, (4d)
[med,(n)] £ {i | i = L, + 2k, 1<k <M,/2}, (4e)
[med(n)] £ [med_(n)] U [med,(n)]. (41)

In words, the sets [lat;(n)] and [laty(n)] are, respectively, the
first L,, and last L,, indices in a level-n block. Then, the remain-
ing M, indices alternate between [med_(n)] and [med, (n)],
starting with [med-(n)] and ending with [med,(n)].

We classify symbols in an s/o-block according to their indices

as follows:

e i € [lat(n)] = symbol i is lateral,;

e i € [med(n)] = symbol i is medial;

We will sometimes classify s/o-pairs based on the classification
of the indices. For example, we say that s/o-pair i is lateral if
symbol i is lateral.

The construction is initialized with integer parameters Lg

and My. We assume that My is even.’

o The parameter Ly determines, informally, “how much
memory” in the s/o-process the transform can handle; see
Section V for more details. For a memoryless process, it
may be set to 0.

o The parameter M\ has a dual role:

— Informally, it is set large enough so that two s/o-pairs
that are M time-indices apart may be considered almost
independent. See Section V for more details.

— It controls the fraction of medial symbols in an s/o-
block. See Lemma 3 for details.

The initial step fop, which generates a level-O block, is an
H-transform of length No = 2Lo+ M. We set fj as the identity
mapping. Thus, the initial step transforms an s/o-block XIN(’ —
YIN0 into an s/o-block FIN0 — GJIVO, where, for 1 <i < Ny,

F; =X, (5a)
G; = (FI7,yM). (5b)

We now construct a level-(n + 1) BST from two level-n
BSTs. Denote by f,, a BST of length N,,. We will define f,41
using a one-to-one and onto mapping ¢,+; from two length-N,,
vectors to a single length-N,,; = 2N, vector. The mapping

¢@n+1 1s defined in (9) and (10) below.
The BSTs of the two consecutive level-n s/o-blocks are

UM = fu(X)), Qi= (UL, 1 <i< Ny (60)
V= fu (X)), Re= (VLY 1<i <N, (6b)

Denoting N1 = 2N,, we obtain the level-(n + 1) transformed
s/o-block

FNnst — tpn+1(U1N",V1N") — fn+1(van+l)a

1
Gi = (Fll'*l,yllvn-ﬁ-l)’ 1<i< Nn+1~

(7a)
(7b)
2This is not necessary, and it is possible to initialize the construction with

odd M. However, assuming that Mj is even ensures that the index sets
defined in (4) hold also for n = 0.

Level-n block

— F]— G —

lateral s/o-pairs
— FLn — GLn
— FrLp+1 7= GLp+1

[med_(n)]

medial s/o-pairs

[med(n)]{

[med. (n)]

— Fry+Mp — GLy+Myp
— - Frp+Mp+1 — GLy+Mp +1 —

lateral s/o-pairs

— FNn, — Gy -

Fig. 3. Index sets in level n of the basic slow transform. A Level-n block
comprises N, = 2L, + M,, s/o-pairs. The first L,, and the last L,, s/o-pairs
are lateral s/o-pairs and the remaining M,, s/o-pairs are medial s/o-pairs.

The level-(n + 1) block is of length N,y = 2L, + My41,
where
Ly =2L,+1
My = 2(M,, - 1)~

(8a)
(8b)

Indeed, Nyl = 2Ln+1 + M, = 2(2Ln + Mn) = 2Nn.

Remark 1. Observe that L, is odd and M, is even for any
n > 1. Therefore, by (4), for any n > 1, the set [med_(n)] is
the set of even indices of [med(n)] and the set [med,(n)] is
the set of odd indices of [med(n)].

Lateral symbols of a level-(n + 1) block are formed by
renaming symbols of level-n s/o-pairs, as follows:

Uj, i=2j-1,

iellat(n+1)] = F; = 9
[at(n +1)] {v, vy ©)
This is illustrated in Figure 4. Observe that all lateral symbols
of the level-n blocks become lateral symbols of the level-(n+1)
block. Additionally, note that, by (4), (8), and (9), two medial
symbols of the level-n blocks become lateral symbols of the

level-(n + 1) block:

Fr... = Fw,+1-1 =UL,11

and

FLn+]+Mn+]+1 = F2(Ln,+Mn) = VLn+Mn'

The medial symbols of a level-(n+1) block are formed using
Arikan transforms, as illustrated in Figure 5. That is, medial
symbols of a level-(n + 1) block are computed according to:

i€ [med(n+1)] =

Ujs +V,, i=2],
F={v, i=2j+1, je[med_(n)], (10)
Ui, i=2j+1, j € [medi(n)].

We emphasize that by (4) and (8),

i€ [med(n+1)] © {BJ , B

+ 1} € [med(n)]. (1)



Level-n block

Level-(n + 1) block

- lateral TL,
Ly =20, +1 lateral

U— Q || M,
lateral 1L,

My = Z(Mn - 1) F — G _
lateral 1 Ln
V>—R || M

Ly =20, +1 lateral 1
- lateral | L,

Level-n block

Fig. 4. A schematic description of forming lateral s/o-pairs of a level-(n + 1)
block from two level-n blocks.

Level-n block

[med(n + l)] lateral
P UL+l [
1 F ! ~ UpLp+2
X 2Lp+2 =T —
! Fr . nt =
n+s 7
! H+
! :
' g
| 1
1 : U — Q
1
1 1
1 : [—
1
! I ULpsMp-1 [T
1 n+Mn— _
! Forpomu -3 e
 Pappsamp -2 +
1 : lateral
1
| : I 1
! ateral
1 I Vin+l
X Forp3 = v -
! Fop,+4 - Int2 |,
' !
1 -
1 1
1 ! r+
: ! . ..
! 1
: , . . . V — R
. 1 . . .
! :
! L
v Faramp, -4 — +
- n+eMn=t T Vip+Mp—1 |
y Fapgeamy, -1 '- Vi
N e e e — - —_—tt
lateral

Level-n block

Fig. 5. Forming the medial symbols of level n+1 of the basic slow transform.
Arikan transforms are used with a symbol from [med;(n)] of one block as
their input-I and a symbol from [med_ (n)] of the other block as their input-II.
One Arikan transform is highlighted using thicker edges.

That is, medial symbols of a level-(n+1) BST are generated by
combining medial symbols of level-n BSTs. This can be seen
either from Figure 5 or from (4), (8), and (10). In particular, (10)
and (11) imply that for any n > 0,

i€e[med_(n+1)] ©i=2j, j € [med(n)], j # N, — Ly,
i€ [medi(n+1)] ©i=2j+1, je[medn)], j+#N,—L,.

Figure 5 makes it clear that the medial symbols of a level-
(n + 1) block are formed in pairs. Overall, M,, — 1 Arikan

transforms are performed in forming the medial symbols of a
level-(n + 1) block. Recall that an Arikan transform has two
inputs, I and II, see Figure 2. In each Arikan transform, input-I
is a symbol from [med, (n)] of one level-n block and input-II
is a symbol from [med_(n)] of the other level-n block. The
blocks alternate between successive Arikan transforms: look
at Fan+2, Fan+3, FZL’1+4, and F2L,,+5 in Figure 5.

We saw above that the first medial symbol of the first level-n
block and the last medial symbol of the second level-n block
become lateral symbols of the level-(n + 1) block; they do
not participate in forming medial symbols of the level-(n + 1)
block. This explains why the index of U leads by one the index
of V in (10).

By (10), when 2j € [med(n + 1)], F>; and F>j,; are the
outputs of an Arikan transform of U, and V;. The expression
for F,; is always the same: F>; = Uj41 + V;. The expression
for F;,1 depends on which of Uj,; or V; is input-II of the
Arikan transform. One of j and j+ 1 is in [med_(n)] and the
other is in [med,(n)]. Since we form medial symbols using
Arikan transforms with input-1I symbols from [med_(n)] of a
level-n block, F»j41 is assigned according to the classification
of j. Observe that for any n > 1, by Remark 1, the condition
“j € [med-(n)]” is the same as “j is even”, and the condition
“j € [med;(n)]” is the same as “j is odd.”

We pause momentarily to introduce some terminology that
will be useful in the sequel.

Definition 6 (Ancestors and Base-ancestors). An Arikan
transform — see Figure 2 — maps two symbols, U and V,
into two transformed symbols, F; and F,. Medial symbols
are generated by Arikan transforms, as evident by Figure 5
and (10). Let i =2 € [med(n+1)]. Then, i+1 € [med(n+1)]
as well, see (4) and Remark 1. Medial symbols F; and Fj,i,
by (10), are generated by an Arikan transform of Uj,; and V;.
Symbol U, is in the first level-n block and symbol V; is in
the second level-n block. Hence, we define the (immediate)
ancestors of both medial symbols F; and F;;y as Ujy1 and V;.
Since the immediate ancestors are of level n, we may also call
them level-n ancestors.

Each medial symbol of level n, in turn, has two level-(n—1)
medial symbols as its immediate ancestors, see the discussion
following (11). Thus, we say that a medial symbol in level
n + 1 has four level-(n — 1) ancestors, all medial symbols
from four different level-(n — 1) blocks. Continuing in this
manner, a level-(n + 1) symbol has 27+1 Jevel-0 ancestors, all
medial symbols from 2+! different level-0 blocks. The level-0
ancestors of a symbol are called base-ancestors.

Equations (9) and (10) form a one-to-one and onto mapping
from (UlN", VIN ")to F IN 1 We define the function ¢,,4; of (7)
using these equations. While the level-(n+1) BST is completely
specified by (7), the following lemma provides a direct method
of computing Giv"*‘ from Q™ and Rf]”.

Lemma 2. Consider the BST defined by (7), where @,y is



defined according to (9) and (10). Then, for any n > 0,

(Qj,R)), i=2j-1,
i€[lat(n+1)] = G; =1 (Qj+1,R)), i =2j #2Np,
(Fi—19QNn7RNn)s l:ZNn
(12)
and
j+1s R s | = 2 .9
i e [med(n+1)] = G, = @it Ri) t=4
(Fic1,Qj+1,Rj), i=2j+1.
(13)
Proof: By construction, for 1 < j < N,,, we have
i—1 n -1 n
;=™ Rj= (LY.

Since
Gi = (F{"'.Y/™),
we need only show that there is a one-to-one mapping between
the non-Y portions of the right-hand-sides of (12) and (13)
to Ff‘l. We proceed in cases, based on the index i in the
level-(n + 1) block.
Case 1: i € [latj(n+ 1)] — the first half of the lateral set,
see (4a).
In this case, to show (12) it suffices to establish
[ =
1 J i1
(U b Vl )’

By (9), if i = 2j~1 we have Fi=' = (U™, v/™"). If i = 2j then

Fi=' = (U{,v/™"). Thus, (14) holds for any i € [lat; (n + 1)].
Case 2: i € [med(n + 1)] — the medial set, see (4f).

In this case, to show (13) it suffices to establish

] -1 . .
Fi-1 = (UJ,V{ _),. i=2j,
(Fi, ULVITY, =2+ 1

i=2j. (19

il (15)

By (8a), if i is the first medial index, i = L4 +1 =2(L, +1).

Hence, i — 1 is odd and lateral, so by (9), Fi~! = (UIL"H, VlL"),
and trivially Fi = (F;, Ul"*', V["). This implies (15) for the
first two medial indices. We continue by induction. Assume
that for i = 2j € [med(n+1)] we have F.’~' = (U],v/™).
Trivially, Flzj = (Fyj, U{, Vlj_l); hence (15) holds for i + 1 as
well. By (10),

Flz(j+1)—1 = (Flzj_l,ng,sz+l)
= (F7LUj, V)
= (U{H,Vlj)’ (16)

where for the last equivalence we used the induction assumption.

This implies (15) for i + 2.

Observe that when i = 2(L,, + M, — 1) € [med(n + 1)], that
is, when i is the last even index in [med(n + 1)], then i +2 is
the first lateral index in [laty(n + 1)]. Equation (16) still holds
for i +2=2(L,+M,).

Case 3: i € [laty(n + 1)] — the second half of the lateral
set, see (4b).

In this case, to show (12) it suffices to establish

[y, i=2j- 1.
F{_l = (U],Vlj_l), i = 2J * 2Nn, (17)
(Fio, ULV, 0= 2N,

If i is the first lateral index in [lat;(n + 1)], by (8) we have
i=Lyy+My+1=2(L,+ M,). Thus, by the observation at
the end of case 2, FIZ(L”J“IVI")_1 = (U1L"+M”,V1L”+M"_l). For
any other index i € [laty(n + 1)], by (9) indeed (17) holds,
similar to case 1. |

We conclude this section by computing the fraction of medial
symbols out of all symbols in a level-n block. To this end,

denote
a _ My

2L, + M,

Lemma 3. Consider a BST initialized with parameters Ly > 0
and My, and let 0 < a < 1. If

2(1 + aL())“

(18)

n

My >

l-a

then @, > a for any n > 0.

Proof: Plugging n = 0 in (18) yields ap = My/(2Lo+ Mp).
It is straightforward to show from (8) that for any n > 0,

L,=2"(Lo+(1-27")) (19a)
M, =2"(My—-2(1-27")). (19b)
Therefore, recalling that No = 2Lg + M),
M, My—-2(1-27") 2(1-27™)
a, = = = — .
2L, + M, 2Lo + My No
This implies that
2 My—2
ap>2a)— —=——.
No My+2Ly

The right-hand side is an increasing function of M, since its
derivative with respect to My is 2(1 + Lg)/(2Lo + Mp)* > 0.
It remains to find mqo such that (mg — 2)/(mgy + 2Lg) = a.
Then, for any My > [mg], we will have @, > a. The proof is
complete by noting that my = 2(1 + aLg)/(1 — a). [ |

Discussion. The transform presented in [8], henceforth referred
to as the Sasoglu-Wang transform (SWT), is the basis for the
BST. The first two levels of the SWT (levels 1 and 2 in [8])
differ from the first two levels of the BST (levels O and 1 here).
After that, the construction of the two transforms coincide
(compare our Figure 5 with [8, Figure 5]). The BST is simpler
and more streamlined than the SWT, since all levels of the
BST share the same construction. In the memoryless case one
can verify that the SWT and BST (with Ly = 0) have the same
performance.

We will see in Section V that the BST is effective also for
processes with memory, by taking Ly > 0.

In Section V we will show that for an appropriate  and
family of s/o-processes, the BST is (7, £, H)-monopolarizing,
with £ = [med,;(n)] and H = [med_(n)], where n is the level
number of the BST. In particular, this implies that |£| = |H]|,
which limits to 1/2 the achievable rates the universal code can
yield. It is possible to generate slow stage transforms for which
L and J{ are of different sizes. One way to achieve this is by
cascading multiple BSTs. This idea originates in [8, Section
III]; a brief description on how this is accomplished follows.
After a BST, all symbols in [med_ (r)] have approximately the
same conditional entropy; the same is true for all symbols in



[med, (n)]. If n is sufficiently large, one set will have polarized
(e.g., the conditional entropies of s/o-pairs in [med_(n)] are
all very close to 1). By applying a BST to multiple copies of
the other set, we divide its s/o-pairs into two new sets of equal
size, one of which will have polarized. This operation can
be repeated to tailor the size of the polarized set. For further
details, see Section V-D.

An alternative strategy to modify the sizes of £ and H is
to form medial symbols with kernels other than the Arikan
transform. A family of kernels are introduced in [8, Section
IIT]. They can also be adapted to our construction, and we
leave this to the interested reader.

C. Fast Polarization Stage

We will show in Section V that the BST is (5, £, H)-
monopolarizing for a suitable family of s/o-processes with
memory. This is also true for a cascade of BSTs, see
Section V-D. Moreover, the sets £ and HH are predetermined
and independent of the s/o-process. However, even in the
memoryless case [8], the speed of polarization is too slow to
enable a successive-cancellation decoder to succeed. Therefore,
as in [8], we append a fast polarization stage to the BST cascade
that facilitates error-free successive-cancellation decoding.

The fast polarization stage is based on Arikan’s seminal
transform [2], which is known to polarize fast also under mem-
ory [13], [14]. One strategy to incorporate a fast polarization
stage, suggested in [8], is as follows.

As in the proof of Theorem I, we fix a sufficiently small 7,
which determines the back-off from extremality that the BST
cascade will achieve. This value, as shown in Appendix A,
is set small enough to ensure fast polarization of this stage.
Further following the proof of Theorem 1, we set the BST
cascade parameters. These include the BST parameters Lo,
My, n, as well parameters ¢ and ¢ defining the cascade, to be
discussed in Section V-D. These parameters ensure that the
BST cascade in (7, £, H)-monopolarizing and that |H|/N is
sufficiently close to the infimal conditional entropy rate of the
family of s/o-processes.

For the fast stage, take N = 2 copies of the BST cascade of
length N. Apply multiple copies of Arikan’s seminal transform
(“fast transform™) of length N, as illustrated in Figure 6. In
words, the jth fast transform operates on the jth s/o-pair from
each copy of the BST cascade.

As shown in the proof of Theorem 1, this construction is
universal over the family of s/o-processes. That is, the code is
the same for any s/o-process in the family. Recall that when
decoding, we assume that the s/o-process is known at the
decoder side.

IV. PROPERTIES OF THE BST AND A VARIATION

In this section we explore some of the properties of the BST.
We also introduce a variation of the BST, the Observation-
truncated BST. We will call upon these when analyzing the
BST in Section V-C.

s/o-process

blocks
4,,/’ 5
0y Fast J Bst |
N transform cascade N
‘ <
.
. - -
/ BsT
° cascade
— <
Fast
transform i <
/ BST
0 cascade |
.
.
.
.
<]
Fast .
transform <
1 i
BST
N Copies cascade
N copies

Fig. 6. Illustration of the slow and fast stages. First, N length-N blocks of
the s/o-process are transformed using BST cascades of length N (denoted in
green 0). Then, N fast transforms of length N are applied (denoted in orange
0). The jth fast transform (in bold) operates on the jth s/o-pair in each BST
cascade.

A. Properties of the BST

We now explore some properties of the BST that will be
useful in the sequel. To this end, throughout this section we
assume that BSTs are initialized with parameters Ly and M.
A level-0 BST is thus of length Ny = 2Ly + My, and a level-n
BST is of length N, = 2" Nj.

Since N, = 2"Ny, we say that a level-n BST is formed from
2" level-0 BSTs. We call each level-O BST a b-block,” and we
number them sequentially. The b-block numbered ¢ contains
s/o-pairs with indices (£—1)No+k, 1 < k < Ny. The following
definition names both ¢ and k.

Definition 7 (b-block number and b-index). In a level-n BST,
an index j is a number between 1 and N,,. We write it in the
form

J=(—-1DNo+k, 1<£<2" 1<k<N. (20)
We call ¢ the b-block number and k the b-index that correspond
to index j.

Recall from Definition 6 that each medial level-n symbol
has 2" medial level-O indices as its base-ancestors. These base-
ancestors are a subvector of X ]N ". Each of these level-0 indices
has a different b-block number, computed via (20). We collect
the sorted indices of these symbols in a vector as follows. From
this point onwards, we use the term ‘ancestor’ to apply to both
the symbol and its index; it will be clear from the context if
we refer to the symbol or to its index.

3The letter ‘b’ here and also in the name b-index below stands for ‘base,” as
the BST may be thought of as consisting of 2 “base blocks” of length Nj.



Definition 8 (Base-vector and modulo-base-vector). The base-
vector b of a medial index i is a row vector whose {th entry
is the base-ancestor of i from b-block ¢. Therefore,

(b)e = (£ —1)No+k 2D
for some Lo+ 1 < k < Ny — L.
The modulo-base-vector b of i is defined by
(b); = (b) = (£~ 1)Ng, 1<<2", (22)

where n is the level of i. This vector contains in its {th entry
the b-index of i’s base-ancestor in the ¢th b-block. That is, &
in (21).

Remark 2. We only define base-vectors for medial indices.
While it is possible to extend the definition to apply to lateral
indices, this will not be of interest to us. This is afforded
because the ancestors of medial indices can only be medial
indices, so we will not need to consider lateral indices. In
particular, equation (23) below is well-defined because each
vector on the right-hand side is a modulo-base-vector of a
medial index.

To motivate the definition of the base-vector, assume
momentarily that the s/o-process being transformed were
memoryless. If we tried to recover some transformed symbol
F; using successive-cancellation decoding, we could discard
all observations except for those whose indices are in the
base-vector. That is, in the memoryless case

P(F=0| F-yM) =P (F=0]| K™\ %),

where Y = {Y),» Y(b),s - - - Yb),n ;- We emphasize that the
aforementioned assumption of a memoryless process was made
solely for the purpose of motivating the base-vector. In fact,
the base-vector is a product of the BST itself, and has nothing
to do with the s/o-process being transformed. Henceforth, in
this section we look at a BST as a transformation between two
vectors, and study some of its properties.

To compute the base-vector of an index, we first compute
its modulo-base-vector, and then use (22). The modulo-base-
vectors are constructed recursively. To this end, we augment
the notation for base- and modulo-base-vectors with the index
and level specification. Thus, for i € [med(n)], we use bE")
and B}") to denote the base-vector and modulo-base-vector,
respectively.

For a level-0 BST, the modulo-base-vector for medial index
Lo+ 1 <i < Ny— Ly contains just one index:

b = [i].

For higher levels, by Definition 6, the modulo-base-vectors are
constructed by

(n+) _ [0 ©(n) .|
b =[5 5 J‘H'

Recall from Remark 1 that if i € [med_(n+1)], then i is even,
so i and i + 1 share the same base-vector.

(23)

Example 2. Consider a BST initialized with Ly = 3, My = 6.
A level-0 BST is of length Ng = 2Ly + My = 12. A level-1

level-0

level-3 level-2

35 18

34 17

(@)
U

Fig. 7. A portion of a level-3 BST, initialized with Ly = 3, My = 6. The
base-vector bgi) = bg ) is illustrated. The rectangles denote level-0 BSTs.
Level-1 BSTs are dehmlted with dashed lines (in red) and level-2 BSTs are
delimited with dash-dotted lines (in blue). Above each line, we show its index
with respect to its relevant-level BST (the rightmost are level-0). The level-0
indices are also b-indices; below them we noted in parentheses (in green) their
respective indices in a level-3 BST.

BST is of length N = 2Ny = 24. The first medial index is
Li+1=2Lyp+1)+1=28. We have

1) _ S(1) (1)
b b10

= (1
b =b" =[5 4], =[6 5],

and so on. A level-2 BST is of length N, = 2N =48, and its
first medial index is L, + 1 = (2L + 1) + 1 = 16. Thus,
5(2) b(2) 552) b(2)

[5 4 5 4], [6 5 5 4].

A level-3 BST is of length N3 = 2N, = 96, its first medial
index is L3+ 1 = (2L, + 1) +1 =32, and
(3 (3)
b,y =b) =[5 4 5 4 5 4 5 4],
n(3) (3)
by)=b=[6 55 4 5 4 5 4.

Computing a base-vector, say bd

35 » 18 easily done using (22):

bY=[6 17 29 40 53 64 77 88].
In Figure 7 we illustrate a portion of a level-3 BST and show
the base-vector bgi) = bg?.

Let n < m. Fix some i € [med(m)] and apply (23)
recursively m —n times. This expresses the modulo-base-vector
of i as a concatenation of 2™~" level-n modulo-base-vectors.
These are the modulo-base-vectors of the level-n ancestors of
this level-m index. In particular, the modulo-base-vector of any
level-n ancestor of i is a sub-vector of i’s modulo-base-vector.



Example 2 (Continued). We can express the modulo-base-
vector of level-3 index 34 as a concatenation of the modulo-
base-vectors of its level-1 ancestors:

b =[l6 5] [5 4] [5 4] [5 4]
S

Observe that in Example 2, the modulo-base-vectors of
medial indices contain at least two and at most three distinct
b-indices, and these b-indices are consecutive. This is not a
coincidence, as the corollary to the following two lemmas will
show.

Lemma 4. For any i,i +1 € [med(n)] and any 1 < £ < 2"
we have

(B"))e = (B{"):. (24)

Proof: This follows from (23) by straightforward induction.

Specifically, note that if the index i on the left-hand-side of

(23) increases, the indices j and j + 1 on the right-hand-side

cannot decrease. ]

Lemma 5. For any i € [med(n)] and any 1 < € < 2" we have

H = (6") < (6"} < (b)) = 1+ {2;1} =

In words, for any medial index i, the first element of BE")
is its maximal, which equals 1+ [(i — 1) - 27"], and the last
element of BE") is its minimal, which equals [i -27"].

Proof: The proof consists of several steps, all proved
using induction. First, we prove claim I: (BE"))l > (l_)l."))f >
(BE"))zn for any i € [med(n)] and 1 < £ < 2". Then, we
will establish the formulas for computing the values of these
elements.

Proof of Claim 1: For n = 0 claim 1 is trivially true, as for any
i € [med(0)], l_)go) is a singleton. Assume that claim 1 holds
for some n > 0; we will establish that it is true also for n + 1.
Let i € [med(n + 1)]. Then, by (23), b = [Bjﬁ’l Bj.")],
where j = |i/2]. By the induction hypothesis,

(b)) = (b)) = (B = (BY1))on,

+

(b)) > (B)r = (B )on = (B"*!)) e

for any 1 < ¢ < 2". By Lemma 4, (Bﬁ.ﬂ )e = (B;n))g for any
1 < ¢ < 2". Therefore,

(B§n+1))l > (B§n+1))€ > (B§n+1))2n+l

for any 1 < £ < 2"*!, thereby proving claim 1.

Proof of the right-hand side of (25): For n = 0 and any
i € [med(0)], trivially (BEO))I =1+[(i-1)-27°7 =i. Assume
that the right-hand side of (25) holds for some n > 0; we will
show it holds for n + 1 as well. Let i € [med(n + 1)]; by (23),
(BE"H))l = (l_)ﬁ.z)l)l, where j = |i/2]. Now, observe that for

natural i,
i _li-1
21 | 2 |

Therefore,
= (n+ = (n a Li/2] [(i—-1)/2]
(b ”)1=(bfi}2j+1)1(=)1+{’2—n}=1%—’ = }
(b) (i-1)/2 i — 1
21+{12—n}:l+{;n+1}’

where (a) is by the induction assumption and (b) is by [21,
equation 3.11].

Proof of the left-hand side of (25): For n = 0 and any
i € [med(0)], trivially (B;O))zo = |i-27% = . Assume that
the left-hand side of (25) holds for some n > 0; we will show
it holds for n + 1 as well. Let i € [med(n + 1)]; by (23),
(BE"H))ZM = (B;-n))zn, where j = |i/2]. Therefore,

= (n+l) e @20 o2 | i

(b )gnet = (b5 Jon = { o | T | on | T |onl |
where (a) is by the induction assumption and (b) is by [21,
equation 3.11]. [ ]

Corollary 6. If n > 1 then for any i € [med(n)],
1< m?x(f);"))g - mt;n(B;”))g <2.

Proof: This is an immediate consequence of Lemma 5.
Specifically, if |i/2"] = r then

i 1 i-1 1

rsﬁ<r+1 = r—z—ns o <r+1—2—n.

The ceiling operation [-] is monotonically increasing. Thus,

we apply it to the three terms on the right-hand side to yield

r<f@E-1)/2"<r+1. [ ]

B. The Observation-Truncated BST

The Observation-Truncated BST (OT-BST in short) is a
variation on the BST that will be useful for analysis. It is
defined recursively, just like the BST, but with a different
initialization.

The BST may be looked at as a recursively-defined sequence
of functions. Let F IN "= Giv" be the output of a level-n BST
with parameters Ly and My of s/o-block X fv "o YlN ". Recall
that X; € X = {0,1} and ¥; € Y for any i, where Y is some
finite alphabet. For any i € [med(n)] there exist functions

i XN - X,
8n.i: XN YNn 5 =1 5 YyNn
such that fn,i(XfV") = F; and g,,,i(XlN",YlN") = G;.
From (5), (10), and (13), they are recursively defined as follows.
Initialization for any i € [med(0)]:
fou(x[™) =X,

o (X0, YNy = (x{71 v ).

(26a)
(26b)

Recursion for f,.1; for any i € [med(n + 1)]:

Fari (X1
N, 2N, . .
fn,j+1(X1 )+fn,j(XNn+1)’ l :2]’
Fui (X)), i=2j+1, j€[med_(n)],

Fajer (X)), i=2j+1, j € [meds(n)].
27)



Recursion for g, ; for any i € [med(n + 1)]:

8n+l, l(XNM] YNM])
2N, y2Ny ya i=2j,
(gn,J(XN Yo Yy, 41)s &n, J+1(X ))’ j € [med_(n)],
Nu vNa 2N. 2Ny i=2j,
(g""f+l(X1 )-8 (X2 Yy ) j € [med,(n)],

(fn+l,i—1(X11vn+l)s gn+1,i—1(X11vn+le11vn+l))s l: 2.] + 1
(28)

In the recursion for gn+1,,~(XlN”*‘,Y]N”*‘) where i =2 we dif-
ferentiate between the cases j € [med_(n)] and j € [med,(n)]
to ensure that, for even i, the first part of the observation is
an observation from [med_(n)] and the second part is an
observation from [med,(n)]. This is an artifact of the medial
indices alternating between blocks, see Figure 5. This subtlety
will be important for a technicality in the proof of Lemma 13
below. For all other purposes, the reader is encouraged to
disregard this rather technical distinction.

We concentrate here only on medial indices, because our
analysis will focus on medial indices. The recursion (27), (28)
is well-defined, as medial indices are only ever generated from
medial indices (see Remark 2), so nowhere in the recursion
will a non-medial index appear.

The observation-truncated BST is also a recursively-defined
sequence of functions fn,i and g, ;. The recursion for these
functions is given by (27) and (28), and is governed by the
same two parameters, Ly and My, as the BST. However, the
OT-BST has a different initialization than that of the BST. The
initialization for the OT-BST is, for any i € [med(0)],

fo.i(x) = X,

g0 (X0, ¥y = (X: 1Y

(29a)

l+L0) (29b)

By comparing (26) and (29), two observations are made.
First, fu.; = fn’i for any i € [med(n)]. Second, there
exists a mapping vy, from g,; to §,;. That is, given
G;= g”,,-(va",YN"), one may compute

gn,i(XfV", v = J’n,i(gn,i(XfV", YY) = yu.i(Gy).

This is clear from the initialization step, and for the remaining
steps it follows from the recursive definition (28) and since
Jni = fui

The domains for f;, ;, fn,,-,gn,i,gn,,- are over specified. Not
all inputs of these functions are relevant. The relevant domain
of these functions may be expressed using the base-vector of
i. To this end, we recall the following notation. For any vector
of indices i = [i1 in ik], natural numbers L, M, and a
sequence of random variables X;, we denote

Xl = (Xl'l’ Xi27 ORI Xik)7 (303)
Xi L= (Xll L?Xiz—La cee lk L) (30b)
M +M ir+M +M
XIM = (i g iy (300)

Now, let b be the base-vector of level-n index i. Then, f, ;
and f,; are actually functions of Xj. This follows from the

recursive definitions of the functions and the base-vector. With
some abuse of notation we henceforth write

Fai(X0) = fi(Xp).
Similarly, by (26b), (28), and (29b),

gni(X) YN = g0 i (X2, Y2),
(X YNy = g (XP, T,
where we denoted
a=[1 No+1 2Ng+1 -+ (2"=1)No+1],

7= [No ZN() 3N0 2"N0] .

Note that Y7 = Y.

Example 2 (Continued). For a level-3 BST initialized with
Lo =3, Mo = 6, consider f334 and f335. The base-vector for
either index 34 or 35 is

b=[6 17 29 40 53 64 77 88].
We have (see Figure 7):

34 = f3,34(Xp) = Xo + X17 + Xg0 + X77 + Xgs,
F35 = f335(Xp) = X6 + X17 + Xa0.

Recall that b is the base-vector of level-n index i. From
the recursive definition (28), we observe that we can compute
X{)’ 11‘ from gn,,-(Xll)’ Lo’ l’J'L‘)) This is easily shown by in-
duction. It is trivially true for n = 0. Assume that this holds
for n > 0 for any medial index; we will show it holds for
n+ 1 as well. Indeed, write b = [b1 bz], where b; and b,
are of length on-1 By the recursive definition of b, (23), the

recursion (28) becomes

- YL
gn+],i(X|l,J_L0 b+Lg)
~ b by+ b +L i=2j,
(gn’j(Xb;—Lo Y ; Lo) &n JH( bl Lo’ l 0)) Jj€[med_(n)],
_ ~ b +L b b +L i=2j,
= (gn’j*'l(Xbl—L 1) 8ni (X V) 0)) jelmed, (m)],
~ yP . .
(fn+1,i—1( Ly ) gn+l i— 1( b-Ly> b+llj0))) L= 2] + 1.
By the induction hypothesis we can compute Xb‘_io from
~ 1 b7
gn,j“(Xbl_LO),andX 2" from gnj( bz Lo’ b2+11:2) In other
words, we can compute Xll)’ i from 8n+l, l( e Lo b+LO) Of

b L
course, one can also compute Y Lo from Gni(XP b Lo’ b+Lg).

Therefore, recalling that ‘=’ between two vectors means that
there is a one-to-one mapping between either one and the other
that is independent of either vector,

b ~ b
Yoty = (&m0 110,

b-1
b-Lo X

gn,i(X[l,)_Lo b-Lo> Vb1,
(€29

We saw above that given G; = g,,(X?,Y?) one can
compute G; = g*n,l-(x,‘;_L bJ'LO) In fact, more is true.
We can compute from G; two quantities: Gl, which is

a function of ( b Lo’ b+l4’) and G;, which consists of

b-Lo—1 yb-Lo—1 yz
(Xa ’ Ya Yb+L +1

Gi = gn.i(X2,Y7)

b+L0 )

). Thus, we may write

= (Gi,G), (32)



where

Gi=2ni(Xp_ 1 Yy 1),
G

_ b-Lo—-1 y,b-Lo—1
L (Xa Y Y +L()+1)

This follows by induction similar to the one above. Indeed,
this is obvious for the initialization step by comparing (26b)
and (29b), and the induction step follows, as above, from the
recursive definition of the base-vector (23) and from (28).

Remark 3. At this point, the reader may be wondering why
we used the notation Gi, G rather than G, G;. The reason is
that we reserve the latter notation to the result of the OT-BST
when applied for a different process, the block-independent
process, that we introduce in Section V-B. The notation for
the block-independent process will use tildes. Our main use
of the OT-BST will be for the block-independent process.

We conclude this section with a note on terminology.
The OT-BST is not an H-transform. That said, we bor-
row some terminology from H-transforms and apply it to
the OT-BST. Specifically, for level-n index i with base-
vector b we call f, ;(Xp) an OT-transformed index. The
conditional entropy of OT-transformed level-n index i is
H(fi(Xp)|Zn.i (XD Ly Yp*[%)). Finally, for n > 0 and in-
dex sets £,H c {1,2,.. N} the OTBST is (n,L,H)-
monopolarizing if either H(fn [(Xb)|gn ((XxP bLo’ ;’Jrég)) <n
for all i € £, or H(f.;(Xp)|gn.:(XP b Lo’ b+l4’)) > 1 -7 for
all i € 3.

V. THE BST 1S MONOPOLARIZING

For a suitable family of s/o-processes, the BST is monopo-
larizing. We now describe this family and establish that the
BST is monopolarizing for it.

A. A Probabilistic Model with Memory

The s/o-processes for which we prove that the BST is
monopolarizing share a certain probabilistic structure. That
is, the distribution of the s/o-process X, — Y, has a specific
form: it depends on an underlying Markov sequence, S;, j € Z.
We assume throughout that, for any j, X; is binary, ¥; € Y,
and S; € 8, where Y, § are finite alphabets.

Definition 9 (FAIM process). A strictly stationary process
(Sj,X;,Y;), j € Z is called a Finite-State, Aperiodic, Irre-
ducible, Markov (FAIM) process if, for any any j,

= Ps;is;.0 0 Pxgygls;s
(33)
and S;, j € Z is a finite-state, homogeneous, irreducible, and
aperiodic stationary Markov chain.
An s/o-process X, ~— Y, whose joint distribution is derived
from a FAIM process (S}, X;,Y;) is called a FAIM-derived
s/o-process.

PS,,X,—,Y,—|S£;‘,X{;‘,Y!;‘ = Ps;.x;.v;15;-1

Equation (33) implies that conditioned on §;_1, the random
variables Sg, X, Yx are independent of S;_i, X;,Y;, for any
I < j £ k. Furthermore, X;,Y; are a function (possibly
probabilistic) of S;. FAIM processes are described in detail
in [14].

Remark 4. The definition of FAIM processes in [14] did not
include the rightmost equality of (33). However, by suitably
redefining the state of the process (for example, take (S;,S;-1)
as the state at time j),* we may obtain the rightmost equality
of (33) from its leftmost equality. Therefore, there is no loss
of generality in the definition of a FAIM process given here
as compared to the one in [14].

In the following lemma we prove an important property of
FAIM processes. Informally, it implies that two s/o-blocks that
are sufficiently far apart — that is, the last index of the first
s/o-block is sufficiently less than the first index of the second
s/o-block— are approximately independent.

Lemma 7. If X, — Yy is a FAIM-derived s/o-process, there
exist sequences Y, ¢r, k > 0, such that for any L < M € Z,

00 = < : by v

Pxr_yr, x5 e S¥M-L Pxr vy, Pxg, vy, (342)
o0 o > -L " v

PXL YL DSYRB YR dMm-L PXE)Q,Y,L PXM+1 MYRE (34b)

The sequence i is nonincreasing and the sequence ¢y is
nondecreasing. Both Y and ¢y tend to 1 exponentially fast
as k — oo.

The sequences ¥ and ¢y are called mixing sequences. Part
of the lemma, namely (34a), was established in [14, Lemma
5], and the proof for (34b) is similar. For completeness, we
provide a proof in Appendix B. We note at this point that for
k > 1 we may take

P (S() =39, S k=0 )
e P (S =) P (Sc =)’
P (S() =S, S k=0 )
k= i e P Sk = o)
in (34). These are well-defined because the Markov chain S,
J € Z is finite-state, irreducible, and aperiodic. As a result, its
stationary distribution is positive: P (Sx = s) > 0 for any s € 8
and k € Z, [22, Theorem 4.2].

It is immediately evident that for any k > 1, 1 < Y < o0
and 0 < ¢ < 1. It is possible, however, that for small values
of k, we will have ¢y = 0. Nevertheless, Lemma 7 ensures that
if k is large enough, ¢y will be positive; in fact, by increasing
k it can be as close to 1 as desired.

Lemma 7 ensures that s/o-blocks of a FAIM-derived process
become almost independent when sufficiently far apart. We will
need a separate property that explores what happens when a
single s/o-block of a FAIM process is large enough. Specifically,
we will be interested in FAIM processes that, in a sense, “forget”
their past. In a forgetful FAIM process, the initial and final states
of a sufficiently large s/o-block are almost independent both
when given just the observations or when given the symbols
and observations jointly. A precise definition of a forgetful
FAIM process follows.

4Indeed, the redefined Markov chain remains finite-state, aperiodic,
and irreducible. The redefined state S ; takes values in alphabet § =
{_(sj-,s_i,l) | sj,s;-1 €8, PSj|ijl (sjlsj—1) > 0}. It assumes the value
Sj = (sj,sj-1) whenever S; = s_,-,Sj_l = sj_1. Since |§] < oo, so is
|8| < co. The original Markov chain is aperiodic and irreducible if and only
if there exists k > 0 such that PSUSO(skIso) > 0 for any sg, s € 8. For
this k and any Sy = (s0,5-1) € S and Sg41 = (Sks1,Sk) € S, we have
ngm 50(5k+1 |S9) > 0. Thus, the redefined Markov process remains finite-
state, aperiodic, and irreducible.



Definition 10 (Forgetful FAIM process). A FAIM process
(S, X;,Y;), j € Zis said to be forgetful if for any € > O there
exists a natural number A such that if k > A then
I(S1; SkIXE,Y) < e,
I(S1; Sk|Yf) < e.

(35a)
(35b)

For a given A4, the infimal € satisfying the above is called the
A-forgetfulness of the s/o-process, and is denoted €,. Clearly,
€, is nonincreasing with A and converges to 0. Conversely, for
a given €, the minimal A is called the e-recollection of the
process.

We say that FAIM-derived s/o-process X, — Y, is forgetful
if it is derived from a forgetful FAIM process.

Several remarks are in order.

1) A sufficient condition for a FAIM process to be forgetful
(Condition K), as well as how to compute the recollection
for a given €, are detailed in Section X (see also Example 7
in that section). In particular, forgetful FAIM processes
do exist.

2) Somewhat unintuitively, a FAIM process need not to be
forgetful. See Example 3 below for an example of a FAIM
process that is not forgetful.

3) Both conditions (35a) and (35b) are required: neither con-
dition implies the other. We demonstrate this unintuitive
fact in Example 4 below.

4) In Lemma 8 below, we show that (35) together with the
Markov property (33) imply that for any k > 4, € < 1,
and m > k,

(36a)
(36b)

I(Se: Sl X[ Y]) < e
I(Se; SulYF) < e.
The following lemma is proved in Appendix B.

Lemma 8. Let (S;,X;,Y;), j € Z be a FAIM process. Then,
forany £ <1 and m > k > A > 1, we have

I(S1; SalXL Yt = 1(Se; Sl XF, Y]
I(S1; SalY) = 1(Se; SmlYf).

(37a)
(37b)
Example 3. This example is due to [19, Section 10]. In Figure 8

we illustrate the process (S, Y;). Specifically, the Markov chain
S; has transition matrix

12 0 1/2 0
Mol 0 12 0 12
“li)2 0o o 12
0 1/2 1/2 0

and the observation Y; is given by

a,
Y; = b

In this example we will not be interested in X;. This is a
FAIM process: the Markov chain §; is finite-state, aperiodic,
and irreducible; indeed, M? > 0.

From the observation Y; we can infer whether state S; is in
the top half or the bottom half of Figure 8. For two consecutive
observations to differ, the process must transition from a state

if §; € {1,2},

if S; € {3,4}. 38)

Fig. 8. The Markov chain S; has four states. The possible transitions are
depicted using arrows; the probability of choosing any transition is 1/2. The
observation Y; is ‘a’ if Sj € {1,2} or ‘b’ if S; € {3,4}.

in one half of Figure 8 to the other. Given a sequence of
observations, our best guess for the next state is equi-probable
among two states. For example, given the observation sequence
Yi=a,Y,=b,...,Y, = b, we know that S; € {3,4}, but Si
could be either 3 or 4 with equal probability.

Assume now that, in addition to the observation sequence,
we are told the state at time 1. Say, S; = 1 (accordingly,
Y1 = a). The observations are tied to transitions from one half
of Figure 8 to the other half, so that one can trace the state:
Y, = a implies that S, = 1. Then, Y3 = b implies that S3 = 3,
and so on. In this manner, we are able to find Sy precisely.

We have demonstrated that in this example, (Sl;Sk|Y]k)
cannot vanish with k, so this process is not forgetful.

Example 4. Let S; be as in Example 3. We now construct two
FAIM processes. For the first process, 1(S1; Sk|X¥, YF) will
vanish with k but 1(S1; S k|Y1k ) will not. For the second process,

I(Sl;Sk|Xlk,Ylk) will not vanish with k but I(Sl;SkIYlk) will.

o Let X; =S; and Y; as in (38). Then, I(Sy; Sk|XF,YF) =
1(S; S k|Si<) = 0 trivially. On the other hand, as shown in
Example 3, I(Sl;SkIYlk) does not vanish for any k.

o Let X; be given by (38) (that is, X; = a if §; € {1,2}
and X; = b otherwise) and Y; = 0. Then, 1(S1; Skl Xf, Y}
cannot vanish with k, as shown in Example 3. On the other
hand, 1(S1; SklY[) = I(S1;8k) — 0, since the Markov
chain §; is finite-state, aperiodic, and irreducible (see,
e.g., [22, Theorem 4.3]).

Assume we have a forgetful FAIM process, and we apply
to it a level-0 BST (i.e. (5)), initialized with L that is greater
than its e-recollection. We expect that in this case, all medial
s/o-pairs will have approximately the same conditional entropy.
This is indeed the case, as we will soon show in Lemma 11.
Moreover, we will see in Corollary 12 that this conditional
entropy cannot veer much from the conditional entropy rate
of the s/o-process. First, however, we require an additional
lemma.

Lemma 9. Let (S;, X;,Y;) be a forgetful FAIM process. Then,
for every € > 0 there exists a natural number A such that for



any integers m,{, k such that min{m, €} > k > A we have

1(S0; S—k, SkIX7},Y™) < 2e. (39)

This is a consequence of (35). To prove it, we take A as the
e-recollection of the process, and make multiple uses of (2),
which are possible due to the Markov property (33). A detailed
proof can be found in Appendix B.

Lemma 9 shows that the mutual information between a state
and two surrounding states vanishes when given a sequence
of observations between the surrounding states. The following
corollary shows that this is also the case when considering
the mutual information between a sequence of states and a
sequence of surrounding states. This will be useful in the
sequel.

Corollary 10. Let (S;,X;,Y;) be a forgetful FAIM process.
Then, for every € > 0 there exists a natural number A such
that for any positive natural numbers k, i1,i»,...,ix, and Ly
that satisfy Ly > A and

1 —Lo<i1 <i1+Lp<ir—-Lop<ip<---<ip<ir+Ly

we have

I(Si: Si-Lg» Sivrol X{7 ], :+L°) < k- 2e

where
i=[ii i - il
In the statement of the corollary, we used the notation of (30).
The proof of the corollary is relegated to Appendix B.
In the next lemma, we show that, for a forgetful FAIM-

derived s/o-process, all medial s/o-pairs in a level-0 BST have
approximately the same conditional entropy,

& HXIXL Y. (40)

By stationarity, H is indeed independent of i.

Lemma 11. Ler X, — Y, be a forgetful FAIM-derived s/o-
process with e-recollection A. Let Ly > A and My > 1, and
denote Ny = 2Lo+ My. Then, for any Lo+ 1 <i < Lo+ My we
have

0< - HX X7 ¥y <26 41)

Proof: Observe that
F— H(X; X1,y oy
= HOGIXZL YT -
=1 (X (X L)

H(X;| X1y

1 |

This right-hand side is nonnegative. It remains to upper-bound
it by 2€ to establish (41).

Let (S}, X;,Y;) be the FAIM process from which X, ~— Y
is derived. By stationarity and Lemma 9, for any m, ¢, k such
that min{m, £} > k > A,

I(Sl’ Sl k> 1+k|X

1=

(,,Y”m) < 2e. (42)
Setting £ =m =k = Lo in (42) yields

I(Si;Si-ry» Si+L0|X§:£0, Y;fﬁ;) < 2e.

By (33) and the data processing inequality (2) used twice,
we obtain

2 2 1(Si3Si-1gs Sivno|XIL, YIE2)

—-Ly

—
)
=

i—1 it
> 1 (X Sivr0s Sisto| X[, Y;fL;;)
@I X;: XL yi~lo=l yNo |xi-1 yitlo
= | > ’ l+L()+l i- Lo’ z Lo

We now detail the Markov chains used for the inequalities,
both using (33). Inequality (a) is due to

(Sl'*L()’Sl'+L()) —o- (SL’XZ l14)

and inequality (b) is due to

Y/7,) < Xi,

Yi—Lo—l

i L 1
X; —- (Si—Lo,Si+L0,X;_£O vt L) o (Xl Lo=1) |

’ t+L()+l)'

This completes the proof. [ ]
The following corollary shows that, for a forgetful FAIM-
derived s/o-process, H is approximately equal to the conditional

entropy rate of the s/o-process.
Corollary 12. Under the same setting as Lemma 11,
|H(XalYa) = T < 2, (43)

Proof: For any & > 0,let N = N(&) > 2L be large enough
so that |H(Xx|Yy) —H(XY|YV)/N| < £/2 and 2Lo/N < £/2.
Then,

|H(XalYs) = 5
a)
< | H(XulYe) -

1 N yN 1 N |yN [/
SHEN Y+ | SHEN YY) -5

e 1 i-1 yN
<3+ NZ|H(X|X YY) - |
i=1
©¢ 2Ly, 1 Noko
STty 2 HXAXTL YY) - H|
i=Lp+1
@ _ N-2L
<é+r— ¢
N
<2e+é,

where (a) and (b) are by the triangle inequality; (c) is because
|H(X;|X7L Y N)-H| < max{H, H(X;|X!",YN)} < 1, where
the latter inequality holds since X; is binary; finally, (d) is by
Lemma 11, with Ny replaced with N. The above holds for any
& >0, so it holds for & =0 as well. [ ]

B. The Block-Independent Process

We will prove in Section V-C that the BST is monopolarizing
with the help of another process, the block-independent process,
that we now introduce. We will show that an OT-BST is
monopolarizing when applied to the block-independent process.
It turns out that the result of an OT-BST applied to the block-
independent process is approximately the same as the result of
a BST applied to a forgetful FAIM-derived process, provided
that the transform parameters are carefully chosen. Therefore,
monopolarization of the OT-BST of the block-independent
process will be of vital importance in proving that the BST is
monopolarizing.



Let N, = 2"Ny, where Ngo = 2Ly + My. Denote by
PXN,, yNn the joint distribution of (XN" YN"). By marginaliz-
1ng PXNn yNn> W€ obtain the distribution of a single b-block,

1 (|

P v, N , which, by stationarity, is independent of

(£-1)Ng+1>" (6=1) Ny+1

Definition 11 (Block-Independent Process). The block-
independent process (Bl-process) Xy ~— Y, with parameter Ny,
is distributed according to

2’1
(XN", YN”) ~ I—[ P No Mo

(/’ D Ny+1"1 (£-1)Ny+1

That is, b-blocks of length Ny are independent in this distribu-
tion.

Ifb=[by by
medial index, we have

bzn] is the base-vector of a level-n

b &b+L
(Xp—r0 Voot I_IP by bprlys (44)
bf Lo be-Ly
where PXb{» b+, 1S obtained from PXmO Ny

be=Lo” be-Lg (e=DNo+1"7 (€=1)Ng+1
by marginalization. Note that since each b, is medial,

(Xg(f L berLO) is wholly contained in a b-block with b-block

number L.

Remark 5. Observe that the RHS of (44) consists of a product of
distributions of “windows” of the same size. Each window, by
stationarity, has the same distribution. Moreover, each window
is in a different b-block. By block-independence, therefore,
the RHS of (44) is independent of b. Put another way, these
windows are i.i.d. This is the crux of the results that follow:
the transforms operate on an i.i.d. process.’ In fact, the results
of this section hold also for a BST operating on i.i.d. s/o-pairs.
This observation will be useful in Section V-D, where we
consider a cascade of BSTs, in which a step of the cascade
operates on such s/o-pairs.

Throughout this section index i € [med(n)] has base-vector

b=[b1 b by |, and index j € [med(n)] has base-
vector d = [d don|. We also denote

a=[l No+1 2Ng+1 -+ (2"—1)No+1],

zZ= [N() 2Ny 3Ny ZnN()] .

Recalling the definitions of £, ; and g, at the beginning of
Section IV-B, we define

Fi=fui(X), Gi=gni(Rp_, T, (45)

Fi=fuj(Xa), Gj=2n;(X§ 1 Ta1D).  (45b)

The joint distribution of (X Nb b+ 0 ) is given by (44) with b

as the base-vector of i. The ]Olnt dlstrlbutlon of (X4 L g +£‘:)
is given by (44) with b set to d, the base-vector of ;.

Recall from (40) that we denoted { = H(X;| X!~} ”LO)

i—Ly’
which, by stationarity, is independent of i. We wish to show

that there exists ¢, 2~0, indgpendent of 7, such that if i €
[med_(n)] then H(F;|G;) = H+6, and if i € [med, (n)] then

SIn [8], the underlying process was i.i.d. to begin with; here, where there is
memory, we need more intricate mechanics: the OT-BST and the BI-process.

H(F;|G;) = H - 6,. This will follow as a corollary to the
following lemma.

Lemma 13. Suppose that either i,j € [med_(n)] or i,j €
[med, (n)]. Then, the joint distribution of (F;, G;) is the same
as the joint distribution of (F; s G, i)

Proof: We use induction. For n = 0, the claim is true by
stationarity and the initialization of the OT-BST, (29). Indeed,
in this case, F; = X;, F; = X}, G; = (Xl‘ io H'LO) and G
(XJ] i() Y/ +LO) Stationarity implies that the joint dlstrlbutlon
of (Fj, Gi ) is the same as the joint distribution of ( ]).

Assume the claim is true for some n— 1 > 0. We now show
it holds for n.

Denote i’ = [i/2] and j' = |j/2]. We write b = [b1 bz]
and d = [d1 dz], where by, by, d;,d, are vectors of length
27-1 Then, by is the base-vector of i’ + 1, and b, is the base-
vector of i/, see (23). Similarly, d; is the base-vector of j’ + 1,
and d; is the base-vector of j’. Denote

Uirs1 = fu-1.41(Xny)s Qire1 = @n-1.iv +1( b1 Lo’ b1+L0) (46a)

Vi = fn—l,i’(sz), Ri’ = gn—l,i’( bz bz+Lo) (46b)
Of the two s/o-pairs Ujyrs1 — Op41 and Vi/ — R;», one is in
[med_(n — 1)] and the other in [med,(n — 1)]. We denote by

T~ the pair that is in [med-(n — 1)] and by Ti" the pair that
is in [med,(n — 1)]. That is,

o { (Vir, R, " € [med_(n - 1)],

~

(Uirs1,Qir1), 17 € [medy(n—1)]

and

~.
<

~

7= (Ur41,0i1), i € [med_(n—1)],
" Ve Re), i’ € [med,(n - 1)].

We similarly define Ujf+1, Vj», Q~jz+1, ﬁj», Tj_, and T]f' (with
b replaced with d and i replaced with j’).

For the BI-process, b-blocks are independent. In particular,
by (44), (Xbl Ly bI‘+L°) is independent of (Xb2 :;;Jrig).
Hence, Tl and TJr are independent. Similarly, T and TJr are
independent. By the induction hypothesis, 7~‘l.’ and TJT have
the same distribution; 7;* and 77 are also equi-distributed. By
block-independence, the joint distribution of (7;",7}) is the
same as the joint distribution of (Tj_, T;).

Assume first that i, j € [med-(n)]. We then have, by (27)
and (28),

Fi=Upn+Vy, G;= (IS'/’Ql/fl)’ l € [med_(n— 1),

(Qirs1,Rir), i’ € [med,(n-1)],
(47)

and

FJ _ Uj/+1+‘7j’, G~j _ (ISJ” Q1’~+l), J € [med-(n—1)],
(Qj+1,Rjr), j' € [medi(n—-1)].
(48)
Comparing (47) and (48), the mapping from (T’ 7~"+) to
(F;,G;) is the same as the mapping from ( T*) to (F; G i)

We conclude that the joint dlStI'lbuthIl of (Fl, G ;) is the same
as the joint distribution of (£}, G< ).



For the case where i, j € [med,(n)], we have by (27),

. {Vl i’ €
F=1{" .
Uiq, '€
Observe that F; is always a symbol in [med_(n — 1)]. Further
recall from (27) that, since i — 1 € [med_(n)], we have F;_; =

Ujrs1 + Vir, so that F; + F;_; is a symbol from [med, (n - 1)].
By (27) and (28),

[med_(n - 1)],
[med,(n - 1)].

(F,G)) = (Fi,Fi-1,Giy) = (Fi, i+ Fio,Gimy),  (49)
Similarly,
(F;,Gj)=(F;,F;i_1,G ;1) = (F;,Fj + F;_1,Gjo1). (50)

The mappings on the right-hand sides of (49) and (50)
are the same. Moreover, by (28), the mapping between
(F;,F;+F;_1,Gi_ 1) and (T T+) is the same as the mapping
between (F F +F Gj-1) and (T T*) Since (T T+)

and (Tj_, T;) are equi- dlstrlbuted so are (Fl, G;) and (E,, G; )

Corollary 14. There exists a nondecreasing sequence 6, > 0,
independent of i, such that zfz € [med_(n)] then H(F;|G;) =
j{"‘é and H(Fl+1|Gl+1) = _61’1'

Observe from (4d) and (4e) that Corollary 14 implies that
there exists a nondecreasing sequence 6, > 0 such that
H+ 0, IE€
H—6, i€

[med_ (n)],

[med, (n)]. eb

H(F;|G;) = {
Further observe that Corollary 14 implies that for any i €
[med_(n)] and j € [med;(n)] we have
H(F;|G;) + H(F;|G) = 2. (52)
Proof: We show this using induction. The claim is true
for n = 0 with §¢9 = 0. For n > 0, we assume the claim is true
for n — 1 and show it also holds for n.

Let i € [med_ (n)] with base-vector b. Since n > 1, i is even
(see Remark 1), and we denote i’ = i/2. Let F;, G;, as well as
Fii1, Gy, be defined as in (452) and let Ujyy, Vir, Qiri1, Riv
be defined as in (46). We have, by (27) and (28),

H(F;|G;) + H(Fi11Gis1) = H(F;, Fi41|Qr41. Riv)

= H(Up41, Vi |Qira1. Riv)

= H(Ui111Qis1) + H(Vir|Rir), (53)
where the last equality is by block independence. By the
induction assumption and stationarity there exists 6,1 > 0
such that
j:(: + 6}’!—1’
jj( - 61171,

i’ € [med_(n-1)],

H(Ur|Qw) = H(Vy|Ri) = { i’ € [med,(n—1)].

H(Fi|Gy) + H(Fi411G 1) = 2. (54

By (4d) and (4e) and since i € [med_(n)], we have i + 1 €
[med, (n)]. Recall from Remark 1 that since n > 1 then i is

even and i + 1 is odd. By (27), (28), and since conditioning
reduces entropy, we have

H(Fi+1 |Gi+1) < min{H(Ui’H |Qi/+l), H(Vi’+1 |Ri’+l)}

=H - 6p-1. (55)

From (54) and (55), we conclude that there must exist 6,, >
Sn—1 > 0 such that H(F;|G;) = H + 6, and H(Fi11|Gis1) =
H — 6, Finally, by Lemma 13, 6, must be independent of i.
|
Recall that we wish to prove that the OT-BST is monopo-
larizing for the BI-process. From the proof of Corollary 14
it follows that 6,, > ¢,—1 for any n. This is not sufficient for
monopolarization; to show monopolarization we must show
that, unless we have already monopolarized, 6,, > d,-1 +A for
some A > 0 independent of n. This is the role of Lemma 16
that follows. To this end, we will need an auxiliary lemma.
The binary entropy function /,, defined in (1), is monotone
increasing over [0, 1/2]. Denote the (cyclic) convolution of
two numbers 0 < @, 8 < 1/2 by

axB=a(l-8)+B(1-a).

Since

axB=a+B(1-2a)=F+a(l-2p), (56)

we have hy(a * 8) > hy(B) for any «,B € [0,1/2]. More
precisely, we have the following lemma; its proof can be found
in Appendix C.

Lemma 15. Let 0 < a4, B8p < 1/2, a,b=1,2,...,k and let

Pa>qp = 0 such that Zﬁ:l Pa = Zlgzl qp = 1. If, for some
&1,.6>0,

k k
Spahaaa) = &1, D arha(Bp) < &2, (57)
a=1 b=1

then there exists A(&1, &) > 0 such that

Kk
D D Pads (ha(aa  By) — ha(Bp)) > A(£1,&).

a=1 b=1

Recall that i € [med(n)], with base-vector b = [b1 bz],
where b; and b, are of length 27=1 Assume further that
i € [med_(n)], so that i is even, and i’ = i/2. We define F;, G;
as in (452), and Uy, Vi ,Q, +1, Ry as in (46).

Lemma 16. For all ¢ > 0, if i € [med_(n)] and
H(Ui41|Qirs1), H(Vir|Rir) € (£,1 = &) (58)
then
H(F;|G;) — max{H(Ui+1|1Qi11). HVy|Ri)} = A(£,1-€).

Proof: There is nothing to prove if ¢ > 1/2. Therefore,
we assume that & < 1/2. We show the proof for the case where
H(Vi:|Ri") > H(U;+1|Qi7+1). The proof of the other case is
similar and omitted.

We will use the simplified notation

P =u, Vi =0,0p41 = ¢

Since (Ujr41,041) and (Vir, R;/) are independent, we have

p(u,v,q,7r) = JRi=71).

pu,v,q,r) = p(u,q)p(v,r).



We also introduce the shorthand

Recall that U1,V are binary, so the minimizations are
between two terms. As a result, 0 < 4,8, < 1/2. With
this notation and by (58) we have

H(Ui110ir41) = 2, (@) ha(ag) > &,
q
HWVi|Ry) = > p(r)ha(B,) < 1-£.

Thus, by (47) and the independence of (Ui,1,Q41) and
(Vir, Ri»), we obtain

H(F;|G;) — H(Vy|Ri) = H(Uprs1 + Vir|Qire1, Rir) = H(Vy|Ryr)
= > (@) p(r) (ha(ag * Br) — ha(Br))
q.r

2 A(f, 1- é:)v

where the inequality is by Lemma 15. [ |

We are now ready to show that the OT-BST is monopolariz-
ing for the Bl-process. To this end, recall that H{ was defined
in (40).

Proposition 17. For every & >
value ny, > 0 such that if n > ny then a level-n OT-BST
with any parameters Lo, My is (&, [med,(n)], [med_(n)])-
monopolarizing for any Bl-process X, — Y, with parameter
No =2Lo + M.

Specifically, let F IN "o— GNiV" be an OT-transformed
s/o-block of a level-n OT-BST initialized with Ly and My as
above, where n > ny,. Then:

o if H < 1/2 then

- H(F|G)) <&,
- H(Fi|Gi) > 23 = ¢,
o if H >1/2 then
- H(Fi|G) > 1-¢
- H(Fi|G;) <2H - (1),

0, there exists a threshold

&

Vi € [med;(n)];
Vi € [med_(n)],

Vi € [med_(n)];,
Vi € [med,(n)].

Proof: We first consider a specific selection of the trans-
form parameters Lo, My, and a specific BI-process X, — Y,
with parameter Ny = 2Ly + My. For these selections we will
find a threshold n;,. We will then find a global upper bound
Ny, on n;h, which is independent of these selections.

Denote the indicator functions

_ 1, H(F|G))>1—-¢, Vie[med_(n)],
M, = ]
0, otherwise,

n 0, otherwise.

Observe by Corollary 14 that if M;; =1 then also H(Fl-|G~,-) <
2H — (1 = &), and if M} =1 then also H(F;|G;) > 23 - &.
Further denote
M = I, M, =1lorM} =1,
" 0, otherwise.

Observe that M, = 1 if and only if the OT-BST has
(¢, [medy(n)], [med_(n)])-monopolarized for the Bl-process.
Moreover, by Corollary 14, M,, = 1 if and only if the bulleted
items in the claim hold.

We define

ny, =min{n e N| M, =1},

the first index n for which M,, = 1. We will show that n{h is
finite by upper-bounding it.

By Corollary 14, there exists a nondecreasing sequence
O0n = 0 such that (51) holds. Since ¢, is a nondecreasing
sequence, M,, = 1 for every n > n/,. The entropy of a binary
random variable is bounded between 0 and 1; thus for any
n, 0 < J:C—én < 9:C+6n < 1. Hence, 6, < min{J:C,l —f]:C}.
We conclude that if 7 < 1/2 and n > ny then Mj = 1, and
if 70 < 1/2 and n > ny then M; = 1. It now remains to
upper-bound n, .

If My = 1, then we may take n;h = 0 and we are done.
Otherwise, we assume that Mg = 0.

If, for some n > 0, M,, = 0, then by (51) and by definition
of M;,, M}, we obtain

E<H-6,<H+6,<1-¢&.
Rearranging, this yields
M, =0= 6, <min{H,1 - K} -&. (59)

On the other hand, by (51) and Lemma 16, if M,_; = 0 for
some n > 1, we have

F+6n = (F+6-1) 2 A 1-6) = 6p 2 051 + A 1-8).
Continuing in this manner and recalling that 59 = 0, we obtain
Mu-1 =0= 6, 2 nA&,1-¢). (60)
Now, let
min{H,1 - H} - &
A(¢,1-¢) ’

’

and assume to the contrary that n; > n;. In particular, M, =
My, -1 = 0. Thus, by (59) and (60) we obtain

no=1+ (61)

mA(E, 1 - €) < 8, <min{F, 1 - FH} - ¢
Since A(&,1 —¢&) > 0, we rearrange and obtain
min{H,1 - H} - &
A 1-¢ 7
, Equation 3.3]). We

np <

which contradicts (61) (see, e.g., [
conclude that we must have n;h < nj.
We have found an upper bound for n , which is given by
the RHS of (61). Note that this bound is indeed positive, thus
it holds for both cases of M, discussed above. Next, observe

that

+rnin{ﬂ%,l—ﬂfC}—gJ <1+{ 1/2-¢ J
A(¢,1-¢) B A(¢,1-¢)
Thus, defining

=1+

Nih (62)

1/2-¢ J
A(¢,1-¢)



suffices. [ |

Remark 6. Note that if H is given to us, then ny, can be taken
as the RHS of (61).

The following corollary is a restatement of Proposition 17
that will be useful in the sequel for proving Proposition 29.

Corollary 18. Let H, H(F;|G;), & and n > ny, be as in
Proposition 17. Define

a(H) = min{27H, 1},
@ (F) = a(F0) - &,
B(H) = max{2H - 1,0},
B (H) = B(H) +&.

Then,

(a’(ﬂ),a(ﬂ"{)] i€ [med_(n)]  (63a)
H(F;|G;) €

[B(30.6/(50)) i € [med.(w)].  (63b)

Proof: Observe that a(F) + B(F) = 25, by considering
separately the cases H < 1/2 and H > 1/2. Clearly, o’ (H) +
B'(F) = 2H as well. This implies, by (52), that if (63a) holds
for some  then (63b) also holds, and vice versa.

Consider first the case 7{ < 1/2 and let i € [med, (n)]. In
this case

B(FH) =0, B/(F) =&.

By Proposition 17, H(F;|G;) € [B(F(), B/ (F()). Hence, in this
case (63b) holds, and by the discussion above (63a) must also
hold for this case.

Next, consider the case 7{ > 1/2 and let i € [med_(n)]. In
this case

a(F)=1, ' (F)=1-¢.

By Proposition 17, H(F;|G;) € (a’(H), a(F)]. Hence, in this
case (63a) holds, and by the discussion above (63b) must also
hold for this case. ]

The following corollarly will be used in the proof of Theo-
rem 21.

Corollary 19. For a given & > 0, let Ly, My, and ny, be as in
Proposition 17. Then, under the same setting as Proposition 17,
for any 0 < ¢ <1 and n > ny, we have

o« if 5 < BE then H(F|G)) <€+¢, Vi€ [medi(n)],

o if H = 55 then H(F|Gy) > 1 — ¢ = £, Vi € [med_(n)].

Proof: This corollary follows from Proposition 17 and
Corollary 14. Recall that by Corollary 14, there exists 6, > 0
such that (51) holds.

We only prove the corollary for the case where H < (1+¢)/2.
The case H > (1 —£)/2 is similar and omitted.

If H < 1/2, we are done by Proposition 17. Otherwise,
H > 1/2, so by Proposition 17 and (51),

i€ [med_(n)] = HF|G)=H+6,>1-¢.

Rearranging, we obtain 6, > 1 — H — £. Now, by (51),
i€[medi(n)] = HEF|IG)=H -6, <H-(1-F-¢)

=£+29( -1
<E+(1+0) -1
=&+ d,
where the final inequality is due to our assumption that H{ <
1+9)/2. ]

The upper bound for ny, given in Proposition 17 is pes-
simistic. It is based on the minimal change that must occur at
every step of the OT-BST. The change at every OT-BST step
is typically larger, and thus the actual required value of ny, is
expected to be much smaller. We adapt [8, Proposition 2] to
give better bounds on the required number of OT-BST steps to
ensure monopolarization. To this end, we define, for y € [0, 1]
and x € [0, min{y, 1 — y}], the functions

c(x,y) = ha(hy ' (y +2) by (y = %)) =y,
dx,y) =y - (y+x)(y-x),
where hz_l : [0,1] — [0,1/2] is the inverse of h;,. Since h;
is concave-N and increasing over [0,1/2], h; 'is convex-U
and increasing over [0, 1]. We also define the sequence of
functions
Co(y) = Do(y) =0,
Cn(y)zc(cn—l(y)sy)’ n=12,...,
Dyu(y) =d(Dn-1(y),y), n=12,....
Lemma 20. Let n > 0. If i € [med_(n)] then
Cu(H) < H(F|Gy) - H < Dy ().
If i € [med,(n)] then
Ca(30) < H~ H(F|Gy) < Dy(F0).
Proof: In light of Corollary 14, denote, for any n > 0 and
arbitrary i € [med_(n)]
6n = H(F;|G;) - K.
Observe that for arbitrary i € [med,(n)], by Corollary 14 we
have 6, = H — H(F;|G;). Our goal is thus to show that for

any n > 0,

Cn(H) < 6, < Dp(H). (64)

The remainder of the proof mirrors the proof of [8, Proposi-
tion 2]. We prove the claim by induction. If n = 0, the claim
is trivially true. Assume that the claim holds for some n > 0,
and we will show it also holds for n + 1.

By block-independence of the BI-process we may use [0,
Lemma 2.1], by which

T+ 6pat > ha(hy' (F+80) 5 by (FC = 6n)),
H+6n1 S (H+6,)+(H=-6,) — (H+6,)(FH-6n).
Rearranging, we obtain
(8, F) < 61 < d(8, F0). (65)

Now, d(x,y) = x>—y*+y is increasing in x whenever x > 0. The
function c(x, y) is also increasing for x € [0, min{y, 1—y}]. To
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see this, it suffices to show that ¢y (x) = hy ' (y+x) xhy ' (y —x)
is increasing, as hy is increasing. Denoting r(x) = h; I(x) we
obtain that

) (01 =205 =) = (5 =) (1 = 20y + )

42 = P (= 0) (1= 2r(y +2))

b
(2) 0,

where (a) is because r(-) is increasing, and (b) is because
r(-) is convex so its derivative 7’ (+) is increasing and since

r(-) < 1/2 by definition. Thus, by (65) and the induction
hypothesis (64),

Sna1 = (0, ) > ¢(Cu(F), F) = Cpa1 (F0),
Snst < d(6,, H) < d(Dy(H), H) = Dyt (),

which completes the proof. ]

Example 5. Consider a Bl-process with H{ = 0.2. We
wish to find ng that will ensure that the OT-BST is
(0.004, [med, (n)], [med_(n)])-monopolarizing for the BI-
process whenever n > ng,.

Proposition 17, even when using the tighter bound in
Remark 6, gives the upper bound

H-¢
A, 1-§)
This is a prohibitive value. Thankfully, it is also unnecessarily

pessimistic. To obtain a practical value for ny, we turn to
Lemma 20, by which

l’lthsl+

J =40162.

2.22-107° < H(F;|G;) < 0.0041,
8.89-107° < H(F|G;) < 0.0031,

i € [med,(9)],
i € [med,(10)].

Therefore, when H = 0.2, ngn = 10 suffices to ensure
(0.004, [med,(n)], [med_(n)])-monopolarization for n > ny,.

C. Monopolarization for FAIM-derived Processes, for a Single
BST

This subsection is devoted to proving Theorem 21 below.
That is, we show that the BST is monopolarizing for suitably
chosen 7, £, H when applied to a set of forgetful® FAIM-
derived s/o-processes. The theorem holds for a set of s/o-
processes that satisfies a set of rather lax conditions. The
conditions are defined in terms of the L-forgetfulness of the
s/o-process, €1, see Definition 10; and the mixing parameters
Yy and ¢y from Lemma 7.

Recall that if a specific FAIM-derived s/o-process satisfies
Condition K, it is forgetful (see Example 7). Thus, by
Definition 10, we have that e, L_)—oo> 0. Furthermore, for
this FAIM-derived s/o-process, by Lemma 7, ¢y — 1,

M-

and ¢y gy 1, where ¢, is nonincreasing and ¢y is
—00

%An interesting open problem is whether the forgetfulness condition is
necessary.

nondecreasing. Our conditions for the set of forgetful FAIM-
derived s/o-processes are that there exist sequences €r., Yy,
and ¢ such that for any s/o-process in the set we have

€L < €L T 0, (66a)
Um <¥m —— 1, (66b)
¢y = du o 1, (66¢)
Wy nonincreasing,  ¢j, nondecreasing. (66d)

Clearly, for a given finite set C of forgetful FAIM-derived s/o-
processes, conditions (66) are easy to satisfy. Namely, for any
L and M, take & = max.ce €1 (c), Yy = maxeee ¥ar(c), and
éyp = mingce ¢pr(c). For an infinite set G, we may replace
max and min above by sup and inf, respectively.

Theorem 21. Fix sequences é€r, Wy, and ¢y that satisfy
the limits in (66a)—(66c), as well as the conditions in (66d).
Let X, ~— Y, be a forgetful FAIM-derived s/o-process that
satisfies the inequalities in (66a)—(66c). For every n > 0 there
exist Ly, My, and ng, independent of the process, such that if
Lo > Ly, My > My, and n > ny, then a level-n BST initialized
with parameters Ly and My is (n, [med.(n)], [med_(n)])-
monopolarizing.
Specifically, let FlN" — Gllv" be a transformed s/o-block of
a level-n BST initialized with Ly and My as above. Then:
o if H(Xx|Ys) < 1/2 then H(F;|G;) < n, Vi €
[med..(n)];
o If H(XY, -
[med_(n)].

1/2 then H(F;|G;) > 1 —n, Vi €

This theorem will follow as a corollary to Proposition 22
below. We will show in Proposition 22 that, when Ly, and My,
are suitably chosen, there is a close relationship between the
BST of a forgetful FAIM-derived s/o-process and the OT-BST
of a Bl-process. Since, by Proposition 17, the OT-BST of a
Bl-process is monopolarizing, this will imply that the BST is
also monopolarizing.

The parameters Ly, My, and ny for given sequences €r,
W, and ¢y are determined in the proof of Theorem 21. For
future reference, they are detailed in the following remark.

Remark 7. We are given n > 0, and our goal is to set the
parameters ny, Ly, and My,. We do this via the following
steps.
1) Fix &1 < n/12 and &> < n%/32, in line with (85) below.
2) Let £ be as in (84) below.
3) Set ny, using this & in (62).
4) Take € = £;27 ™", in line with (77).
5) Find Ly, such that (35) holds with this €, and Ly, in place
of k.
6) Find My, such that (80) holds with My, in place of M,
and ny, in place of n.
These steps will follow from the proof of Theorem 21.

Recall our notation from Section IV-B for the BST and
OT-BST. We will only consider medial indices. The BST is
expressed using the sequence of functions f; ;, gn,;» Where
i € [med(n)]. The OT-BST is expressed using the sequence of
functions fn, 8ni-



Let i € [med(n)]; its base-vector b is given by

= [bl by bzn],
We also denote
a=[1 No+1 2Ng+1 -+ (2"=1)No+1],
7= [N() 2N0 3N0 ZnN()] .

We further define for index i € [med(n)]:

Fi = fui(Xp), G;=gni(X2,Y%), (67a)

Fi= fui(Xp), Gi=@ni(Xp Yy, (67b)

Fi= fui(Xo), Gi=gni(Xp_ .M. (670)
In words:

e F; — G; is a transformed s/o-pair obtained after applying
a level-n BST to the FAIM-derived process;

« F; — G; is an OT-transformed s/o-pair obtained after
applymg a level-n OT-BST to the FAIM-derived process;

e F; — G, is an OT-transformed s/o-pair obtained after
applying a level-n OT-BST to the BI-process.

The following proposition, as well as Lemmas 23 and 24,
are stated for a forgetful FAIM-derived s/o-process, X, »— Yy,
that satisfies (66) for some sequences €1, ¥, and @yy.

Proposition 22. Fixn >0, &y > 0,and 0 < g < 5. There exist
L, and My, such that a level-n BST initialized with parameters
Lo > Ly, My > My, satisfies:

o 3
\H(F|G;) — H(F:|G))| < 261 + 22 — 38y log 222
2 )

< 281 + \/882.

(68a)
(68b)

Furthermore, we have

3e
|H(F;|Gi,So, Sn,)—H(F;|G;)| < 231+——3£21 g—2 (69)

Proof: Denote

P=P b b+Lg

b-Ly>"b-Ly
on

| |P be  ybetlo -

”z Ly’ bf Lo

Then, ( l’J'LO) is distributed according to P and

()N(IE’_ b+L°) is dlstrlbuted according to P.
In Lemma 23 that follows we show that there exists Ly,

such that if Ly > Ly, then
|H(F|G;) — H(F;|G;)| < 2. (70)

Next, in Lemma 24 that follows we show that there exists My,
such that if My > My, then

(1-)P<P<(l+e)P.

This will enable us to use Lemma 25 below with f = fn,i and
g = §n,i to obtain

PN L~ 3
\H(F{|Gy) - H(F|Gy)] < % - 3g, 1og% < \8&s.
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Hence, we conclude that

|H(F;|G;) - H(F;|G))|
< |H(F|G;) - H(F;|G)| + |H(F{|G;) - H(F{|G))]

3
S281+%—38210g2

2
< 2e1 ++/8&3.

This proves (68).
Finally, to show (69), by (73) in Lemma 23 we have

|H(F;|G;, So. Sn,,) — H(F|Gy)| < 2.

We insert the above in place of (70), and by the same arguments
as before,

|H(Fi|Gi. S0, Sn,) = H(E|Gy)
< |H(F{|G:, S0, Sn,) — H(F;|G)| + |H(F;|G;) - H(F;|G))]
3
< D& + % —38210g%.
This completes the proof. [ ]
In the sequel, we will refer to the right-hand side of (68a).
To this end, for e; >0 and 0 < &3 < L we denote

3
€3 = 83(81,82) £ 2e1 + % - 3& log %

(71)
We now state and prove Lemmas 23 to 25.
For the lemma below, recall that a BST is initialized with
parameters Ly and M. This lemma is concerned with Ly and
applies for any M.

Lemma 23. Fix n > 0 and &1 > 0. There exists Ly, such that
if Lo > Ly, then for all M,

0 < H(F;|G;) - H(F;|G;) < 2&; (72)
and
0 < H(F;|G;) — H(Fi|G;, So,Sn,) < 2é1. (73)
Proof: By (32), G; = (G;,G;), where
Gi = Zni(Xp_p, Yy 1),
(Xh Lo— I,Yb Lo-1 Y+L0+l) (74)
Since f,,; = fn,i, we have F; = F;. Therefore,
H(F;|G;) = H(F;|G,G;) < H(F|G)), (75)

where the inequality is because conditioning reduces entropy.
This proves the left-hand side of (72).

We now turn to proving the right-hand side of (72). Utilizing
the left-hand side of (66a) and Corollary 10 withi=b, A = Ly,
and Ly > Ly, we obtain

(S Sb-ro> Shary | Xp [ o Yy ) <2"-28.  (76)

Using the right-hand side of (66a), we take Ly, large enough
so that
<27,

E_Llh <é&r a7
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Hence,
-1 yb
261 2 1(Sw; Sb-Lg> Sy | X 1,0 Yoo r?)
(@ .,
> I(F;, Gis Sh-1 Shary | XP7 io b”“)

® . b
> I(Fy; So-Ly» Shary | Gi X1 Yo [0

©
E I(Fl’Sb Lo&Sb+L0 | G)

= H(F;|G;) — H(F;|Gy, Sh-1ys Sh+1o)
(d)

_H(FlG) H(F|Gl’ l7Sb L(J’Sb+L())
(i)H(F G:) = H(Fi|Gi. Sh-1,. Shez,) (78)
2 H(Filéi) - H(F;|Gy),

where:

« (a) is due to (2). By (33), X, is a probabilistic function of
Sp; by (67b), F; is a function of X, and G; is a function

of (Xl',’ Lo’ b+L") Thus, we have the Markov chain
yb
(Sb*L()’ Sb+L()) - (Sb7X[l)) i09 b+[L;g)

o= (X, Xp~} Yo 1) == (F3, Gi).

b-Lo>

Specifically, we have the Markov chain

(Sb- Lo SbeL) == (Sb, Xpo} Vet 1?) == (Fi, Gi),
for which we use (2).

« (b) is by the chain rule.

e (c) is since G; = (Gl,Xll; io

to (31) and (67b).

(d) is by the Markov property (33), (67b), and (74): F; and

b+L") which holds due

G; are probabilistic functions of states S 14, whereas G;
is a probabilistic function of states Sb Lo=1"and St Lot

« (e) is because F; = F; and because G; = (G,-, G;) by (32).
« (f) is because conditioning reduces entropy.
This shows (72).

Finally, to show (73) we use the same steps. Namely, we
obtain the left-hand side of (73) by replacing (75) with

H(F{|G;, S0, Sn,) = H(F:|G;, Gy, S0, Sn,,) < H(F|G)).

For the right-hand side of (73), observe that by the penultimate
step of (78) we have

2e1 > H(F;|G;) — H(F{|Gi, Sh-14s ShL,)
= H(F;|G;) — H(Fi|Gi, Sh-Ly> Sb+Ly» S0, SN,,)
> H(F{|G;) — H(Fi|G;, So, Sn,)-

The first equality is by Markov property (33). The final
inequality is because conditioning reduces entropy.

Lastly, note that there are no restrictions on My throughout
the proof — its only role is setting the parameters of the BST
— and thus the claim holds for any Mj. ]

For the lemma below, again recall that a BST is initialized
with parameters Ly and M. This lemma is concerned with
My and applies for any L.

by by+Lyg
by-Lo” "by-Lo by - b3 - 2L
B e
b b L b
| 1 ‘ 2 ‘ >3 ‘ 4 Nnn
sy ] | [sssss ] | Isssss ] | [P -
55555 1 i 155555 1 i 155555 1 i 155555 1 —
bi-Lg bi+Ly | br-Lg bytLgy | b3-Lg b3+l | by-Lg by+Ly
=1 t=2 t=3 t=4

Fig. 9. Tllustration of a level-2 BST. There are four b-blocks, with b-block
numbers £ = 1,2,3,4. The base-index (in blue) in b-block ¢ is bg. The
red boxes in the illustration correspond to X Y +L0, where X is only
available to the left of the blue lines (shown in green) Eacil red box represents
a contiguous set of indices, and there are 2" such sets; they are separated in
time.

Lemma 24. Fix n > 0, &, > 0, and Ly. There exists My, such
that if My > My, then

Py yooiy < (1+82) HP b ey (799)
b-Lg>"b-Lo g 1 bf Ly 'by-Lg

Py ooy 2 (1= 22) HP e ey (190)
b=Lo*"b-Lg =1 b~ Ly by~ LO

Proof: By the right-hand sides of (66b) and (66c), we
may choose My, such that

Wpy-2)?") < 1+es, (80a)
(Pr1,-2)") > 1 - 2. (80b)

For any My > My, by (66d), we thus have
Wmg-2) %) < Wngy-2)?") < 1+ 89, (81a)
(Emp-2)") 2 (Er, ) 21— 2. (81b)

Denote by b= [131 by Ezn] the modulo-base-_vector
of i. By Corollary 6, for any 1 < <2" we have 1 < |bgy —
b¢| < 2. Hence, by (22), and recalling that Ng = 2Lo + M),

=Ny — (€= 1)Nog —2Lo + byy1 — by
= Mo + (bes1 — be)
> Mo — |best — byl
> My —2.

(bes1 — Lo) = (be + Lo)

(82)
The vector X LO,Y'[’”“0 contains symbols with indices in
B = UpBy, where By = {by — Lo,by — Lo+ 1,...,bs + Lo},
1 < ¢ < 2", Each set B, is a contiguous subsequence of B.
The greatest index in By is by + Ly and the smallest index in
B 18 bey1 — Lo; see Figure 9 for an illustration. By (82),
any two consecutive sets B, and By, are separated by at least
My — 2 indices.

Using the left-hand sides of (66b) and (66c), Lemma 7, and
a straightforward induction argument, we conclude that

2n
PXb Yb+L0 < (WM 2)( ) I—[ th,; besry s
b—Lo>"b-Lg bp-Ly> bp-Lg
2"
P, b+’~0 2 (¢M) )( )I_IP b beiry -
X, .Y xbe Y 0
b-Lg’>"b-Lg =1 “bp-Ly> be-Lo



Thus, by (81),
2'1
PXb Yo <(1+e&) l_[ PXh‘ beery
b-Lo>"b-Lg =1 bp-Ly> bp-Lg
2’1
PXb Yo > (1-&2) l_[ PXb[ berry s
b-Lo>"b-Lg =1 be-Lo>"be-Lo
which is (79). [ |

In Lemma 24 we saw that P and P are close in the sense
of (79). The following lemma, whose proof can be found in
Appendix D, translates this proximity to conditional entropies.

Lemma 25. Let A and A be two discrete random variables
over the same finite alphabet A. Denote P(A=a) = p(a)
and P (A =a) = q(a) for all a € A. Assume that for some
0<e< %,
(1-¢€)gq(a) < p(a) < (1+¢€)q(a),

Then, for any f : A — {0,1} and g : A — G, where G is
some finite alphabet, we have

VaeA. (83)

[H(F(A)lg(4) ~ A (AD)] < & ~3eTog

< V8e.
We are now ready to prove Theorem 21.

Proof of Theorem 21: Choose €1 > 0 and 0 < &; < %
small enough such that

E2n—dg; — (21 ++/882) > 0. (84)
For example, one may take
n
g1 < 7 (85a)
2
n
—. b
& < 33 (85b)

Take ny, large enough so that Proposition 17 holds with &
as above. Recall that Proposition 17 holds for any Ly and My,
so we are free to set them as desired.

By Proposition 22, for ny, &1, and &, above, there exist Ly,
and My, such that (68) holds for Ly > Ly and My > My,. That
is,

—(281 +V8&2) < H(Fi|G;) — H(F|G)) < (281 + /8&2). (86)

In fact, we choose Ly > Ly as in the proof of Lemma 23.
This ensures that the Lo-forgetfulness of the s/o-process is
upper-bounded by &. Thus, by Corollary 12, (43) holds with
€ < g1, so that

—2g1 < H(Xu|Vs) — H < 2¢y.

Hence, if H{(X4|¥x) < 1/2 then H < (1 +41)/2 and if
H(Xx|Yy) = 1/2 then H > (1 — 4&1)/2. Consequently, by
Corollary 19 with ¢ =4eq, if n > ny, then

H(X4|Yx) < 1/2 = H(F;|G)) < & +4ey, Vi € [med,(n)],
H(X4|Yx) = 1/2 = H(F;|G;) > 1 — & —4g1, Vi € [med_(n)].
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Combining the above with (84) and (86) we obtain that for
nz Nth,

H(XulYy) < 1/2= H(Fi|G;) <n, Vi€ [medi(n)],
H(Xi|Yy) > 1/2 = H(F;|G;) > 1 —n, Vi € [med_(n)].

This completes the proof. [ ]

Remark 8. We have proved Theorem 21 using (68b), which is
looser than (68a). Hence, the proof would also hold if we were
to define & in (84) as 7 — 4e; — &3. The looser definition of ¢
circumvents a cumbersome upper bound on &3, and by proxy
on &, that involves the Lambert W function [23, p. 332].

D. Monopolarization for FAIM-derived Processes, for a Cas-
cade of BSTs

The previous subsection considered a single BST. However,
in practice, one may cascade several BSTs to obtain a universal
polar code of rate different from 1/2. In this subsection, we
extend the previous results to a cascade of BSTs.

A cascade of BSTs is defined by the following:

« the number of BSTs in the cascade, ¢ (that is, the overall
transform is comprised of ¢ stages);

« parameter Lo, which defines the number of lateral indices
in the level-0 block of the first BST in the cascade;

o parameters MO{I}, Méz}, e, Mé'}, where Mé’} defines the
number of medial indices in the level-0 block of the ith
BST in the cascade;

« recursion depths nj,no,..
cascade;

« a binary vector ¢ = [cl c) ct_l] of length ¢ —
1. Each stage of the cascade applies a BST operation
on a subset of indices from the previous stage. This is
determined by c; informally, ¢; = 0 (¢; = 1) implies that
stage i + 1 is the result of applying a BST on the newly
formed medial-minus (plus) indices of stage i.

.,ny, of the + BSTs in the

The cascade is constructed recursively. For ¢ = 1, we are in
the single BST case. This BST is defined through Ly, parameter
My = Mél}, and recursion depth n;. That is, we transform
X]Nm to UINM, where N1} = (2L, +Mél}) . 2™ Recall that
medial indices at level n; of the BST are split into [med-(n)]
and [med, (n1)], see (4). We denote the medial sets of stage
1 of the cascade as

[med_{1}] = [med_(n1)], [med,{1}] = [med,(n1)].

The remaining indices are lateral. We further define the two sets
[vmed_{1}] and [vmed,{1}], which we call “the new medial-
minus and medial-plus sets of stage 1 of the cascade.” For
this base case, they coincide with [med_{1}] and [med.{1}],
respectively. That is,

[vmed_{1}] = [med_{1}], [vmed,{1}] = [med,{1}].

When moving from stage i to stage i + 1 of the cascade, we
first make Mé”l} - 2"+l copies of the stage-i cascade. That is,
the length of the stage-(i + 1) cascade is

N = N gl i (87)
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For 1 <¢< Mé”l} -2m+ and 1 < j < N, Denote

¢

X" = Xjuemnynms
£

Uy = Ujseywnns

and their vector versions

X=X X . x]
Uf:[Ul([) Uz(g) Ul(\f()i}]

Copy ¢ of the stage-i cascade transforms X, to U,. Next, for
each 1 < j < N, we take the jth index of each copy and
apply, as described below, an operation: either a BST or a pass-
through. That is, for 1 < j < N¥} and 1 < ¢ < Mé”l} - 2Nl
further denote

) _ ‘
Ve = Ve )M 2mie (88)
and the vectors
U. = [Uo) v U(Mé"*”-Z"”W] . (89)
I J J J
(T %)
v,=[v" v Vit o | - (89D)

The operation transforms U to V.. The output of the stage-
(i+1) cascadeis V,, V,, ..., V. In other words, we operate
on a single symbol from each copy, and the result is a single
contiguous block on the output side. This ordering is amenable
to successive-cancellation decoding.

What remains to define is which operation, BST or pass-
through, to apply to which index, and to determine the various
medial sets. At stage i of the cascade, each index is either
medial or lateral. The medial indices are split into [med_{i}]
and [med,{i}]. These sets will be defined as part of the
recursion. Important subsets of these sets are [vmed_{i}]
and [vmed,{i}], respectively. These two subsets will also be
defined as part of the recursion. BST operations will be applied
to exactly one of these subsets, called the “active set.” On all
other indices, the pass-through operation will be applied.

When moving from stage i < ¢ to stage i + 1, define the
“active set” o; as

_ [vmed_{i}],
" | vmed.{i}],

ifCl' =0,

90
if(,‘izl. ( )

For i =t we technically define the active set as the descendants

of the active set of the previous stage, that is
oy = [vmed_{r}] U [vmed,{t}]. on

For each index 1 < j < N}, we do the following:
o If j € 0y, apply a BST operation to Qj. The BST is

defined by parameters Ly = 0, My = Mé”l}, and has
recursion depth n;4q.

- If V;j ) is a medial-minus symbol, then (see (88))
C+ (- 1) MY 2m e [ymed_{i +1}].
- If V;j )is a medial-plus symbol, then

C+ (= 1) - M 2m e [ymed, {i + 1}].

— All indices in [vmed_{i+1}] are also in [med_{i+1}].
— All indices in [vmed,{i+1}] are also in [med,{i+1}].
« Otherwise, apply a pass-through operation to QJ., that is
V,=U, ie, by 89), V) = U\ foreach 1 < ¢ <
M(‘){H'l} LMl
— If j € [med_{i}], then all the indices in Zj (see (88)
and (89b)), are in [med_{i + 1}].
— If j € [med,{i}], then all the indices in Kj are in
[med,{i + 1}].
« Any index that is not in [med_{i}] or [med,{i}] is lateral.

We introduce the following definition — a specialization of
the above — to simplify the statements of the claims in this
subsection.

Definition 12. A (7, ¢; Lo, My, n)-cascade is a cascade of BSTs
as above, with Mg’} =Myand n;=n, for 1 <i<t.

The length of a (t,c; Ly, My, n)-cascade, by the recur-
sion (87) and recalling that N = (2L + Mp)2" is given
by

N = 2Ly + Mo) M} ™12 (92)

Our plan for the rest of this subsection is as follows. Denote
the cascade threshold entropy as
1+ ZE;]I c[2’_i
2t '
In Lemma 26, we show that the fraction of medial-minus
indices out of all medial indices of the cascade approaches
h(c). We further show that the fraction of medial indices out of
all indices approaches 1. Then, in Theorem 28, we show that
h(c) is indeed a threshold entropy of the cascade. That is, for
an s/o-process with conditional entropy rate less than A(c), the
medial-plus indices monopolarize; and for an s/o-process with
conditional entropy rate greater than /(c), the medial-minus
indices monopolarize.

h(c) = (93)

Lemma 26. Consider a (t,c; Ly, My, n)-cascade. Then,

|[med_{r}]|
|[med,{r}] U [med_{r}]]

1 r—1
: 1
1+ ;2!
l.; ' (1 -2(1-2"m)M;! )
= 1 . (94)
= : 1
24+ » 217
; (1 —2(1 - 2-m)M!
Moreover,
|[med.{z}] U [med_{r}]|
Nit}
9 _pl-n\! t—1 ) 1 -t
(1——) 2+ > 21 -
My P 1-2(1-2"")M;
B 2!(2Lo + Mo)M; ! '
95)

Observe that when M) is large, the right-hand side of (94)
approaches h(c), as the terms in parentheses approach 1 and



Z’ 121=1 = 2t _ 2 Furthermore, when M is also large with

respect to Lo, the right-hand side of (95) approaches 1.
Proof: Define vo = 1, and denote by v; the number of new

medial plus indices (which is the same as the number of new

medial minus indices) at the output of stage i of the cascade.

By the cascade construction, the first stage is merely a BST
of depth n with b-blocks consisting of My medial indices and
2L lateral indices each. Recalling that the number of medial
indices in a BST of depth n is given in (19b), we have

1
V1 = EVO . (2nM0 - 2(2" - 1)) .

Note that the factor 1/2 stems from counting the number of
new medial plus indices, which is half the number of new
medial indices.

When moving from step i — 1 of the cascade to step i, we
perform v;_; BSTs of depth n, each with b-blocks consisting
of My medial indices and O lateral indices. Hence, the number
of new medial plus indices at the end of stage i is

1
Vi = 5Vi-1

SVic1- (2"My-2(2" - 1)). (96)
Thus, |
vi= (2"My -2(2" = 1))" . (97)
We now claim that for 1 <i <¢,
i—1 L
[[med_{i}]| = v; + > c;v;(2"Mo)'™ (98a)
j=1
i—1 o
[[med {i}]| = vi + > (1 —c;)v;(2"Mo)' /. (98b)

j=1

Indeed, by the construction above, if ¢; =0,

|[med_{i + 1}]| = vis1 + 2" Mo|[med_{i}] \ [vmed_{i}]],

[[med,{i + 1}]| = vis1 + 2" Mo|[med., {i}]],
and if ¢; =1 then

[[med_{i + 1}]| = viy1 + 2" Mp|[med_{i}]|,

[[med,{i + 1}]| = vis1 + 2" Mp|[med, {i}] \ [vmed,{i}]].
Recalling that |[vmed_{i}]| = |[vmed,{i}]| = v;, we can use

the above to prove (98) by induction on i.
Next, observe that

[[med_{i}] U [med.{i}]| = [[med_{i}]| +|[med.{i}]|
i-1
=2vi+ > v (2"Mp)' .
j=1
Denote @ =2(2" — 1). By (97) and (98a),

99)

t—1

lmed_{r}]] = v: + > civi(2"Mp)' ™
i=1

2"My — a)t <
L Mo Z ) | S i My - o (2
i=1
(2"My-a)  (2"Mo-a)' ', 2"My '
= 2=
A ;C DMy —a
t—i
(2nM0 _ CY)I t—1 i 1
=01+ > 2 ———] |
2 ; o1 -e2mg!

25

Similarly, by (97) and (99),
-1

|[med_{r}] U [med{r}]| = 2v, + > | vi(2"Mp)'
i=1

(2nM - Cl)t = —i i

=2. + Z}}z (2"Mo — @) (2" Mo)"~
P
_,. @My -a) (2"M0 —a) IZi qi-i [ _2"Mo !
ot 2" My — «

_@Mo-a) () i gmi L a (100)
- 2! “ 1-a2"M;" '

Combining the above two expressions, we obtain

|[med_{r}]]
|[med,{z}] U [med_{z}]|

t—1 i 1 =i
1+ e | ——————
,Z:; 1-a27"M;!

-1 1 t—i
L+ > 217
; ' (1—2(1—2—")M0‘1)

)

1 . 1 t—1
2+ » 2t
; 1-2(1-2-m)M;"

where in the last equality we recalled that @ = 2(2" — 1). This
proves (94).

To prove (95), we divide the expression in (100) by the
expression in (92). Since @ = 2(2" — 1), the ratio between the
term preceding the large parentheses in (100) and N1} is

(2"Mo — @)’ (2"(Mo -2) +2)'
2NUT T 20(2Lg + Mo)M{ 127
(Mo —2+2'-m)!
" 21(2Lo + Mo) M1
~ (1 _ (2 _ 21—n)MO—l)t
21(2Lo + Mo)M;;"
This completes the proof. [ ]

The following simple observations on /(c) will be useful
in the proof of Proposition 29 below.

Lemma 27. Let ¢ be a binary vector of length t — 1 and let
its length-(t — 2) suffix obtained by removing ci be ¢' Then:

h(e') =2h(c) — ¢, (101)

1
T <h(e)<1- =

Observe that by (101) and (102) we have h(c) < 1/2-271
if cy=0and h(e) > 1/2+27"if ¢y = 1.
Proof: The proof follows from simple algebra. Indeed,
L+ 2 e , (1 ST ¢
20-1 B 2! 2
= 2h(c) -Cq,

(102)

h(ch) =
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which is (101). Next, by setting c;+; = 0 (c;41 = 1) for all
1 <i <t—2 in the expression for A(c!), i.e., the first equality
above, we obtain the lower (upper) bound in (102). ]

In the sequel we will denote by ¢ the suffix of ¢ after
removing its first £ elements. That is,

¢ =[eer1 con ci-1] . (103)

Note that ¢/~! is an empty vector, and by (93) we have
h(ct™1) =1/2.
The following is the cascade equivalent of Theorem 21.

Theorem 28. Let the number of stages of the cascade t, and
the binary vector ¢ of length t — 1 be given. Fix sequences €y,
Um, and ¢y that satisfy the limits in (66a)—(66c), as well as
the conditions in (66d). Let X, ~— Y, be a forgetful FAIM-
derived s/o-process that satisfies the inequalities in (66a)—(66c).
For every n > 0 there exist Ly, My, and ng, independent of
the process, such that if Ly > Ly, Mo > My, and n > ny
then a (t,c¢; Lo, My, n)-cascade is (n, [med.{t}], [med_{t}])-
monopolarizing.
Specifically, let Fle — Gllvm be a transformed s/o-block
of a (t,¢; Lo, My, n)-cascade as in Definition 12. Then:
o if H(Xx|Yx) < h(c) then H(F;|G;) < n, Vi €
[med.{t}];
o If H(XulYy) 2
[med_{t}].

\%

h(c) then H(F;|G;) > 1 —-n, Vi €

The proof will follow along the same general lines of
Theorem 21. We first consider the simple case of an observation-
truncated transform applied to a BI-process. For this simple
case, we generalize Proposition 17.

Recall that in a Bl-process with parameter Ny = 2L +
M, contiguous symbol and observation blocks of length Ny
are independent. In our setting, a Bl-process is defined as in
Definition 11, with the transform length N,, replaced by N{*}
and the number of copies of the level-0 block of length Ny (2"
in the definition) is N {r} /Ny. Further recall that an observation-
truncated transform is defined in Section IV-B. The key point
to note is that the “observation-truncated” property is defined
based on a truncation at a level-0 block of a BST, see (29). In
other words, this property is determined at the “input-output”
level of the process. Consequently, in a cascade of more than
one BST, the overall transform is observation truncated if the
first BST is. We call such a cascade an observation-truncated
cascade.

The following is a generalization of Proposition 17. Recall
that H was defined in (40), and that o; was defined in (91).

Proposition 29. Fix cascade parameters t and c¢. For every
{ > 0, there exists a threshold value ng, > 0 such that if
n > ng, then an observation-truncated (t, ¢; Ly, My, n)-cascade
with any parameters Ly, My is (¢, [med,{r}], [med_{z}])-
monopolarizing for any Bl-process X, — Yy with parameter
N() = 2L0 + M().

Specifically, let Fle — G~§Vm be an OT-transformed
s/o-block of the observation-truncated (t, c; Lo, My, n)-cascade,
where n > ny. Then:

H < h(c) = H(F|G;) < ¢, Vi € [med,{t}],
H > h(c) = H(F|G;) > 1-¢, Vie[med_{t}].

(104a)
(104b)

In fact, we can strengthen the above:

¢
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‘ff > h(C) = H(Fllél) >1- %,

H < h(c) = H(F|G;) < Vi € [med,{t}]\ o7, (105a)

Vi € [med_{t}]\ ;. (105b)

Proof: First observe that if the proposition holds for some
{ < 1, then it clearly holds for all £ > 1 with the same ngy,.
Thus, assume that { < 1.

We start by choosing ny, such that Proposition 17 holds with
&= (/2. First consider the case H = h(c); the more general
case will follow by monotonicity. We now track the evolution
of the cascade stages, by using Corollary 18.

If ¢; = 0, then, by Lemma 27, h(c) < 1/2. Hence, by
Corollary 18 and (101),

(h(e") = & h(eh)],
[0, £),

Similarly, if ¢; = 1, then, by Lemma 27, h(c) > 1/2. Hence,
by Corollary 18 and (101),

(1 - f’ l],
[A(c"), h(e!) +€),

Recall that by the cascade construction, [vmed_{1}] =
[med_{1}] and [vmed;{1}] = [med,.{1}]. Thus, the active
set o (see (90)) is not polarized, whereas the remaining new
medial set is polarized in the sense of (105). In particular,
regardless of whether ¢y =0 or ¢y = 1, we have

i € [med_{1}],

H(FHGJ E{ .
i € [med:{1}].

i € [med_{1}],

H(Fllél) (S { .
i € [med.{1}].

i€ oy = H(F|G;) € (h(c') — & h(ch) +¢).

This will form the basis of the following claim, which we
prove by induction: after ¢ < ¢ stages of the cascade,

H(F;|G)) €

(h(ch) = (2“ = D&, h(ch) + (2F - 1)é), i€ oy,

(1-¢1], i € [med_{(}]\ov,
[0,4), i € [med,{f}]\ov.

The claim implies that after £ < ¢ stages of the cascade, all
the medial indices are polarized in the sense of (105), except
for the active set.

As shown above, the claim is indeed true for the basis case,
¢ = 1. For the induction step, assume the claim is true after
¢ <t — 1 stages. To prove that it is also true after £+ 1 stages,
we call upon Corollary 18 and Remark 5. That is, recall that
to form stage £+ 1, we make Mé“]} - 2"¢+1 copies of a symbol
in the active set, and apply a BST to the copies. Further recall
that we are in a Bl-process setting. That is, these copies are
ii.d. By Remark 5 and the induction hypothesis, Corollary 18
holds with H replaced by some value

n e (h(e’) — (2° = D& h(e’) + (21 - Dé).

For 1 as in (106), if ¢g4 = 0, then, by Lemma 27, h(cf) <
1/2 = 2=(=0_ By our assumption that £ < 1, we have & =
£/2" < 27!, Hence, by (106),

(106)

p<h(e) 4 Q- DE< T2l -2 —E <



Therefore, by Corollary 18,
(2n =&, 2nl,
[0,4),
Using (101) and (106), equation (107) implies

i € [vmed_{¢+1}],

. (107)
i € [vmed {€+1}].

H(F;|G;) € {

i €[vmed_{{+1}] =
H(F|G;) € (h(e™") = 27" = D& h(e™) + (27 - 2)¢).

Similarly, for n as in (106), if c¢4; = 1, then > 1/2, so by
Corollary 18,

(1-¢&,1],
[2n-1,2n-1+¢),

Again, Using (101) and (106), we obtain that in this case

i € [vmed_{¢+1}],

H(Fi|G)) e { .
i € [vmed {€+1}].

i € [vmed {€+1}] =
H(F|G;) € (h(e™") — 27" =2)&, (™) + 27 - 1)¢).

In other words, combining both of the above cases and
recalling the definition of the active set (90), we have

I €0y =
H(F|G;) € (h(e™") — 27 = D& (™) + 27 - 1)¢).

Recalling the cascade construction, and specifically how
[med_{f+1}] and [med,{¢+1}] are obtained from [med_{¢}],
[med.{¢}], [vmed_{¢+1}], and [vmed,{€+1}], we obtain the

remainder of the inductive claim. Using (91), this proves (105).
For the last stage of the cascade, ¢, we call upon Corollary 18.

By the cascade construction, we need only consider the active
set 0y_1, as all other indices are polarized (in the sense of (105)
and thus also in the sense of (104)). Recall that h(c'~!) = 1/2,
and thus, by the inductive claim, and since ¢ = £ - 2/,

1 7 4

: 15 1
i €01 = H(Fi|G)) € §—§+§,5+§—§ )

By (63a) and the monotonicity of a(-) and @’(+),
i€ [vmed_{t}] = H(F;|G;) > a’(1/2=,/2+&)

=1-0+26-¢
>1-Z.

Similarly, by (63b) and the monotonicity of B(-) and B’(-),
i € [vmed,{1}] = H(F|G)) < B'(1/2+¢/2-¢)
=1+-26-14+¢
</{.

We have proved the claim for H = h(c). The general case
follows by monotonicity. That is, recall that the derivation above
relies on repeated applications of the functions «,a’, 5,5’
in Corollary 18. These functions are monotone. Thus, since
we have proved (104a) and (105a) for i € [med,{t}] when
H = h(c), this must also be the case for H < h(c). The case
H > h(c) follows similarly. [ ]

The following corollary of Proposition 29 is the analog of
Corollary 19 for the cascade case.

27

Corollary 30. For a given { > 0, let t, ¢, Ly, My, and ny,
be as in Proposition 29. Then, under the same setting as
Proposition 29, for any 0 < v < 1 and n > ny, we have

T <h(c) + %: H(F|G) <2l +7,  Vie[med,{r}], (108a)

T > h(c) - %: H(F:|Gi)>1—2¢ — 7, Vie [med_{1}]. (108b)

Proof: Recall that in the cascade construction, when
moving from stage i < t to stage i + 1, we operate only on the
new medial indices in the active set o, defined in (90). The
remaining new medial indices belong to the set 7, defined as:

_ { [vmed_{i}], ifc;=1,
=

[vmed.{i}], ifc;=0.

By assumption, we are in a Bl-process setting. By Lemma 13,
the conditional entropy corresponding to any index in oy
is the same, and hence we denote it by a;. Similarly, we
denote by b; the conditional entropy corresponding to an
arbitrary index in ;. For stage 7, we denote by a; and a; the
conditional entropies corresponding to indices in [vmed_{¢}]
and [vmed.{r}], respectively. Furthermore, conservation of
conditional entropy holds, by Corollary 14. That is,

ay+b; = 23:(:,

a;+b; =2a;,_1, 2<i<t,
a; +a; =2a,1.

From the above, we easily get by induction that
-1
2'H = (af +af)+>,2"7"'b;.
i=1

From the above and (93), we have
a; +af =1+ 3121270 (b; — ¢;)
2t '
We now prove (108a). If H{ < h(c), then the result follows
trivially from (104a) in Proposition 29. Hence, assume that

h(c) < H < h(e) +7/2". (109)

By (109), (105b), and the definition of 67, observe that if ¢; = 1
then b; > 1—¢/2". Moreover, by (104b) and (109), a; > 1-¢.
Thus,

7> 2'(H - h(c))

H - h(e) =

-1
=a; +a; -1+ ZZI_’(bi -c;)
i=1

=laf+ D] 2"7'b;

i,C[=0

+ (a; -1+ > 27 (bi - 1))

i,Ci=1

—(1+Zz—")g

>\af+ D) 27,

i,Ci=() i,Ci=1

>|af+ D) 27,

i,Ci:O

-2

Rearranging the above yields

aj+ >, 27h; <20+ 7.

i,(,'[=0
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By the non-negativity of conditional entropy, this implies that
af <2 +7 and for i such that ¢; =0, we have b; < 2{ + 7.
Finally, recalling the cascade construction, the definition of
[med,{r}], and the definition of &y, the conditional entropy
of any index in [med,{r}] is either af or some b; where i is
such that ¢; = 0. This yields (108a).

The proof for (108b) is similar. If H > h(c), then the result
follows trivially from (104b) in Proposition 29. Hence, assume
that

h(c) — /2" < H < h(e). (110)

By (110), (105a), and the definition of &, observe that if ¢; =0
then b; < £/2'. Moreover, by (104a) and (110), af < ¢. Thus,

-1 < 2/ (F - h(c))
t—1
= at_ +a:— -1+ 22""(19,- - C[)
i=1

i,C,‘ZO i,Ci=l

< (§+ > 2_i§)+(a,_—1+ D 2t_i(bi—1))

i,CiZO i,CiZI

D27 (b - 1)).

i,C[=1

= (a;+ > 2“ibi)+(a,‘ -1+ > 2"i(bi—l))

<2§+((at‘—1)+

Rearranging the above yields

20—t <(ay =D+ > 27 (b - 1).
i,ci=1

Since conditional entropy is upper-bounded by 1, we have
(a; —1) <0 and (b; — 1) < 0. The above inequality thus
implies that (a; — 1) > —2¢ — 7 and for i such that ¢; = 1,
we have (b; — 1) > —2¢ — 7. Finally, recalling the cascade
construction, the definition of [med_{t}], and the definition of
07, the conditional entropy of any index in [med_{t}] is either
a; or some b; where i is such that ¢; = 1. Simple rearranging
yields (108b). ]

The following is the analog of Proposition 22 for the cascade
case. Similar to Proposition 22, we state the following for a
forgetful FAIM-derived s/o-process, X, — Y, that satisfies
(66) for some sequences €z, ¥, and @ps.

Proposition 31. Let the number of stages of the cascade t,
and the binary vector ¢ of length t — 1 be given. Fix n > 0,
1 >0, and 0 <&y < % There exist Ly, and My, such that for
any Ly > Ly, My > My, a (t,c¢; Lo, My, n)-cascade satisfies:

U 3
|H(Fi|G:) = H(Fi|G))| < 261 + = = 3210 =2

<2¢e + \/882.

Furthermore, we have
382
ik
Proof: The proof follows along the same lines as Propo-
sition 22. In the cascade case, the base-vector b of index i is
of length 2™ as opposed to 2" in the non-cascade case. This
vector holds a single medial index from each of the b-blocks
on the RHS of the transform, just as for the non-cascade case.

~  ~ E
|H(F:|G, So. Sn,) — H(Ei|G)| < 261 + 72 ~ 3¢, log

All that remains are minor adaptations to the proof, to account
for this change. That is, throughout the proof, including in the
underlying lemmas, we make the following changes.
« Replace 2" and 27" with 2" and 27", respectively.
« Replace N,, with N1},
« Extend fn,i and g, ; to the cascade case according to the
construction in Section V-D.
This completes the proof. [ ]
Proof of Theorem 28: Choose €1 > 0 and 0 < &, < %
small enough such that

LA n—2"g - (261 +/882) > 0.

For example, one may take

(111)

n
S Hi+2)
2
&y < 3—2

Take ny, large enough so that Proposition 29 holds with ¢
as above. Recall that Proposition 29 holds for any Ly and M),
so we are free to set them as desired.

By Proposition 31, for ny, €1, and &, above, there exist Ly
and My, such that (68) holds for Ly > Ly, and My > My,. That
is,

—(2e1 +\/82) < H(Fi|G,) — H(F{|G:) < (2&1 +/8£2).(112)

In fact, we choose Ly > Ly, as in the proof of Lemma 23
(adapted to the cascade case as detailed in the proof of Propo-
sition 31). This ensures that the Lo-forgetfulness of the s/o-
process is upper-bounded by &;. Thus, by Corollary 12, (43)

holds with € < g1, so that

€1

—2e1 < H(Xu|Vy) — H < 2¢.

Hence, if H(X,|Yx) < h(c) then H < h(e) +2& and if
H(Xx|Y%) = h(c) then H > h(c) — 2¢;. Consequently, by
Corollary 30 with 7 = 2"*'g, if n > ny, then

H(Xx|Ys) < h(e) = H(F|G;) <2¢ +7, Vi € [med,(n)],
H(Xx|Yy) = h(e) = H(F;|G;) > 1 -2 — 1, Vi € [med_(n)].

Combining the above with (111) and (112) we obtain that for
nz Nth,

H(XxlYs) < h(c) = H(Fi|Gi) <5, Vi€ [med(n)],
H(X|Y%) = h(c) = H(F;|G;) > 1 —n, Vi € [med_(n)].

This completes the proof. [ ]

VI. DECODING THE UNIVERSAL POLAR CODE

The universal polar code consists of a concatenation of a
BST cascade and Arikan’s seminal codes, that is fast transforms.
Ultimately, the code consists of recursive applications of Arikan
transforms, which can be decoded efficiently using successive-
cancellation decoding. The difference between the slow and
fast stages lies in the order in which the Arikan transforms are
connected. Therefore, both the slow and fast polarization stages
are decoded using successive-cancellation decoding, performed
in lockstep.



Specifically, the decoder estimates the transformed bits (the
U in Figure 10) in succession, assuming previous decoding
decisions are correct. To decode a symbol, the decoder
computes its likelihood ratio; this is performed recursively.
If the symbol is “frozen,” the decoder returns its frozen value.
In a non-symmetric case, this might employ some common
randomness shared between the encoder and decoder, see [24]
for details.

Due to the memory in the s/o-process, the recursive com-
putation of likelihoods is done via the successive-cancellation
trellis decoding of [15] and [16]. In this variation of successive-
cancellation decoding, the decoder is cognizant of the existence
of an underlying state connecting two blocks, and averages
over it when computing likelihoods. This results in a slight
increase in complexity; in a seminal polar code, when there are
|8| states and the code length is N, the decoding complexity
is O(|8|°N - log N), see [16, Theorem 2]

The overall codelength of the universal polar code is A =
N - N (see Section III-C), so its decoding complexity using
successive-cancellation trellis decoding is O(|S|3A - log(A)).
In the proof of Theorem 1 below, we show that the overall
decoding error of this scheme is upper-bounded by 2" for
any 8 < 1/2 and N large enough.

As we will see in Section VIII, the decoding performance
may be enhanced by using a successive cancellation list decoder.
Such a decoder, tailored to the universal polar coding scheme
of this paper is described in [25]. For a list of size L, the
decoding complexity increases by a factor of L, with respect
to (plain) successive cancellation decoding.

To prove Theorem 1 we will need some notation for
the inputs and outputs of the slow and fast stages of the
overall transform. The notation is illustrated in Figure 10. The
construction consists of a layer of N copies of a BST cascade,
each of length N, which is concatenated to a layer of N fast
transforms, each of length N. A vector comprising the jth
output of each BST cascade is the input to fast transform j.
Letl<¢<N,1<i<N, and 1 < j < N. Denote

4

X = Xjee-nn
4

Y; = j+(C=1)N>

and their vector versions

Xe=[Xf") x40 X;ﬁ’)],
v w0 ).

That is, the s/o-process relevant for BST cascade € is Xy — Y.
Output j of BST cascade ¢ is F;[). The input to fast transform
Jj 1is the vector

| gD (2) (N)
Fi=[F" F FV.

Output i of fast transform j is U i<j ) = Al. +(j-1)x- The overall
output of fast transform j is the vector
o, =00 oY 0]

Our notation for a vector of ordered elements (see Section II)
carriers over to an ordered vector of _vectors, e.g., Uz =

[ﬁa 0a+1 0b]. Moreover, U{VN = 011\1
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N copies N copies
Fast BST
<— transform /. cascade X 10— Y 1
N 1 1 N
° L]
. L]
L]
— .
) rast BST
UYY) «—i transform
' ! j /. cascade X — Yy
- 4
Fast .
<— transform
N BST
i casl(\:?ade X N Y N

Fig. 10. Notation for inputs and outputs of the slow and fast stages in our
universal construction.

Note that under this notation, the decoder decodes the bit
vectors U/ j»J=1,..., N in order using succesAsive—cancAellation
trellis decoding. Specifically, it first decodes Uy, then U,, and
so on. The decoding order in a vector U j is as expected:
Ul(j ), then 02(] ), and so forth up to U](é). Namely, when

decoding U l.(j ), we do this after having decoded U]l_l as well
as U](J),UZ(J),...,U[%.
Proof of Theorem 1: Our proof is divided into four parts:
I Defining the coding scheme, i.e., the indices on which
information bits are transmitted.
II Proving item 3 in the theorem statement: encoding and
decoding complexity.
I Proving item 2 in the theorem statement: vanishing error
probability and the error exponent.
Proving item [ in the theorem statement: the code rate R
is achievable.

v

Part [ — Coding Scheme Definition

Our sequence of codes is parametrized by R < I* and
B < 1/2, both given in the theorem statement. It is based on
the universal construction of this paper. That is, it consists of
a concatenation of a cascade of BSTs and a fast transform. To
fully specify a member of this sequence, we must define the
following:

o The slow transform parameters: ¢, ¢, Ly, My, and n.

o The number of stages in the fast transform: 7.

« The set of indices A over which information bits are
transmitted.

The sequence is formed by increasing 7 and keeping the slow
transform parameters fixed. The parameter 7 must be large
enough; conditions on its size are given in this part, as well
as in Parts III and IV. All these conditions must be met.

Let C be the family of s/o-processes. If I* = 0, the theorem
is trivially correct; hence, we assume that I* > 0. Let &7, ¥,
and ¢, be sequences such that (66) holds for any s/o-process
in C. Every s/o-process X, — Y, in C has the same input
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distribution; we denote the entropy rate of the input process
by H(X,). Denote

n* = H(Xy) - I*. (113)

By definition of I*, any s/o-process X, — Y, in C satisfies
I* < H(Xy) — H(X|Y%). In other words, we always have

H(X(|Yy) < B (114)

Denote

§=1"-R. (115)

Looking forward, in part III we will use the union bound to
upper-bound the probability of error. Thus, we will require fast
polarization, for which we turn to Proposition 49. All processes
in C satisfy the Bhattacharyya recursion (166) with

K =210, (116)
see (168) and (66b). Next, fix 8’ such that
B<p <1/2 (117)
and let
& =6/5. (118)

By Proposition 49, there exist 7 and ng such that if Zy < n,
then (170) below holds with 8’ and 6" in place of 8 and §.
This will be utilized in Part IV. Parameters n and ng are used
as follows.
« Parameter n will be the monopolarization goal for the
BST cascade in Theorem 28.
o Parameter nyp will be one of the lower bounds on the
number of fast polarization steps, 7.
To apply Theorem 28, we now set the parameters ¢ and c.
We set ¢ and c¢ such that

h* < h(c) < h* +6'. (119)

Indeed, this can be done by (93), recalling that /* > 0 implies
by (113) that 2* < 1.

Recall from Definition 12 that a cascade of BSTs is defined
by five parameters: t, ¢, Lo, My, and n. We have already set ¢
and c. For the remaining parameters, we will utilize Theorem 28.
Namely, given t, ¢, and 7, there exist Ly, My, and ng, (see
Remark 7) such that if Ly > Ly, My > My, and n > ng
then a (t,c; Ly, My, n)-cascade is (1, [med,{t}], [med_{¢}])-
monopolarizing, for any s/o-process in C. Specifically, since
H(Xe|Y%) < h(c) by (114) and (119), the medial-plus indices
are the ones that monopolarize. Thus, due to Proposition 49,
after the fast transform almost all of them will have a very
low Bhattacharyya parameter.

We set n = ny. To set Ly and My, we further call upon
Lemma 26. Namely, we set Ly = Ly, and take My > My, large
enough such that the fraction of medial-plus indices out of all
indices in our BST cascade is at least

|[med.{t}]]
N
We can do this due to the combination of (94) and (95), and
by recalling the observation following (95).

Up to this point, we have defined all the parameters of the

BST cascade: t, ¢, Ly, My, n. Recall that the sequence is formed

>1-h(c)-9¢". (120)

by increasing 7, and that 7 must satisfy a set of conditions
that we have yet to fully specify. For now, consider some #
large enough.

Using (92), let N = (2Lg + M())M6‘12”’ and denote

N =2" (121)
The total codelength is thus
A=N-N=(2Lo+Mo)Mi~ 2" - 2" (122)

We now define the set D as all indices k =i+ (j — 1)N,
1<i<N, 1< J < N such that the following conditions hold:
1) j € [med;:{r}], where we recall that [med,{t}] is the
medial—plps’ set for our (¢, c¢; Ly, My, n)-cascade of BSTs;
2) Zp < 27N where Zy =, and the process Z satisfies
(166) with equality instead of inequality, k = 2y (see
(116)), and we take B,,+; as the mth bit in the binary
representation of i.

Remark 9. Observe that if k € D, then for any s/o-process in
€, we have Z(Ux|UF1,¥}) < 2-N""This follows from the
second condition in the definition of D, which upper-bounds
the Bhattacharyya process for any s/o-process in C.

We now partition D into three disjoint sets, A, B, and C.

A= {k eD: K(U|UF") < K" }
B= {k eD: K(U|UF") > 1-2N }

~B ~ ~ ~B
C= {k eD: 27V <K(O|OFH) <1-27N }
where K is the total variation distance, see [26, Definition 3].
Thus,

IDI = |A] + (B[ +|C]|. (123)

Following the Honda-Yamamoto scheme [24], we take A as
the set of information indices.

Part I — Complexity

We have already discussed the decoding complexity of our
scheme in the beginning of this section, and showed that it is
O(]S|>A -log(A)). This is also the encoding complexity, since
encoding uses the successive cancellation trellis algorithm [16]
as well. This proves item 3 in the theorem statement.

Part Il — Error Probability

To upper-bound the probability of error, we will use the
union bound. For this, we will need a second condition on 7:
it is large enough such that

28 o Loowr,
T 2A

It is possible to satisfy (124) for all 7i large enough since
B’ > B by (117), N is fixed, and A = N - N by (122).

Recall that the input distribution is fixed over the set C.
Denote this input distribution by Pxi\' Since U{\ is the result

(124)

of a transform we have specified over X2, we denote the
corresponding distribution of 17{\ as PUIA.

The claim on the probability of error follows from [24]; for
completeness we show this directly here.

» We encode #i; sequentially.
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— If k € A, encode the next information bit into 7. We as- a Bernoulli(1/2) random variable; in (c) we used the

sume that the information bits are i.i.d. Bernoulli(1/2). equality 1/2 = (P(0la¥~") + P(1]a*~"))/2; in (d) we
- If k ¢ A, we draw #; according to a binary random used [14, Definition 3]; (e) follows from the definition of
variable with distribution PUklUlk—l (u|ﬁ’f‘1). A; ﬁnally, (f) is by (124).

o This results in a 12/1\ that is sampled from a distribution + Combining the above two bullets, we obtain

QUIA that is different from the distribution PUI/\. P <2 A/s.
« By Remark 9 and (124), had @} been sampled from Py, . ' .
the union bound would yield a total probability of error ~ INis proves item 2 in the theorem statement.

of at most 12_/\ FPart 1V — Rate
o We abuse notatlon and denote by P(u1 yl) the joint Our goal is to show that
probability of i u sampled from PUIA and y1 the resulting IA] > AR. (126)

channel output. Similarly, Q (i, y’l\) denotes this joint . )
probability if 12’1\ were sampled from Qpa. Under this The size of D is lower-bounded by
1
notation, from the previous bullet, we have (a)
.y IDI>N-(1-h(c)-6")-N-(1-¢")
. —N
AAZ P(ul’yl [Dec(yl) ?5 ] < 52 N (125) (g)[\(l—/’l(C)—(S)(l—(S)
ap,yf

(©
A(l = h(c) =26
where [-] is the Iverson notation [27, p. 11]: equal to 1 if > A( © )

d
the condition holds and to 0 otherwise, and ‘Dec’ is the <2)A(l - h*=3¢8)

successive cancellation decoder. (e) . ,
« The true probability of error of this scheme, i.e., under = A+ 1= 3(X,) - 367, (127)
Q, is given by where
P, = Z Q(ul ’yl [Dec(yl) +4 ] « (a) is by (120) and by (170) with 8 and 6’ in place of B
ahyh and ¢, recalling (116) and the discussion following (118).
3 « (b) is by (122).
N Z P(ul ’yl [Dec(yl ) # i ] o (c)issince &’ > 0. See (118), (115), and the text preceding
oy (115).
£ > (Q(ﬁ{‘,yq‘) —p@d,y» ) [Dec(yd) # ] () is by (119),
.y « (e) is by (113).

To lower-bound the size of A, we define the sets A’, B’, C’,
which are defined similarly to A, B, and C, but we do not
limit the indices k to be from D. That is,

IN

| Y N R
527+ 20 lea@t ) - P@y, yl,
/\A y{\

where the inequality is by (125), and since [-] < 1. g
« Following [24, eq. 57] (see also [28, Lemma 3.5]), we A = {1 <k<A: K(Uklﬁf_l) <27V },
can bound the second term above as

, S AR
Z |Q(ﬁ1A,y’1\) ul’yl)l B —{lSkSA.K(UHUI )>1-2 },
Py
sy
(a) . . ke
<ZZP( 1Y@ aa ™t - Paglat™h)|

’

OB A A B’
C’={lsk§A:2‘N <KUY <1-27V }

keA i Clearly, |B| < |B’| and |C| < |C’|, thus
® 1 ke
ZZP( 5 = P(aklay ‘)‘ B +[C| < |B| +[C|. (128)
kGA k 1 778 2
() ol i 1 We now prove that
= > > Py |Polayh - pah| , , /
keA k-1 B’ |+|C'| < A(1 = H(Xy) +26). (129)
Z K(U|OF") First, let us show that for 7 large enough,
keA
(@) ) N IC’| < AS". (130)
< |A[27
Al o Recall from Figure 10 that the transform consists of a
<A-27

1 concatenation of copies of BST cascades with fast transforms.
< oA , Specifically, for fixed 1 < j < N, all indices of the form

2 k=i+(-DN, 1<i< N belong to the same fast transform.
where in (a) we abused notation and used P and Q to We claim that for a fixed j there exists an 7 large enough such
denote Py, Qg or-15 and Py o1 3 in (b) we recalled that the fraction of such indices k belonging to C’ is at most &’.
from the topmost bullet that for k € A we draw il from Indeed, this follows from fast polarization results in [26]. To
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see this, first denote Zx = Z(Ux|UF"") and Ky = K(Ux|UF ).

From [26, (4a) and (4b)], if Zx < 2~N” then
Kp>1-27 >1-27N,

Combining the above with (28) in [26, Theorem 7] and the
first two displayed equations in the proof of [26, Theorem 13],
we see the claim.

Now, to see (130), note that since we have fixed N, the
number of possible indices j is finite. Hence, we take 71 as
being at least the maximum 7 over all such j. This yields
(130).

We now show that for 7i large enough,

IA'] > A (H(X,) —25"). (131)

Indeed, this follows by
AH(Xy)

@ & o 1 pk-1
< > HX X
k=1

O A ke
= > HUUF
k=1

= >THUOIUFY + D HOOT) + > HOUE
keA’ kebB’ keC’
© ’ Y o7 Tk— ’
<|A+ D HU O™ +|C]
keB’
(d) ’ N o17Tk—1 Y
<A+ D HUUT) +As
keB’
(C) ’ 4 ! ’
<|A'|+|B'|6" + A
< A+ A8+ A8
= |A’| +2A6,

where:

« (a) follows from [20, Theorem 4.2.2], which states that
the summands in the series are a non-increasing sequence
with limit H(X,).

« (b) follows since our overall transform is invertible.

« (c) follows since the summed entropies are upper bounded
by 1.

« (d) follows from (130).

« To see (e), we utilize [26, (4c)]. That is, the inequality

H(OUE) < \1 - (K(Ol0E1)2.

Since for every k € B’ we have K(l?klU{‘_l) > 12N ,
we can take N large enough such that H(ﬁklﬁf_l) <.
Rearranging yields (131).
Finally, to obtain (129), observe that

A=|A"1+|B|+|C].
Thus, using (131) we obtain
IB’| +|C'| < A(1 = H(Xy) +25"),

which is (129).

Having proved (129), we utilize (123) to conclude that
|Al = |D| - B[ - [C]
() , ,
> |D| - |B| - |C']
(b)
> D] = A(1 — H(Xy) +26")
(c)
S A +1 = H(X,) = 35") = A(1 = H(Xy) +25)

= A(I" =568
(g)A(I* ~5)
(;) AR,

where:

 (a) is by (128).

« (b) is by (129).
(c) is by (127).

e (d) is by (118).

« (e) is by (115).

Thus, the size of A is lower-bounded by R, proving item [
in the theorem statement, and completing the proof. [ ]

VII. HOw TO CONSTRUCT UNIVERSAL POLAR CODES

In this section, we explain how one would construct universal
polar codes in practice. Until this point, we have shown that a
set of processes with memory that satisfy certain conditions can
be decoded using a universal polar code. The code’s parameters
depend on these conditions and must be sufficiently large to
attain a specified coding rate and error probability. A naive
approach would be to set these parameters using Remark 7
and Section III-C. However, this might needlessly result in
an impracticably large codelength — recall Example 5 that
suggests a BST comprising of 40162 layers, whereas in fact
just 10 layers suffice.

In what follows, for simplicity, we consider a universal
transform whose slow stage is a single BST layer (i.e., a
cascade with ¢+ = 1 layers). Generalizing to cascades with
larger ¢ is straightforward.

In a practical application, the code is to be used over some
set of s/o-processes C. All processes in C share the same fixed
input distribution, which is known. We are further given a size
constraint on the codelength.

To continue, we first decide the code parameters:

o The parameters Ly and M, that respectively define the
number of lateral and medial indices in the first level of
the BST, see Section III-B.
o The number of levels of the BST, n. Thus, using Ly and
M, above, the length of each BST in the slow stage is
N = (2L0 + M()) -2,
o The number of levels of the fast transform, 7. Recall that
this also determines the number of copies of the BST in
the slow stage, N = 2",
With these parameters set, the codelength is given by A = N-N,
see (122). We can now construct the transform, but we must
still determine the frozen and non-frozen indices, and thus
set the code rate. To this end, we must supply some minimal
information on €. This information consists of a set of bounds



on the following parameters, which must hold for all processes
in C.
« Upper bound on H (X0|Y - Lo)
« Recalling (35), an upper bound
I(S13 Syl X[, ¥[°) and 1(Sy; Sp,|¥[).
« Upper bound ps,—> and lower bound ¢pz,—2, on ¢, —2
and ¢pg,—2, respectively, see Lemma 7.
« Upper bound /¢ on i, which by (116) leads to an upper
bound on «.

€r, on both

In step 1b of the construction below, it will become apparent
that we would like €7, to be close to 0 and both l/?MO_z and
P r1,-2 to be close to 1. This can be achieved by taking Lo and
My large enough. Next, we also must ensure that the fraction
of medial indices, @, in (18), is close to 1. Recalling Lemma 3,
this can be achieved by ensuring that My is sufficiently larger
than L.

The above set of bounds is the key to computing upper
bounds on the Bhattacharyya parameters of the s/o-pairs at the
last level of the overall universal transform. These are part of
what is required for determining the frozen set.

We must also take into consideration the fixed input process.
We employ the Honda-Yamamoto [24] scheme to this end.
Namely, we need to compute upper bounds on the total variation
of the s/o-pairs at the last level of the overall universal transform
for the input process. Practically, since the input process is
fixed and independent of the channel, Monte-Carlo simulation
may be used to obtain these bounds. These bounds, together
with the above bounds on Bhattacharyya parameters, are used
to determine the frozen set.

We now proceed via the following steps, which use the
notation of Figure 10. Further recall that G ; = (Flj_l, YN), see
Definition 4.

1) Compute upper bounds on the conditional entropies of the
s/o-pairs at the last level of each BST of the slow stage.
That is, for each 1 < j < N, compute upper bounds on
H(F;|Gj) =H(F; |F] h YN). Note that we have dropped
the index ¢, since all BSTs are copies of one another, and
we have assumed stationarity. This step consists of two
substeps.

a) For the first substep, we momentarily assume a block-
independent process regime (recall Section V- B) Usmg
Lemma 20 with the upper bound on H (X0|Y - io)
in place of J{, calculate upper bounds on H (F; |G /) (see
(67c)) for each medial index j. Recall from Lemma 13
that at each level m of the BST, the entropy of all
indices in [med_(m)] is identical and similarly the
entropy of all indices [med, (m)] is also identical. The
entropies of lateral indices are “stuck’ and do not evolve
further; at each level m of the transform two new lateral
indices are generated, one from [med-(m)] and one
from [med,(m)], so the bounds on their entropies stop
evolving and are simply taken from the previous level.

b) To remove the assumption from the previous substep,
we use Proposition 22. That is, to compute upper bounds
on H(F;|G j), we use (68a). To this end, we compute an
upper bound on &3, the right-hand side of (68a), using
the bounds on the parameters above. Namely, in (71)
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we set &1 « €z, -2" and &y « max{(Yp,-2)> — 1,1~
(amp-2)*"}, in line with (77) and (81), respectively.
Observe that g3 bounds the difference between the
results of this and the previous step; this difference
may be made small by suitably increasing Ly and M.

2) Compute upper bounds on the conditional entropies of
the s/o-pairs at the last level of each fast transform of

the slow stage, Z (Ut.(j) ‘ (Ui(,]))l’, ll,U] ! YN) for each
1<j<Nand1<i<N.We do this via the following
substeps.

a) Using [14, Lemma 1] on the result of step 1b, derive
upper bounds on the Bhattacharyya parameters of the
s/o-pairs entering the fast stage. That is, for each j, we
compute the upper bound

-1 -1
Z(F;|F{ 7 YN) < \JH(F;|F/7 ¥ N).

b) From these, use (166) from Appendix A and the upper
bound on « to derive upper bounds on the Bhattacharyya
parameters of the s/o-pairs at the last level of the fast
stage. That is, for each 1 < i < N and 1 < j <N,
these are upper bounds on

A(7 NN A i1 $
z (0] o).

For the next step, we use the upper bounds on both the
Bhattacharyya parameters and the total variations. That is,
upper bounds on:

R
(U(]) )(U(}))i =11,U{ aYIIV)’
K (00 [0 o).

3) Take the non-frozen indices as those for which the sum
of these upper bounds is small enough. That is, the word
error rate is upper-bounded by

Z ( (U(]) | (U(]))l, ll’U] 1 YN)

i,Jj

+K(Ul.(f>’(U},“)f;ﬁ,l?{“)),

where the sum is over the indices i, j for which U i(j ) is
non-frozen (contains an information bit).

Note that when the input distribution is uniform the total
variation is always 0, thus one may consider only the
sum of upper bounds on the Bhattacharyya parameter to
determine the non-frozen set. Accordingly, in this case,
the word error rate is upper-bounded by

(3 A(T) i ~io] 2
> z(09 | @i o r),
i,j

where, again, the summation is over indices #, j for which
Ul.(" ) is non-frozen.

Remark 10. In a process with memory, the parameter v is
typically greater than 1 (see the discussion following Lemma 7),
and thus « from (116) is greater than 2. Thus, the upper
bounds on the Bhattacharyya parameter may be non-informative
for many s/o-pairs, leading to very low rate codes. To see
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this, consider the Bhattacharyya recursion (166) used in step
2b: in half of the steps, the recursion leads to the bound
Zu+1 < kZ,. When « is large, the right-hand side may quickly
exceed 1, making this bound on the Bhattacharyya parameter
non-informative. In practice, we can do much better. In the fast
stage of the universal transform, we combine transformed s/o-
pairs from different BSTs. These BSTs are “far apart:” at the
beginning and end of each BST are enough lateral symbols that
are essentially a buffer that ensures forgetfulness “takes place.”
Hence, practically we may assume that the two transformed
s/o-pairs from different BSTs are independent and set o = 1
(or k = 2) in step 2b. This works well in practice, and we
have followed this strategy for our numerical results below.
The above heuristic can be made exact by adding an additional
small buffer of symbols between BSTs. That is, due to the
mixing property of FAIM processes, this buffer makes the
BSTs as close to independent as desired. By Lemma 7, the
mixing coefficients tend to 1 exponentially fast, so this buffer
is negligible compared to the BST blocklength, incurring a
vanishing rate loss.

We end this section by contrasting the construction of
universal polar codes described above to that of non-universal
polar codes. Here, by definition, we must construct the code
to work for a family of s/o-processes. Thus, we cannot follow
the process-specific technique described in [29].” Hence, we
resort to using the above bounding techniques. It is interesting
to note that for the universal setting, asymptotically (for large
enough blocklengths), the use of these bounds does not incur
a rate penalty. This is in contrast to non-universal polar codes.

VIII. NUMERICAL RESULTS

In this section, we provide simulation results for our universal
polar code. These are given in Figures 11 and 12. The universal
polar code was designed using the method in Section VII.
Namely, we selected the following code parameters:

e Lo=06 and M, =40,

en=>35,

e =1

Thus, the code length is
N-N = (2Lo + Mp) - 2" = 212992,

We chose the memoryless uniform input distribution. Our
code is to operate on two different Gilbert-Elliott channels
(see Example 8 in Appendix E). Indeed, the capacity-achieving
input distribution for these symmetric channels is uniform. The
Gilbert-Elliott channels have the following parameters:

1) Channel GE-one:

e crossover probability in good state: 0.01;
« crossover probability in bad state: 0.175;
« transition probability good state to bad state: 0.40;
« transition probability bad state to good state: 0.40.

2) Channel GE-two:
« crossover probability in good state: 0.01;
7In fact, since we are dealing with states, the effective alphabet for the

construction algorithm is non-binary, and we should have referred to [30] and
[31] as well.

« crossover probability in bad state: 0.170;
« transition probability good state to bad state: 0.60;
« transition probability bad state to good state: 0.55.

For these channels, we have the following bounds:

« HXolvhy ,X7) ) <045,

o €1, <7.39-107°,

o Uny-2 ® ¢ry—2 ~ 1 (recall that these parameters approach
1 exponentially fast with My, which we have set to 40),

o Yo <2.1.

From these bounds, in step 1b of Section VII one may compute:
£1=236-107% £, ~0, and g3 =4.73 - 1075.

We designed a set of universal polar codes using the
procedure in Section VII, with rates from 0.15 to 0.30.
Specifically, in line with Remark 10, we have taken ¢ as
1 in step 2b. The simulation results of these of codes on both
Gilbert-Elliott channels are shown in Figure 11. The decoding
of these codes was done using a list-decoder [25]. Indeed,
utilizing a larger list size for decoding improves the word error
rate considerably.

Observe that the codes may operate on additional channels
that satisfy the above bounds. Two examples are a BSC with
crossover probability 0.09, having capacity 0.44, and BEC with
erasure probability 0.45, having capacity 0.45. Both channels
are memoryless so they trivially satisfy the other bounds.
Simulation results of the same codes for these channels, again
using a list-decoder, are shown in Figure 12.

We wish to emphasize that the numerical results are far
better than the upper bounds on decoding error (step 3 in
the method of Section VII). Indeed, the upper bound (sum of
Bhattacharyya parameters of non-frozen indices) for rate 0.15
is 1.9 and the upper bound for rate 0.27 is 3960.41. Both are
non-informative and extremely pessimistic. When constructing
the codes, as non-frozen indices we have selected those with
the lowest upper bounds on the Bhattacharyya parameter.

IX. A CONTRACTION INEQUALITY

In this section we introduce a contraction inequality that will
be useful in proving a sufficient condition for forgetfulness in
Section X. To this end, we define a pseudo-metric d between
two nonnegative vectors that have the same support. We will
show that if a matrix M satisfies a certain property called
subrectangularity, then it has a parameter (M) < 1 such that
d(x™M,y"™M) < 1(M)d(x,y).

This section invariably contains a large number of indices.
For tractability, we adhere to the following notational conven-
tion in this section. Indices i and k denote indices of rows of
matrix M, and indices j, [ denote indices of columns of matrix
M. Additionally, throughout this section, we implicitly assume
that in any product of two matrices or a vector and a matrix,
their dimensions match to enable forming these products.

Recall that the support o (x) of a vector x is the set of its
nonzero indices. That is, o(x) = {i | x; # 0}. The following
pseudo-metric [32, Chapter 3.1], [33, Section 2] is defined for
nonnegative vectors with the same support.
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Fig. 11. Word error rate of a universal polar code of length 212992, used on
two different Gilbert-Elliott channels: GE-one, in solid blue (—); and GE-two,
in dashed red (- -). We use a list-decoder for the decoding, employing list
sizes L=1(x), L=2(0), L=4(0), L=8(4), and L =16 (*).
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Fig. 12. Word error rate of the same universal polar code as in Figure 11,
used on two additional channels: BEC, in solid blue (—); and BSC, in dashed
red (- -). Again, we use a list-decoder for the decoding, employing list sizes
L=1(x),L=2(0),L=4(0), L=8(4),and L =16 (*).
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Fig. 13. An illustration of a subrectangular matrix. Each of the small squares
is an element of the matrix. The white squares contain zeros, whereas the
filled squares contain positive values. Elements (M); ; and (M) ;, denoted
with diagonal lines (E2 and B respectively), are nonzero. Therefore, elements
(M);,; and (M), denoted with a crosshatch (E2), are also nonzero. In fact,
any matrix element in the support of a subrectangular matrix is nonzero.

Definition 13 (Projective distance). Let X, y be two nonnegative
nonzero vectors such that o-(x) = o-(y). The projective distance
d between the two vectors is
Xilv:
n ilYi
xi/yi

chomax 90 (3

d(x,y) £ max 1 .
(¥ jlea(x) xi/y;

jlea(x)
For row vectors we define d(x',y’) = d(x,y). If x=y =0,
we define d(x,y) = 0.

The projective distance is usually defined for positive vectors.
Our definition generalizes it slightly for nonnegative vectors,
provided they have the same support. In other words, we may
assume that the (joint) zero indices of x and y are deleted
before computing this distance. The projective distance is a
pseudo-metric [32, Exercise 3.1]: it satisfies all of the properties
of a metric over the nonnegative quadrant, with the exception
that d(x,y) = 0 if and only if x = ¢y for some ¢ > 0.

The concept of a subrectangular matrix was introduced
in [19] for square nonnegative matrices. However, it is easily ex-
tended to arbitrary nonnegative matrices. In this work, therefore,
a subrectangular matrix need not be square. Subrectangularity
will play a key role in the contraction inequality we develop.

Definition 14 (Subrectangular matrix). A nonnegative matrix
M is called subrectangular if (M); ; # 0 and (M), ; # 0 implies
that (M); ; # 0 and (M) ; # 0.

We illustrate a subrectangular matrix in Figure 13. To better
understand the meaning of this concept, in the following lemma
we introduce equivalent characterizations of a subrectangular
matrix. To this end, we remind the reader that a nonzero row
(column) of a matrix contains at least one nonzero element,
and that for a matrix M we denote its set of nonzero rows by
N;(M) and its set of nonzero columns by N.(M).

Lemma 32. Let M be a nonnegative matrix. The following
are equivalent:

1) The matrix M is subrectangular.
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2) If M contains a zero element, either the entire row
containing it or the entire column containing it are all
zeros:

(M); ;=0 & i gN:(M) or j ¢ Ne(M).  (133)
3) The matrix M satisfies
(M);,; #0 & i € Ny(M) and j € No(M).  (134)

Proof: The second and third characterizations are clearly
equivalent. Hence, it suffices to show that 1 = 2 and 3 = 1.
1 = 2: Assume to the contrary that M is subrectangular
but (133) is not satisfied. That is, there exist i, j such that
(M);,; =0 and i € N (M), j € N.(M). Since row i and column
J of M are not all zeros, there exist &,/ such that (M); ; #0
and (M)g ; # 0. By subrectangularity of M, (M); ; must also
be nonzero, a contradiction.

3 = 1: Assume that (134) holds. If M is an all-zero matrix,
or has just a single nonzero row (column), then M is obviously
subrectangular. Assume, therefore, that M has at least two
nonzero rows and at least two nonzero columns. That is, there
exist (i, j), (k,I) such that (M); ; # 0 and (M) ; # 0. Thus,
by (134), i,k € N;(M) and j,! € N¢(M). Then, a second of
use of (134) implies that (M); ; # 0 and (M) ; # 0. Therefore,
M is subrectangular. [ |

Observe from (133) that if M is subrectangular and M’ is
obtained from M by multiplying some of its rows or columns by
0, then M’ is also subrectangular. Similarly, if M”" is obtained
from M by deleting some of its rows or columns, then M" is
also subrectangular. In particular, (134) implies that the matrix
formed by deleting all of the all-zero rows and columns of M
is positive — it contains only positive elements.

Lemma 33. If M is a nonzero subrectangular matrix and X,y
are nonnegative vectors such that ||XTM||1 > 0and ”yTMH1 >0,
then o (xIM) = o (y'M) and o (Mx) = o(My).

We remark that this lemma holds even if o(x) # o(y).
In particular, it implies that if M is subrectangular and x,y
are arbitrary nonnegative vectors such that x’M and y’M are
nonzero, then d(x’ M, y'M) is well-defined.

Proof: 1t suffices to prove the claim that o(x'M) =
o (y'M), for the second claim follows by noting that M is
subrectangular if and only if M7 is subrectangular. Without
loss of generality, we may assume that M does not have all-
zero rows. For, if it had such rows, we could remove them
and delete the corresponding indices from x and y without
affecting any of the values involved. This implies, by (133),
that any column of M is either all positive or all zeros. Thus,
for any nonnegative and nonzero vector z, we have (z' M); = 0
if and only if column i of M is an all-zero column. The claim
follows since both x and y are nonnegative and nonzero. M

The following corollary was stated as [19, Proposition 6.1]
without proof. We provide a short proof.

Corollary 34. If M is a subrectangular matrix and T, T’ are
some other nonnegative matrices (not necessarily subrectangu-
lar), then TM and MT’ are subrectangular.

Proof: The case where either matrix is the zero matrix
is trivial, so we assume they are both nonzero. It suffices to

consider the case TM, since that transpose of a subrectangular
matrix remains subrectangular. By Lemma 33, every row of
TM is either all-zeros, or has the same support as the other
nonzero rows of TM. This implies, by (134), that TM is
subrectangular. [ ]

We remark that a converse to Corollary 34 does not hold.
That is, if a product of two nonnegative matrices is subrectan-
gular, this does not imply that either of them is subrectangular.
For example, if we denote by * an arbitrary positive value in a
matrix, then T1, T, below are not subrectangular whereas their

product T;T, is:
* 0 * % * %
N

We now introduce a parameter that plays a key role in the
contraction inequalities we develop. To this end, recall that the
support o-(M) of a matrix M is the set of index pairs

T =

o(M) ={G /) | i € Ne(M), j € Ne(M)}.
By (134), if M is subrectangular and (i,j) € o(M) then
(M)i’j > 0.

Definition 15 (Birkhoff contraction coefficient). Let M be a
nonnegative matrix. Its Birkhoff contraction coefficient (M)
is defined as follows.

o If M is subrectangular and nonzero, then
d(x"M,y"M)
d(x,y)

o If M is the zero matrix, then 7(M) = 0.
« If M is not subrectangular, then 7(M) = 1.

(M) £ sup

x>0, y>0

(135)

By Lemma 33 and the positivity of x and y, the numerator
of (135) is well-defined. That is, x’ M and y”M have the same
support. The denominator of (135) is also well-defined, as x
and y are positive and thus have the same support as well.
Finally, to ensure that the ratio in (135) is well-defined, we use
the convention 0/0 = 0. Observe that the supremum in (135)
is obtained for x # ¢y for ¢ > 0.

The Birkhoff contraction coefficient [32, Chapter 3], [34]
is usually defined for matrices with no all-zero columns. We
generalize here the definition slightly to apply also to matrices
with columns that are all-zeros. In light of Definition 13
and Lemma 33, the Birkhoff contraction coefficient of a matrix
with some all-zero columns is simply the Birkhoff contraction
coefficient of the matrix obtained by deleting its all-zero
columns. We note in passing that

(M) = 7(MT), (136)

since d(x'M,y"M) = d(MTx, MTy).
The following theorem is a restatement of [
(see [34, Theorem 1.1] for an alternative proof).

, Section 3.4]

Theorem 35. If M is subrectangular and nonzero, then

_1-+ve¢M)

(M) =
1 ++/¢(M)

<1,



where

(M);,; (M)

min VTV
i.keN: (M), (M); 1 (M) ;
JLEN (M)

(M) £ > 0. (137)

Since M is subrectangular and nonzero, all index pairs on
the right-hand side of (137) are in the support of M, by which
¢(M) > 0. In other words, the Birkhoff contraction coefficient
of a subrectangular matrix is the Birkhoff contraction coefficient
of the positive matrix obtained by deleting all of its all-zero
rows and columns. The proofs of this theorem in [32, Section
3.4] and [34, Theorem 1.1] assume no all-zero columns in M.
However, as explained after Definition 15, they hold without
change for our slightly generalized definition of the Birkhoff
contraction coefficient.

By Definition 15 and Theorem 35, if x and y are positive
vectors and M is subrectangular, then

d(x™M,y"M) < 1(M)d(x, y).

We now show that this holds in the more general case, where
x and y are nonnegative vectors with the same support.

Corollary 36. If x,y are nonnegative vectors such that o(x) =

o (y) and M is subrectangular, then
d(x™™, y"M) < 7(M)d(x,y). (138)

Proof: The claim is trivial if x =y = 0. If x, y are positive,
the claim follows from Definition 15 and Theorem 35. So, we

assume that x and y are nonzero but have some zero elements.

Denote by X, ¥ the vectors formed from x,y by deleting their
zero elements, and by M the matrix formed from M by deleting
the rows corresponding to these indices. The resulting vectors
are positive and the resulting matrix remains subrectangular.
Therefore,

d(x™™,y"M) = d(x"M, 5" M)
<t(M)d(.5) = 1(M)d(x.y).

Finally, observe that (1—+/x)/(1++/x) is a decreasing function
of x when x > 0; this is easily seen by computing its derivative,
—(vx(1++/x)%) L. Since M is formed from M by deleting rows,
#(M) > ¢(M). Thus, we must have (M) < (M), which
completes the proof. [ |
In the following lemma we prove an inequality, adapted
from the proof of [33, Lemma 5], that is useful in the sequel.

Lemma 37. Let a; >0, 8; > 0, and y; > 0 for all i. Assume
that y; > 0 for some i. Then,

min i _ 2 Vil <
i Pi o ZiviBi i Pi
Proof: Denoting p; = a;/B;, we have
2 Yi%i _ ZiYiBipi _ 3 YiBi pi=Sbipr,
2 YiPBi 2 YiBi — 2 YilBr ;
where 6; > 0 for all i and }; 6; = 1. That is, the ratio on the
left-hand side is a convex combination of the ratios p;. Hence,
it is lower-bounded by min; p; and upper-bounded by max; p;,
as required. ]
Armed with the above inequality, we can prove the following
important property of the Birkhoff contraction coefficient.

(139)
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Lemma 38. Ler M be a subrectangular matrix and let T be a
nonnegative matrix. Then,

T(TM) < 7(M).
If, in addition, T is subrectangular then

7(TM) < ()T (M). (140)
Remark 11. Two remarks are in order. First, we note that (140)
is adapted from [32, equation 3.7]. Second, there is nothing
special about the ordering of the subrectangular and nonnegative
matrix in the lemma. In particular, if the product TM is replaced
with the product MT everywhere, the lemma holds unchanged.
Indeed, by (136), 7(TM) = 7((TM)T) = ¢(MTTT) and M is
subrectangular if and only if M7 is subrectangular.

Proof: There is nothing to prove if TM = 0, so we assume
that TM is nonzero.

By Corollary 34, TM is subrectangular. For the first
claim, let ig, kg € N (TM) and jo,lp € N (TM) achieve
the minimum in (137); that is, be such that ¢(TM) =
((TM)ig, o (TM)i,1) / ((TM)i,1, (TM) iy jy). - Thus, by (134),
(i0, jo), (ko,lo) € o(TM). This implies that jo,ly € N(M)
— otherwise, for example, we would have (TM); ; =
S (Diy,r (M), j, = 0, which contradicts (io, jo) € o(TM).

Hence,

(TM)io,j() (TM)k()Jo
(TM)ioJo (TM)ko,jo
2 (Miy.i (M), %(T)ko,k(M)k,lo

T =M Mgy Z (Mo e M)y
D MiiMyigy D Mgk (M),

N, (M) keN-(M)
D MMy D (Mo (M) s,
ieN: (M) keN; (M)
(a) . (M)i,jo(M)k,lo
> min ———
i,keN (M) (M)i,lo(M)k,jo
(b) . (M);,; (M)
> min ——————>
i keN:(M) (M); 1 (M) ;
FIEN. (M)

=¢(M),

where (a) is by the left-hand inequality of (139), used twice and
since jo, lp € N.(M) and the subrectangularity of M; and in (b)
we minimize over a set of indices that contains jo, [o. Having
established ¢(TM) > ¢(M) and, since (1 — vx)/(1 + x)
is a decreasing function of x for x > 0 (see the proof of
Corollary 36), we conclude that 7(TM) < 7(M).

For the second claim, if T, M are both subrectangular, then
for any positive x,y we have o (x' T) = o-(y’ T) and repeated
applications of (138) yield

$(TM) =

dxTTM,yITM) = d((x' T)M, (y' T)M)
< T(M)d(XTT, yTT)
<t(M)r(Md(x,y).

Thus, by (135), 7(TM) < 7(T)7(M). [ ]
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Applying Lemma 38 to a product of m subrectangular
matrices My, M,, ..., M,,, we obtain

m

MMy -+~ M,) < [ [r(Mo).

=1

(141)

Corollary 36 required that x,y both have the same support.
For the cases where x and y have different supports, we have
the following lemma.

Lemma 39. Let M be subrectangular and let T be an arbitrary
nonnegative matrix. Then, for any two nonnegative vectors X
and 'y such that ||XTTM||1 > 0 and ||yTTM||1 > 0,

1+T(M))

T(M) (142)

d(x"TM,y'TM) < 41n (
Since M is subrectangular, 7(M) < 1, which implies that the
right-hand side of (142) is finite.
Proof: There is nothing to prove if TM = 0, so we assume
that TM is nonzero. By Corollary 34, M = TM is subrectangular.
Fix any ip € N;(M). Such an ip must exist because M
is subrectangular and x'M is nonzero by assumption. By
Lemma 33, and subrectangularity of M,
o(efM) = o (x"M) = Nc(M). (143)
By the symmetry and triangle inequality properties of the
projective distance [32, Exercise 3.1],

d(x"™M,y"M) < d(e;l\?I,XTN/I) + d(eZI\N/I,yTI\N/I).

Thus, by Lemma 38 and since In((1+x)/(1—x)) is monotone
increasing for 0 < x < 1, (142) will follow if we show that

d(eiTol\7|,xT|\~/|) < ln( 1~ ) =2In (L(IYI)) ,
$(M) 1-7(M)

where ¢ is defined in (137). The right-hand equality follows
directly from Theorem 35, so we concentrate on proving the
inequality.

For any j € Ne(M) denote

b= (e£|\7l)j _ (M)io.)
TN D> (M
keN; (M)

The denominator is positive by (143), so p; is well-defined.
Now, for j, 1 € N.(M),

> x (M)

Pj _ keN (W) (Mg,
P DM (M)
keN; (M)
® max. Myer My,
keN(M) (M) ;o (M)
(b) M M);.
< max w max (~)’j, (144)
keN:(M) (M)g,j ieN: (W) (M);

where (a) is by Lemma 37 and in (b) we maximize over a set
that contains i.

Hence, recalling the definition of the projective dis-
tance, (132),

bi

d(e%M,xTM) =In max
JLeN(M) PI

(a) (M) j (M)
<ln max —————-
i,keN: (M), (M); 1 (M),
JLeN(M)
® ( 1 )
=In|—— .
(M)
where (a) is by (144) and (b) follows from the definition of
¢ in (137). This completes the proof. [ ]

The following proposition and the corollary that follows are
a generalization of ideas from [18, Theorem 2].

Proposition 40. Ler M{,M,,...,M,,, T be a sequence of
square nonzero nonnegative matrices, such that My are
subrectangular for all 1 < € < m, and let X,y be two
nonnegative nonzero vectors. Denote
)~(T = XTMl,
§h=y'M,,
M;Sf = Mr . Mr+l T MSa
If [[x"M7T||, > 0 and |[y"M?T||, > 0, then
Ml
Iy M [
Proof: Since ||XTM’1”T||] > 0, we conclude that XTMSI' is
nonzero for any 1 < s < m, and the same holds if we replace

x with y. Thus, the left-hand side of (145) is well-defined. We
will show that

(||XTM’1"TI|1 ™l
(R M e P
The right-hand side is well-defined since, by Corollary 34, M:
is subrectangular for any 1 < r < s < m and by Lemma 33.
Then, as o (X) = o (§) by Lemma 33, (145) will follow from
Corollary 36 and (141).

Denote J = (X" M) = o (57 M) = N(M5), where the
equalities are by Lemma 33 and subrectangularity. By the
right-hand inequality of (139),

Iy, _ 57w,

(S P e U
_ Sies - (FTMY) max F" M5,
C Sies - (RTMIY), T ges (RTMY),

r<s.

In

) <dX,§) - ﬁ T(Mg).  (145)
=2

) < dE"MFL§TMY.

Next, denote by ¢; = H(T)j,;“1 the sum of the jth row of
T. Since T is nonzero, t; > 0 for some j. Thus, a second
application of the right-hand inequality of (139) yields

"M, Sjest - RTME); o ZME);
IyIMPTl Zjerty - FTMZY; T e (3TMEY);
Combining, we obtain

Tl

Iy, [

&M ; /(7MY
< max — — .
jies (XTMZY), /(FTME?),




Taking the logarithm of both sides, the right-hand side becomes
d(X"MZ', §"M7"), which completes the proof. [

Combining the above results we obtain the following
corollary.

Corollary 41. Let My, My, ..., M,, be a sequence of square
nonzero subrectangular matrices, and let T, as well as
T1,Ta, ..., Ty be arbitrary square nonnegative and nonzero
matrices. Denote

R=TiMT,M;---T,,M,,.

Then, for any two nonnegative nonzero vectors X,y such that
”XTRT”l > 0 and ||yTF{T||l > 0 we have

[T DALY (12t
v, IRl = T

[ Tr(Me).(146)

=2

Proof: The claim follows from Corollary 34, Lemmas 38
and 39, and Proposition 40. [ |
Observe that (146) remains true if we replace ‘In” with ‘log’.

Discussion. Our Proposition 40 and Corollary 41 generalize [ 18,
Theorem 2] in several ways. In [18, Theorem 2], the matrices
My, ..., M,,, T are all strictly positive. Each matrix corresponds
to an observation of a hidden Markov model (A,, B;,), where
the (i, j) item of the matrix that corresponds to observation
b € B is the probability that A,,+; = j and B, = b given
that A, =i. In particular, [18, Theorem 2] assumes that every
observation b € B can be emitted from the same number of
states a € A,% and that it is possible to transition between any
two states of A in one step. In this work, however, we are
not confined to such assumptions. Our formulation allows for
each observation to originate from a different number of states.
Moreover, our formulation does not assume that one can move
from every state of A to every other state of A in one step.

X. HIDDEN MARKOV MODELS THAT FORGET THEIR
INITIAL STATE

In this section we show that hidden Markov models that
satisfy a mild requirement forget their initial state. Specifically,
we will consider the mutual information between the state at
time n+ 1 and the model’s initial state given the observations in
between. The contraction inequality of Section IX will enable
us to show that this mutual information vanishes with n. This
enables us to obtain a sufficient condition — Condition K —
for forgetfulness. The development in this section is based on
the techniques of [19].

A. Hidden Markov Models

A hidden Markov model (HMM) is a process (A, By),
where A, € A is a Markov chain and B,, € B is an observation
that is a function of A,. The alphabets A and B are assumed
finite. Without loss of generality, A = {1,2,...,|A|} and B =
{1,2,...,|B]|}. A detailed description of the setting we consider
follows.

8We note that the authors of [18] claim that this assumption can be relaxed
with an appropriate extension, but they omit it and its derivation.
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Let A,, n € Z be a homogeneous Markov process assuming
values in some finite alphabet A. Denote by p(j|i) its transition
probability function, which is independent of the time index n.
That is,

pUl) =P (A, = jlAp-1 =1), i,j€A.
The |A| X |A| transition probability matrix M of the Markov
chain is defined by

(M)i,j =p(jli), i,j €A

This is a stochastic matrix: (M); ; > 0 for all i, j € A and
for any i, ¥;(M); ; = 1. We assume that the process A,
is aperiodic and irreducible (in some literature such Markov
chains are called regular). That is, we assume that the matrix
M is aperiodic and irreducible (see, e.g., [22, Proposition 4.1]).
This implies [22, Theorems 1.9 and 4.2] that the process has
a unique stationary distribution zr, which is positive.

Let f: A — B be a deterministic function. For simplicity,
we assume that B is finite. An observation of A, is B,, = f(A,).
Denote, for any set B C B,

fYB)={ieA|f(i)=b, b e B}.

Then, P (B, =b) = P(A, € f~'(b)). We assume that B
contains only observations that actually appear, that is, B =
{b|f(@@i) =b,i € A}.

The process (A;, B,) described above is called a hidden
Markov model. We summarize this in the following definition.

Definition 16 (Hidden Markov model). Let A, be a homo-
geneous Markov process taking values in A with transition
probability matrix M, which is aperiodic and irreducible. Let
f : A — B be a deterministic function, and let B, = f(A,).
The process (A, B,) is called a hidden Markov model.
Additionally, we use the following terminology:

o A, is the state of the process,
o B, is the observation of the process.

Typically, multiple states would have the same observation.
That is, for b € B, the set f~'(b) typically contains multiple
elements. The actual state of the process is hidden, and the
observation provides only partial information on the state.

The restriction to a deterministic function f, rather than a
probabilistic one, seemingly presents a limitation. However,
in appendix E we show that there is no loss of generality
in assuming that f is deterministic. That is, we show that
the deterministic and probabilistic settings are equivalent. We
emphasize that taking the viewpoint of deterministic f is done
for convenience and to facilitate the derivation that follows.
In particular, in our setting of a FAIM process, (S,, Xu, V),
without loss of generality one may assume that (X,,,Y,) is a
deterministic function of the state S,,.

The following notation, taken from [
Define the matrices M(b), b € B, by

M(b)). = {p(jw), it () =b

], will be useful.

) (147)
0, otherwise.
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In words, (M(b)); ; is the probability of transitioning from
state i € A to state j € A and observing b € B after having
arrived at state j. That is,

(M(b))i,j =P(A,=j,By,=blA_1 =1).
For a sequence of observations b$, r < s, we denote
M(55) £ M(B)M(bya1) - - M(b).

We call 7(M(b3)) the Birkhoff contraction coefficient induced
by the sequence b;.

The matrices M(b) are nonzero and substochastic — they
are nonnegative with unequal row sums, all less than or equal
to 1. We can reconstruct M from them using

M= M(b).
b

Example 8 in appendix E shows the matrix M and its
decomposition to matrices M(b) for a specific channel with
memory.

We also define for any a € A the matrix I, by

La)i,j = { N

0, otherwise.

ifi=j=a

This matrix has a single nonzero element: ‘1’ on the diagonal,
at the (a, a) position.

The process (A,, B,,) is completely characterized by the
matrices M(b), b € B, and its initial distribution. We assume
that the process is stationary, so its initial distribution is 7, its
unique stationary distribution. Thus, (xr); =P (49 =) and

P(Bi=bi)= >, P(A =j,Bi=b))

jeA

= > P(A1=j,Bi=bilAg=i)P(Ag = 1)
i,jeA

= [=" M@0,

Moreover, the probability of observing the sequence b is given
by [19, Lemma 2.1]

P (B} = b}) = [[x"M®D)],
= [*"MBOM(B2) - - M(B,)]|, -
Similarly, for any a € A,

P(Ax=a,B} =b}) = (x"M(b}))a = ||x"M(D})1a]|, .

(148)

and
P (Ans1 = a, B} = b7) = (xa" M(b!)M),,
= |[="M(bT)ML,
= [="™MBDTal),
where we denoted for any a € A,
T £ MI,.
When P (B? = b?) > 0 we further have by (148) and (149),
P (A1 = a,B} = bq’)
P (B} = b})
_ H”TM(b?)Ta“1
™Mol

(149)

P (Ansr = alB] = b]) =

(150)

This is well-defined because if P (B} =b") > 0 then the
denominator on the right-hand side of (150) must also be
positive.

Let us now consider the case where the initial state of
the process is known. In this case, P (B; = bi|Ag = ap) =
|’e£oM(bl)”1~ Similar to the above, we obtain

P (B} = b}|Ao = ao) = [lef, M(®])]|, .

e, M) T
P(An+1 = alBY = b}, Ay =a0) = >
oot =B 20080200 = e o],

provided that the probability in (151) is positive.

In (148)—(152), we have computed probabilities for particular
realizations of Ay, Bq’ and A,.;. Generally, however, these are
random variables. They are jointly generated as follows. First,
draw Ag according to &r. Then, at time n, draw A,, according
to the A,,_th row of M and compute B, = f(A,).

These random variables give rise to the random vari-
ables P (A41|B") and P (A,41|BY, Ag), obtained by plugging
An+1, B, and Ag for a, b, and ag respectively in the right-hand
sides of (150) and (152). They are well-defined with probability
1. In other words, we can always compute their values via (150)
and (152); with probability 0 will the denominators on the right-
hand sides of these equations equal 0. These random variables
are of interest because

(151)

(152)

I(Ag: Apsi|BY) = E 1ogP(A"“|B?’A°) (153)
05 1 = o
e P (Aps1|BY)
Using (150) and (152) we write this as
I(AO;An+1|Bl]1)
“eT M(Bn)TA TM n
A 1 n+l T B
=E |log 0 L H ( 1)”1 (154)
||7TTM(B?)TAn+1”1 el M(B")

As above, the argument of the expectation is well-defined with
probability 1.

The Markov chain A, is finite-state, irreducible, and aperi-
odic. A classic result on such Markov chains [22, Theorem
4.3], [35, Theorem 8.9], which harks back to the days of A.
A. Markov [36], is that the chain approaches its stationary
distribution exponentially fast, regardless of its initial state. In
particular, this implies that 7(Ag; A,+1) — 0 as n — oo. By the
Markov property we also have 1(Ag; An+1|AY) = 0. Our setting,
however, is a hidden Markov setting, and we will be interested
in whether I(Ag; Ap41| B?) — 0. In general, the answer to this
is negative — even when A, is finite-state, aperiodic, and
irreducible — see Example 3 in Section V-A, above.’

Our goal in the next subsection is to show that under a
certain Condition K, I(Ag; A,+1 |B;’) — 0 as n — oo. This will
employ (146), which bounds expressions of a form similar to
the argument of the expectation in (154).

Remark 12. An expression similar to (153) was pointed out
in [18, Equation 3.7], in the proof of [18, Theorem 2]. There,
the goal was to show that I(A();Bn|B?_l) — 0. This was

9Where the state is A,, = S, and the observation is B, = Y,. It can be
shown [19, Section 10] that this HMM does not satisfy Condition K.



done under a restrictive assumption that transitions between
any two states in one step may happen with strictly positive
probability. When put in our notation, this implies that the
matrices M(b), b € B, contain only two types of columns:
strictly positive columns and zero columns.'” In this case,
the matrices M(b) are all subrectangular, so their Birkhoff
contraction coefficients are strictly less than 1; this allows one
to use (146) directly (with T, =T for all £) and obtain that
the mutual information indeed vanishes as n grows. In this
paper, we alleviate this restrictive assumption, and allow for
a more general scenario where the individual matrices M(b)
may also be not subrectangular. We further remark that, by the
data processing inequality (2), /(Ao; An+1|B}) — O implies
that 1(Ao; Bn+1 |B?) — 0.

B. Forgetting the Initial State

We now show that under the following Condition K (so
named in honor of Prof. Thomas Kaijser who had first suggested
it in [19]), the mutual information /(Ag; Ap+1|BY) vanishes
with n.

Condition K. The HMM (A, B,) is characterized by matrices
M(b), b € B such that:

1) The matrix M = X, M(b) is aperiodic and irreducible.

2) There exists an ordered sequence pBi,832,...,0; of
clements of B such that the matrix M(B)) =
M(B1)M(B2) - - - M(B;) is nonzero and subrectangular.

The following are all examples where it is easy to check by
inspection that Condition K is satisfied:

« the transition matrix M is positive (or, more generally,
subrectangular);

« there exists an observation B8 for which M(B) has just a
single column;

« there exists an observation 8 for which M(p) is subrect-
angular.

Generally, though, inspection may not suffice to declare that
Condition K is satisfied.

Remark 13. The ability of a hidden Markov model to “forget”
its initial state has also been studied under somewhat weaker
assumptions than Condition K. The interested reader is invited
to consult [37], [38]. It may be possible to generalize the results
of this paper to processes that satisfy these weaker assumptions
and do not satisfy Condition K. We leave such endeavors to
future work.

Theorem 42. Suppose the HMM (A,,, B,,) satisfies Condition K.
Then, for every € > 0 there exists an integer A such that if
n > A then

I(Ap; Aps1|BY) < €.

The proof is given in the next subsection, and will follow
from Proposition 47, which provides a characterization of the
rate at which the mutual information vanishes. The idea is
to use techniques similar to the ones used in the study of

10The assumption of [18] is that M is positive. Since M(b) is comprised
of columns of M and zero columns, any nonzero column of M(b) must be
positive.
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recurrence times of Markov chains. Namely, we bound the
probability that in a long sequence of observations there will be
sufficient non-overlapping occurrences of sequences that induce
a Birkhoff contraction coefficient below a certain threshold.
Armed with this bound, we employ Corollary 41 in (154) to
obtain an upper bound on the mutual information.

Example 6. Let A, be a finite-state Markov chain with
irreducible and aperiodic transition probability matrix M.
Consider the case of no observations: B, = 0 regardless of
A,. In this case, M(0) = M and Condition K is satisfied,
as there exists ko such that MX > 0 [32, Theorem 1.4].
Therefore, by Theorem 42, we have I(Ag;Ay+1) — O as
n — oo. As mentioned above, this is a well-known result
for finite-state, irreducible, and aperiodic Markov chains. We
note in passing that there exist other information-theoretic
proofs that I(Ag; A,+1) — 0 as n — oo, see, e.g., [39].

Corollary 43. Suppose the HMM (A,, B,,) satisfies Condi-
tion K. Then, for every € > O there exists an integer A such
that if n > A then

I(A1; An|B)) < €. (155)

and

I(Ag; An|BY) < e. (156)

Proof: The conditions of Theorem 42 are satisfied. Let A
be such that I(Al;A,,|B§"1) < € for any n > A.
We first show (155). Recall that B; is a function of A;
for any j. Thus, for any n > A, I(Ay, B;An, BBy Y) =
I(Al;An|B£’_1) < €. Therefore,

€ > I(A1, Bi; A, By|By )
= I(B1; Ap, Bn| B ") + 1(A1; B, |BT™") + I(Ar; An|BY).

Since mutual information is nonnegative, each of the summands
on the right-hand side is upper-bounded by e. This yields (155).
To see (156), since Ag - (A1, B}) - A,, we use (2) and
obtain
I(AO;An|B’11) < [(Al;AnlB?) < e,

as required. [ ]
We remark that under the same conditions as Corollary 43
we also obtain /(Ay; B,|B}™') < € and I(Ag; Bu|B!™!) < e.
Consider a Markov chain A,, and two HMMs it induces,
(An, By) and (A,, Cy), where B, = f(A,) and C, = g(By),
for some deterministic functions f, g. It is somewhat surprising,
but even if one of the HMMs satisfies Condition K, it does not
imply that the other one does. See Example 4 in Section V.!!
Suppose that both HMMs satisfy Condition K. Then, by
Corollary 43, for every € > 0 there exists an integer A such
that if n > A then I(A1;A,|BY) < € and I(A1; A4|CT) < €.

Example 7. Let (S,,X,,Y,;) be a FAIM process. This is
an HMM with state A, = (S,, X,,Y,). Clearly, there exist
functions f, g such that (X,,,Y,) = f(S,) and Y, = g(X,, Yy).
Therefore, both (A, (X,,Y,)) and (A,,Y,) are HMMs. If each
of the HMMs (A,,, (X,,Y,)) and (A, Y,) satisfies Condition K
then (155) holds with B, = (X,,,Y,) or B, =Y, for any n. In

Taking A,, = Sn, Bn = (X, Yn), and Cp, = Y,,.
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particular, for any € > O there exists an integer A such that for
any k > 1 we have

I(S1; SkIXF. Y] < e,
I(S1; Sk|Yf) < e

In other words, Condition K is a sufficient condition for
forgetfulness.

C. Proof of Theorem 42

The goal of this subsection is to prove Theorem 42. To this
end, we make the following definition.

Definition 17 ((ny, 64, 7x)-KHMM). Let n, be a positive
integer, and 64, 7« € [0,1). The HMM (A,,, B,,) is called an
(nx, 0, Tx)-KHMM if it satisfies

P (T(M(B?*)) < TulAo=ag) > 1 —0x,

Vag e A. (157)

In words, the HMM has a probability at least (1 — dx) of
emitting by time n, an observation sequence that induces a
Birkhoff contraction coefficient at most 7y, regardless of its
initial state.

We say that an HMM is a KHMM if it is an (714, 64, Tx)-
KHMM for some (714, 0x, Tx).

Observe that if (A, By,) is an (14, 64, 7x)-KHMM and n, <
n,, 0x < 0, and 7, < 7, then (A,, B,) is also an (n, %, T})-
KHMM.

In Lemma 44, adapted from [19, Lemma 8.2], we show that
if an HMM satisfies Condition K, then it is also a KHMM
for some (714, 0%, Tx). This is because Condition K ensures the
existence of one sequence that induces a Birkhoff contraction
coefficient less than 1 (a “good” sequence). However, the
HMM may very well have many “good” sequences, possibly
shorter. Thus, a given HMM that satisfies Condition K may
be an (ny, 0%, T«)-KHMM for many different combinations of
Ny, 0%, Tx. Since the bounds we develop are dependent on the
values of ny, 04, T, it is worthwhile to seek the combination
that yield the best bound.

Lemma 44. If the HMM (A,,, B;,) satisfies Condition K then
there exist a positive integer ny and constants 0, < 1 and
0 < 7w < 1 such that (157) is satisfied.

Proof: By Condition K there exist positive integers ko, lo
and numbers yg > 0 and 0 < 7, < 1 such that

1) For any i,j € A, (MX); ; > y,. This follows from M
being aperiodic and irreducible, so some power of it must
be strictly positive [32, Theorem 1.4].

2) For some sequence ,Bi" of elements of B, the matrix M(ﬁll‘))
is nonzero and subrectangular. Existence of such sequences
is guaranteed by Condition K. We denote 7, = T(M(Bllo)).
Since M([g’ll“) is subrectangular, 0 < 7, < 1.

Denote by A’ the set of states that can lead to f~!(83;) and
then emit the observation sequence ﬁlo,

A = {a €A | I M(5)

1>0}.

That is, there is positive probability that the next [y observations
after any state in A’ is the word ,8110. Since Condition K is
satisfied, A’ is not empty, so that

> 0.

. T lo
ap = min ||e; M
0 ace A’ || a (ﬁl ) 1

We claim that (157) is satisfied with n, = ko + [p and
0« =1 —agyp < 1. Indeed, for any ag € A,

P((M(B}")) < 7 |40 = ao)

@) ko+lo

>P (T(M(BkOH ) < 74 |40 = ao)

®) Ko+l i

> P (B = B7]Ao = ao)

= > (Bl = 8, 41, = aay = ao)
aceA

P (B = YAk, = a) - P (4, = aldo = o)
aceA’

@

= > EEMEBD)| - (MR 4.
aceA’ 1

= @Yo,

where (a) is by Corollary 34 and Lemma 38, (b) is by
Condition K, (c) is by the Markov property, and (d) is by (151).
|

Let us now define the random variables Ni(7), k > 1, by

Ni(7) = min{n : 7(M(BY})) < 7},

Ni41(7) = min{n : T(M(B%i:?)) <7},

k>1.

That is, the random variable N;(7) is the time of the first
occurrence of a sequence that induces a Birkhoff contraction
coefficient 7 or less. In other words, N (7) is the smallest value
of n such that M(BY) is a subrectangular matrix with Birkhoff
contraction coefficient 7 or less. Similarly, the random variable
Ni(7) is the gap between the (k — 1)th and kth occurrences
of such sequences.

The following lemma and corollary are adapted from [19,
Lemma 8.3], which was stated in [19] without proof.

Lemma 45. Let (A,, By,) be an (ny, 6%, Tx)-KHMM. If 64 > 0,
there exist y > 0 and 0 < p < 1 such that for any positive
integer ny,

P(Ni(t%) =2 ny | Ag=ap) <yp™, VageA.  (158)

Proof: Let Tp = 1 and denote, for any positive integer k,

the random variable T} = T(M(Blf"*)). Observe that, by (157),
P (T) < 14|Ag = ag) = 1 — 6, for any ag € A.

We now show that for any positive integer &, and any ag € A,

P (Tk > 7w | Tko1 > 7w, Ag = ag) < 04 (159)



We will demonstrate this for k = 2, as the proof for all other
values of k is the same. For any ag € A,

IF)(TZ < Ty | T; >T*,A()=a())

=P (T(M(B%"*)) <t | T > 10, Ag = ao)
Op (rveB2,

nx+l1

= ZP (T(M(Bf::l)) < Tu,Ap, =a | T > 14, Ap = 00)

)<t | T >T*,A0=ao)

O 5 M) < =e] e

ODSVP(T <7 | Ap = a) pla)

(@)

> 1 — 6.
where (a) is because, by Lemma 38, if 7(M(B}))
7% then 7(M(B})) < 74 in (b) we denoted p(a)
P (A,, =al|Ty > 7a, Ag = ao); (c) is by the Markov property;
and (d) is by (157). Rearranging yields (159). We remark
that (159) is also true without conditioning on {Tx_1 > Tx}.

Thus,

P (Tk > T4|Ag = ao)
=P (Tx > tlTr-1 > 7%, Ao = ag) - P (Tk—1 > T%|Ao = ao)
+ P (Ti > 1 |Ti—1 < T, Ao = ag) - P (Tr—1 < 7%|Ao = ao)

I IA

(a)

ZP (T > 14|Tio1 > o, Ag = ag) - P (Th_y > Tl Ag = ap)
(b)

< 04P (Ti—1 > T4|Ap = ap),

where (a) is by Lemma 38, by which the second summand in
the first equality must be 0, and (b) is by (159). We conclude
that for any integer k£ and any ag € A,

P (Ni(74) > knu|Ag = ag) = P (T > 74| Ao = ag) < 6X.

Hence, for any positive integer n; (not necessarily a multiple
of ny) and any ag € A,

P(NI(T*) > }’lllAO = ao) < 6:1/”*71.

Rearranging, this yields
1 ny
P (N (1%) > ni]Ag = ag) < 5 (51*/ K
*

Thus, we obtain (158) with v = 1/6, and p = 61/"*. To
complete the proof, observe that 0 < p < 1 since 0 < 6, < 1.
|

We imposed d, > 0 in Lemma 45 because this is the more
interesting case. Clearly, Lemma 45 also holds when d, =0,
albeit with different y, p. However, we can do better in this
case. Namely, if 6, = 0 for some n,, this implies that at time
n, the sequence of observations is ensured to induce Birkhoff
contraction coefficient less than 7,. In this case, we can obtain
a much simpler bound on the mutual information. We will
return to this point in the proof of Theorem 42.

The upper bound in (158) is independent of ay. Therefore,
whenever (A, B,,) is an (7, 0%, Tx)-KHMM and 64 > 0, we
conclude that

P (N1(7%) 2 np) < yp™'.
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More generally, we have the following corollary.

Corollary 46. Let (A, B,) be an (ny, 6x, Tx)-KHMM with
O0x > 0. Then, there exist y > 0 and 0 < p < 1 such that for

any positive integers ni, na, ..., Ry,

P (Ni(14) = n1,No(1%) = 12, ..., Npu(74) = nypy)
< ympn1+n2+~~~+nm.

Proof: For brevity, we denote Ny = N (74). Since

(160)

P(Ny >ni,Ny=ny,...,Npyp > n,)

m
=[ [P (Nk = nkIN; 2 mi, i < k),
k=1

(160) will follow if P (Ng = ng|N; = n;, i <k) < yp"*.
Indeed, for any k we have
]P)(Nk > ng|N; = ni, i <k)
= > P (Nk > ng, An,_, = alN; > n;, i < k)
a

= > P (Nk > nilAn,_, =a) P (An,_, = alN; > n;, i < k)

QSUP Ny > neldo = a) P (Aw, , = alN; = n, i < k)

(b)
< '}’pnk Z]P (ANk—l = dINi >n;, I < k)
a

=yp"™,
where (a) is by definition of Ny and (b) is by (158). [ |

Proposition 47. Let (A, B,) be an (ny, 6x, x)-KHMM with
04 > 0. Denote

1
y=—, a=vy-log|Al, p=61/"*<1.
O
Then, for any m < n we have
I+t n)™
1<A0;An+]|B'f>s4log(1 ) 7o
Ik

p"161)

Proof: Observe that the right-hand side of (160) depends
only on the sum n; +ny + -+ + n,,, and not the values of
the individual values of ny. Denote by p(n,m) the number
of positive integer m-tuples (ny,ny,...,n,) such that n =
ny +ny +---+n,, where each integer ny > 1. In [40, p. 38],
it is shown that p(n,m) = (~}). Thus, by (160),

P (i Ni(14) = n) < p(n,myy™p"
k=1

Next, consider the matrix product M(B''). We wish to count,
in this product, the number of non-overlapping occurrences of
contiguous sequences of matrices whose product has Birkhoff
contraction coefficient at most 7,. This is accomplished by the
integer-valued random variable

D, = D,(74) = max {m : Zm]Nk(T*) < n} .
k=1
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From the above discussion,

P(D, <m)=

m+1
:IP’(Z Ni(ti) 2 n+ 1)

P(D,<m+1)

k=1
(nY)m n+l
m! P
Recall from (154) that I(Ag; Ap+1|BY) = E
have denoted, for brevity,

(162)

[J], where we

|5 MBDTan] armcal
™ B T n
[Z"MB) T a0l Hegol\/l(Bl) 1

n+l 1

J £ log

This is a conditional mutual information. In particular, for any
fixed sequence b we have

0 < I(Ag; Aps1|B} = b7) =E [J|B} = b}] < log|Al, (163)
where the inequalities are due to the properties of mutual
information — it is nonnegative and upper-bounded by the
logarithm of the alphabet size. The random variable D, is
a function of B} — given any realization b of BY, we can

compute the value of D,, precisely. For any m < n,

E [J|D, > m|P(D, > m)

= >, E[IB! =b}|P(B] = b})
b D, >m
S E[nBy =P (B =b])
b?:Dn2m+1
b
? 410 ( ! ”*) o (164)
I—T*

where (a) is because D, is integer valued and (b) is by
Lemma 38 and Corollary 41. Moreover,

E[J|D, £ m]|P (D, <m)

= 2, E[By=b]]P (B} =
b’f:DnSm

bY)

()
Llog|Al-P (D, < m)

(nY)m n+l1
m! P

(b)
<log|A|-y (165)

where (a) is by the right-hand inequality of (163) and (b) is
by (162).
Thus, for any m < n we have by (164) and (165),

I(Ap; Aps1|BY) =E [J]
=E[J|D,>m]P(D, >m)+E[J|D, <m]|P(D, <m)

1
Slog( T ) "+ (y - log |A]) - ( 7/)
1- Tx
Denoting a =y - log |A| completes the proof. ]

Remark 14. We note in passing that, if desired, one can set
m = 6n in (161) and obtain an upper bound that vanishes with
n, provided that 8 is sufficiently small. To this end, we use
the inequality m! > (m/e)™, see [

, p- 52]. We set m = 6n,

and upper-bound the second summand in the right-hand side
of (161) to obtain

m n
a(l’l'}’) pn+1 < ap- (p (E)Q)
m! 0

The right-hand side of the above inequality vanishes with n for
small enough 6. To see this, observe that limgy_,o(ye/6)¢ = 1,'?
so we are ensured that if @ is small enough, p - (ye/6)? < 1.

That said, taking m = 6n might not be the best strategy
for minimizing n in the right-hand side of (161). A different
strategy is outlined in the proof of Theorem 42.

We are now ready to prove Theorem 42.
Proof of Theorem 42: By Lemma 44, (A,, B,) is an
(Mses Ox, Tx)-KHMM for some 7y, 04, Tx. Let

Case 1: If 6, =0 then at time A = (m + 1)n, the sequence
Bf can be divided into m + 1 contiguous sequences of length
n4, each inducing a Birkhoff contraction coefficient less than
T,. Therefore, using Corollary 41 we obtain that in this case
for any n > A,

1(Ao; n+1|B")<410g( +T*)T1"S

Tx

l\)lm

Case 2: In the general case, 6, > 0 and we turn to
Proposition 47. For m fixed as above, we set A as the smallest
integer greater than or equal to m such that for any n > 1 we
have

CZ()/n)mpn+l - €
m! -2

where y = 1/6,, @ =y - log [A], and p = §1/™. Such A exists
since m is fixed and p < 1. For this m and any n > A, the
right-hand side of (161) is upper-bounded by €. [ ]

Discussion. The upper bound in Proposition 47 is generally
quite loose. We only count non-overlapping occurrences
of “good” sequences, known to have Birkhoff contraction
coefficient less than some 7, with lengths that are multiples of
some n,. There may actually be many other subsequences —
possibly shorter — that induce Birkhoff contraction coefficients
less than 1, and we ignore those. Moreover, most occurrences
of “good” sequences appear as the suffix of longer sequences.
By Lemma 38, the induced Birkhoff contraction coefficient of
these longer sequences will be smaller than that of the “good”
sequences. Moreover, the values of y and p are conservative.

A given KHMM may be associated with many combinations
of (14, 0%, Tx). Thus, one needs to carefully select the right
combination of these parameters to minimize A in Theorem 42.
A more refined analysis, that considers a KHMM for which
multiple combinations (74, 04, Tx) are known may yield better
bounds.

21ndeed, since (1/0)¢ = ¢?(1/8) and by continuity of the exponential
function at 0, it suffices to show that limg_,9 61n(1/6) = 0. This, in turn,
holds by L’Hopital’s rule: limg_o 6 1n(1/6) = limg_oln(1/0)/(1/0) =
limg—o(~1/6)/(~1/6%) = limg—o 6 = 0.



Nevertheless, even with this loose bound, we are able
to ensure that the desired mutual information vanishes for
sufficiently large A. In practice, for a given process, the mutual
information will be below the desired threshold much earlier
than promised in Proposition 47.

APPENDIX A
PROOF OF FAST POLARIZATION

In the fast stage of our construction, Arikan polar codes
are designed based on recursive upper bounds on distribution
parameters, such as the Bhattacharyya parameter. In this
appendix we show that this procedure leads to fast polarization
universally. Fast polarization results are usually of the flavor:
“if the polar code length is large enough, then fast polarization is
obtained.” This “large enough” length is related to the process
for which the polar code is designed. In a universal setting,
however, we must design the fast stage before knowing which
process the code is to be used for. We show that it is indeed
possible to determine this length regardless of the process. This
is afforded because the slow stage is (7, £, H)-monopolarizing.

Fast polarization is the phenomenon described in the follow-
ing lemma. To keep the discussion focused, we present it for a
special case of binary polar codes based on Arikan’s kernel.

Lemma 48 ([3], [6], [41]). Let By, Ba, ... be independent and
identically distributed random variables with P(B; = 0) =
P(B; = 1) = 1/2. Let Zy,Zy, ... be a [0, 1]-valued random
process such that

Z%, Bna =0,

Zn+1SK' nZO,

166
Zn, Bn+l = 1’ ( )

where k > 1. If Z,, converges almost surely to a {0, 1}-valued
random variable Zs, then for every 0 < 8 < 1/2, we have

lim P (zn < 2*2"‘*) P (Zs=0).

n—oo

(167)

Fast polarization was first stated and proved in [3]. It was
later generalized by Sasoglu (see, e.g., [0, Lemma 4.2]). A
simpler proof of a stronger result'® for the general case can
be found in [41]. Our fast polarization result is based on the
proof of [41].

For example, Z,, might be the Bhattacharyya parameter of a
randomly-selected polarized s/o-pair (tantamount to a synthetic
channel, in a channel-coding setting), which is an upper-bound
on the probability of error of estimating the symbol from
its observation. In the memoryless case, the recursion (166)
for the Bhattacharyya parameter with x = 2 was established
in [2, Proposition 5]. Under memory, (166) was shown in [13,
Theorem 2], with

Kk = 2y, (168)

where ¢ is a mixing parameter of the process; mixing
parameters are defined in Lemma 7. Thus, the Bhattacharyya
parameter polarizes fast to 0 with or without memory.

Bn which (167) is replaced with lim,, e P(V1 > ng, Z, < 272"y =
P(Zw = 0).
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The proof in [4 1] establishes (167) by showing that for every
0 > 0 there exists an ng such that

P(Zoo=0)—6s]P’(Vn2no, Zn g2—2"") <P (Zs=0).

The magnitude of ny depends on two factors: the almost-sure
convergence of Z, to Z. and the law of large numbers. The
latter is independent of the process, but the former one is not.
The proof utilizes the almost-sure convergence of Z,, only for
the following consequence. Recalling that Z, converges almost
surely to a {0, 1}-valued random variable, for any ¢, > 0 and
04 > 0 there must be an n, such that

P(Z, < €4) > P(Zo =0) =64, Vn > ng. (169)

We reiterate that n, is process-dependent.

In our universal setting, the fast polarization stage occurs
after the slow polarization stage. Specifically, it operates on s/o-
pairs whose conditional entropy — and thus also Bhattacharyya
parameter'* — is universally smaller than 7, which can be set
as small as desired.'> The ability to set 5 as small as desired is
the key to obtaining universal fast polarization results. Namely,
we prove the following proposition.

Proposition 49. Let By, B>, . .. be independent and identically
distributed random variables with P(B; = 0) =P(B; = 1) =
1/2. Let Zy,Zy,... be a [0, 1]-valued random process that
satisfies (166) for some k > 1. Fix 0 < 8 < 1/2. Then, for
every 6 > 0 there exist n > 0 and ngy such that if Zo < n then

P (zn <272 forall n > no) >1-6.  (170)

Crucially, n and ng depend on the process Z, only through
k. Inspection of the proof of [41] reveals that Proposition 49
will be true once it is shown that for any €, > 0 and ¢’ > 0
there exists n, such that

P(Z,<e, foralln>n,) >21-6". (171)

The crux of our proof will be to show that we can set n > 0
and n, such that the above holds. We will need an auxiliary
result, Corollary 51, which follows from Lemma 50, introduced
and proved below.

Remark 15. Our statement of Proposition 49 is for a fast
polarization stage based on Arikan’s kernel. This is done for
the sake of simplicity. However, the lemma holds true for the
more general case of other kernels. The key technical tool in
the proof, Lemma 50, is stated in a general manner, enabling
its use for other kernels without change.

14See [14, Lemma 1] for relationships between the Bhattacharyya parameter
and the conditional entropy.

I>More generally, fast polarization of high-entropy indices may also be of
interest, e.g., in source-coding applications. The universal stage also provides
us with s/o-pairs whose conditional entropy is as close to 1 as desired. Due
to forgetfulness (see the proof of Lemma 23, stopping short of the last
inequality, (f)), this is true also when conditioning on the boundary states,
by taking Ly large enough. Under memory, fast polarization of high-entropy
s/o-pairs is obtained through boundary-state-informed parameters, namely the
total variation distance (see [14]). It was shown in [14, Proposition 12] that
the boundary-state-informed total variation distance undergoes a recursion
similar to (166). The required connections between the boundary-state-informed
conditional entropy and the boundary-state-informed total variation distance
can be found in [14, equation (4c)].
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Let 71,73, ... be a sequence of independent and identically
distributed (i.i.d.) random variables. Denote by T a random
variable distributed according to the same distribution as each
of the random variables 7;, i € N. We assume that 7' is bounded;
in particular, there exist positive reals a, b > 0 such that

-b<T<a,
and for every € > 0, P(T > a—€) > 0. We further assume that
U=E[T] <0. (172)

We define the random walk

an_z

n
i=1

T;, neN.

For every a > 0, define the events
Aq(n) ={J, = a for some m < n}

and
Aq ={Jm = a for some m € N}.

Observe that A, (n) € Ag(n+1) and U | Ay(n) = Ag, so
that by continuity of measure [35, Theorem 2.1],

P(Aq) = nlglgo]P) (Aa(n)). (173)

We denote by A¢, the complementary event to A,. That is,
AS, = {Jn < a for all n € N}. We then have the following
lemma.

Lemma 50. There exists r > 0 such that for any a > 0,

P(Ay) <e 7. (174)
Moreover, for any 0 <y <1 and n € N,
2
P(J, <n(l—y)u) > 1-e2(G5)". (175)

Since pu < 0 by (172) and 0 < y < 1 by assumption, then
n(l —y)u < 0 in (175). We will see in Corollary 51 below
that Lemma 50 implies that for any negative threshold, there
exists n, € N and @ > 0 such that with probability arbitrarily
close to 1, J,, drops below that threshold for every n > n,
and never (for any n € N) visits above @. This will be key to
obtaining (171).

Proof: The proof combines two inequalities: (174) is
essentially the Lundberg inequality [42, equation 15] and
for (175) we call upon the Hoeffding inequality [43, Theorem

2]. Since the proof of the Lundberg inequality in [42] is for the
continuous-time case, we provide a proof for the discrete-time
case, adapted from the proof of [42].
Denote by g(s) the moment-generating function of 7. That
is,
g(s)=E [eST] .

The expectation is well-defined as e*7 is a non-negative random

variable [35, equation 15.3]. Since T is bounded by assumption,
g(s) < oo for any s € R; hence, g(s) is continuous over R,
see [44, Theorem 9.3.3]. Observe that g(0) = 1 and, by [35,
equation 21.23] and (172), g’(0) = E [T] < 0. Thus, g(s) is

decreasing at s = 0, so g(s) < 1 for s small enough. On the
other hand, by assumption on 7,

pEP(T>a/2)=FE[1{T > a/2}] >0,
where 1{-} is an indicator random variable. Thus,
gls) = E [eST -{T > a/2}] > 542p.

In particular, if s > (2/a)In(1/p), then g(s) > 1. Since g(s)
is continuous, there exists s > 0 such that g(s) = 1. Thus, we
define

r2 max {s ' E [eST] = 1} . (176)

For the r found above, denote
- n
Jy=e"n = l_[ el
i=1

We claim that J,,, n € N, is a martingale. Indeed, since the T;
are independent,

E [jn|fm, m <n] =E [erT" Tt | s m <n]
= ~n—1E [erT,,]
= n—1»,

where the last equality is by definition of r, (176). Define the
(possibly infinite) stopping time

T=inf{n:J, > a}.

Then, by [45, Section 10.9], the stopped process
. J,, T>n,
]n/\‘r £ { ~
Jry T<n

is also a martingale, and
E [Junc] =E [/1] = 1.

Observe that for any n € N, we have P(A,(n)) = P(r < n).
Thus,

1= ]E [-in/\‘l']
= E [Jurelr < n] - P (Aq(n))

+E [Junclt > n] - (1 —P(Aa(n)))

B [Junelr < n] P (Aa(n)

YR [JelJr 2 .7 < 0] P(Aa(n)
=E [e""|J; > a,7 < n] P (Aq(n))

Q erop (A, () .

where (a) is because J,,r > 0, (b) is by definition of 7 and
of June, and (c) is because r > 0 by definition. Rearranging,
we obtain that for any n € N,

P(Aa(n)) <e .
Thus, by (173),
P(Aq) = lim P(Aq(n)) <™.

This completes the proof of (174).



To prove (175), recall that by the Hoeffding inequality [43,
Theorem 2], for any # > 0 we have

P(J, > n(u+1) < e (@)

In particular, for any 0 < v < 1, we may choose ¢ = y|u| =
—yu > 0 to obtain

P(n<n(l=y)u)=1=-Pn = n(u+ylu))
> 1-e (3% ’
This completes the proof. ]

Corollary 51. Under the same setting as in Lemma 50, for
any ng 20, « >0, and 0 <y <1 we have

P ({¥Yn = ng, Jn < na(1=y)u} NAS)

-1
51— (1 _6—2(317,)2) e 2ma(FE) _pra (177
Proof: Note that
P(Vn > ng, Jn <na(1—7y)p)
= P( () {Un < na(1 —7)/1})
n=ng
> IP’( () I <n(1 —7)#})
n=ng
:1—P(U{Jn 2”(1—7)#})
(2)1 - Z e 235 ’
1 2
=1-|———— | @), a7
1-e 235

where (a) is by (175) and the union bound. Observing that

P(Vn = ng, J, <n(l =y)u)
=P{VYn=ngy, Jy <n(l=y)u} NAg)
+P ({¥n > ng, Jun <n(1 —y)u} NAS)
<P(Ae) +P({V¥n = ng, Jy <n(1—y)u}nAS),

we obtain

P ({Vn = ng, Ju < n(1 —y)u}n.AS)
2P (Vnzng, Jn <n(l-y)u) -P(Aq).

Combining this inequality with (174) and (178) yields (177)
and completes the proof. ]

Proof of Proposition 49: By inspection of the proof
of [41], the lemma will be true once we show that for any
€, > 0 and ¢’ > 0 there exist n, and n such that if Zy < n,
then (171) holds. Thus, we fix €, > 0 and &’ > 0, and work
toward this goal.

Let the process Zg, Zi, . .. be defined as

Z()IIIIZ(),

_ 27, +Ink, Bpa =0,

Tpey = 4 on TG P n=0. (179
Z, +Ink, By =1,
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Then, by (166), InZ, < Z, for any n. Therefore, (171) will
be true once we show that there exists n, and 1 such that if
Zo = Inp, then

P(Z, <Ing, foralln>n,) >1-0".
Fix

0<¢<1/k? (180)

such that Zy < In¢ < 0. Since Zy = Iny by assumption, and
since we may set n7 as small as desired, we can ensure that
this is possible. We then have, by (166),

7 < {Zo+ln/<+1n§, B, =0,

Z()+1nK, B, =1.

If, further, Z; < In¢ then the above inequality holds when
7, and Zy are replaced with Z, and Z;, respectively. More
generally, we define the process J,, n € N, by

J() ZZO =]1‘1T],

Jor1 =Jy + Ty, n 20,

where

Ink+In¢, B, =0,
T, =
Ink, B, =1,

If J; <In¢ for all i < n, then Z,, < J,,.

Recall that By, By, . .. is a sequence of i.i.d. random variables
with P(B; = 0) = P(B; = 1) = 1/2 for any i. Thus, 7, T, . . . is
a sequence of i.i.d. random variables. Denoting by T a random
variable distributed according to their common distribution, we
have P(T =1Ink) = P(T =Ink+1n{) = 1/2. In particular, T is
bounded:

_ln(i)z—bSTSazan.
K¢

Both a and b are positive by (180) and since « > 1 by
assumption. By definition, for any € > 0, P(T > a —¢€) >
P(T = a) = 1/2. Moreover, by (180),

u=E[T] = %m(;ﬁg) <0.

Consequently, Corollary 51 holds for the random walk J,,—Jy =
2?21 T;, neN.
Let r > 0 be the largest positive solution of the equation
(k)" +«"
E rT —
jerr] = L

Such r exists, as shown in the proof of Lemma 50. Denote for
brevity

=1. (181)

u
a+bl’

L

By Corollary 51, for any 0 <y < 1 and n, > 0 we have

P ({Vl’l > ng, Jn —Jo < ng(1—=y)u} OAC_]O_HH{)

(@)
D (v 2 s Ju < Jo = na(1=plul} 1A, )
> 1 _ (1 _ 6—27262)—16—2na7292 _ e—r(—Jo+ln§)’ (182)

where (a) is because u < 0.
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Observe that since J, = Jy + Zf‘zl T; we have

‘AC—J0+1n( = {Z T; < —Jo+1Inl for all n € N}

i=1
={J, <In{ for all n € N}.

C

“Jing W€ have Z,, < J, for

Consequently, under the event A
any n. Hence,

P (V0 2 na, T < Jo = na(1=Plul} 1A 0 )

lower-bounds the probability that Z, < Jo+n,(1—y)u for all
n2zng.

Recall that Jy = Zy = Ing. It remains to set n and n, such
that Inn <1In¢, Jo —ny(1 —y)|u| < Ine,, and the right-hand
side of (182) exceeds 1 — ¢’. Below we show one selection of
n and n,. Observe that there is freedom in this selection, and
generally it is desirable to find small n, and large . We leave
such optimization for future work.

We first set the parameters y and {. We take y = 1/2 and { =
1/(2«). In this case, |u| = (In2)/2 and 6 = In2/(21n(2«?)).
Further, our plan is to split ¢’ equally among the two subtracted
terms on the right-hand side of (182). We stress that these are
arbitrary choices, and in practice should be optimized. We plug
{ into (181) and compute r, the largest positive solution of
K"+ (2k)7" = 2.

Next, we set Jy so that e~ (~/0+In&) < 57 /2 one choice is
Jo =1InZ + 11In(6’/2). Observe that indeed Jy = Inn < In¢
since ¢’ < 1 (there is nothing to prove if 6’ > 1). We thus take

A\ 1/
e = L 6_ .
262\ 2

We set n, large enough such that both Jo—n,|u|/2 < Ine, and
(1— e 2*6%)=1-21a7"0% < 5/ /2 That is, n, = [n,], where

n. = max 4 (Jo—Ine,) 2ln 2
a= n2"° P2 \s (1= )]

7]:

For the above 1 and n,, P(Z, <Ine, for all n > ny) > 1-¢".

Thus, (171) holds, and the proof is complete. [ |

The parameters n, and 1 found in the above proof depend
on the process Z, only through «. Thus, they universally apply
to any process for which (166) holds. In particular, one can
set in advance a universal length N for the polar code in the
fast stage.

The values of n, and n are not optimized in the above proof,
and the actual required length of the fast stage is expected
to be shorter in practice. When designing a universal polar
code, one can try out several small values of 7 and numerically
run the recursion (179) until Z, is sufficiently small for most
indices. The above proof implies that if 7 is small enough and
we run the recursion for sufficiently long, we are ensured that
most indices will polarize fast.

APPENDIX B
AUXILIARY PROOFS FOR SECTION V-A
We denote T; = (X;,Y;), j € Z, with realization ¢;, and
TI{/IV = (XN, YY) with realization tAI\/’I. For brevity, we denote
Prn = Py (ty;), and similarly Pg, = Psy (sn).

So SL Sm SN

— N _ N N
TIL - (XL’YIL) TM+1 - (XM+1’YM+1)

Fig. 14. Two blocks of a FAIM process, not necessarily of the same length.
The state Sy, just before the first block, assumes value a € 8. The final state
of the first block, Sy, assumes value b € 8. The state Sps, just before the
second block, assumes value ¢ € 8. The final state of the second block, Sy,
assumes value d € S.

Proof of Lemma 7: Although (34a) was already proved
in [14, Lemma 5], we provide a proof here for completeness.
We will prove that (34) holds with

P(S()ZS,SkZO')

max , k>0,

pe=1" P(S‘)lz )P Sk =0) (183)
m§lX m, k =0

and
. P(So=5,S=0)

min , k>0,

b =50 P(So=5)P (St =0) (184)
0, k=0.

Recall that by stationarity, Ps, = Pg, for any k. Further,
observe that by Bayes’ law,
IED(S() =S,Sk =0’) _ P(Sk =O'|S() :s)
P(So=s)P(Sx=0)  P(Si=0)

To prove (34), we first consider the case M > L. Denote by
a,b,c,d the values of states So, Sr, Sp, and Sy, respectively
(see Figure 14). Then,

Progn =D Prigm on
M

M+ JRER TRy a8
L+l
= ; le PTIL,TKI,TAIZ+1,SN|S0PS()
I 4
= Z ; PTﬁH,SN|SMPT£11,SM|SLPT1L,SL\S()PSO
tli;fz, M

= 22 Py swisw | 20 Pt swise | PrescisoPso
t}i;c, M
a

= Z PTg+1,SN|5M PSMlsLPTlL’SLls(’PSO
d,c,

b:a
Psyis
= >\ P~ Psy —22LPre g 15, P
TN SNISm” Sm TL.SL1S0" S0
e M+l PSM 1
b,a

(a)
SYm-L (Z PTA’)I’+1,SN|SMPSM)
d,c

= _PrLPynN
Ym-L T " Ty

Z PT,L,SL|SOPSO
b,a



where (a) follows from the definition of . This shows (34a).
To see (34b) we follow the exact steps above up to just before
inequality (a), and proceed with

Progn 2 dm-L (dZ Pry  snisuPsm bZPTlL,SUSOPSU)
»C ,a

= ¢M7LPT1L PT1C1]+1 ’
Again, the inequality follows from the definition of ¢.

For the case M = L, we need only establish (34a), as (34b)
is trivially true for M = L. Again, a and d represent the values
of states Sp and Sy. Both b and b’ represent values of state
Sr; this distinction is to distinguish the summation variables
of two different sums over values of S7.. Thus,

St
P L N = P N _P L P
Tl ’TL+1 Z TL+1’SN‘SL PS Tl SelSo So
a,b, L
d

< WO Z PTN SN‘SLPSL
d,b

L+1”

’ Z PT{‘,SLISOPSO
b’,a

=voPriPry s
where the inequality is by the definition of Y and because
Prisiisy < 2br Pris sy .
o see that that ¥, is nonincreasing, observe that for any
s,0 €8:

Psyr.50(0.8) = D Psy 150 (0la) - P, s, (a, 5)

ae8

<Yk Z Ps,, 1s.(ola) - Ps, (a)Ps,(s)

aes
= kaSka,l (O—)PSO(S)'

Therefore, we must have Y41 < Y. The proof that ¢ is
nondecreasing is similar, with “< ;" replaced with “> ¢;”.

Finally, the asymptotic properties of ¢ and i are due to
S; being an aperiodic and irreducible stationary finite-state
Markov chain. For in this case there exist y < 1 and 0 < @ < o0
such that for any s,o € § and k > 0,

|Ps,150(0]8) = Ps, ()] < e - ¥,

see [22, Theorem 4.3] for a proof. Rearranging and observing
that ¢ < co, we obtain that
I[D(So = S,Sk = O')
P(So=s)P(Sk=0)
Hence, both ¥, and ¢, must tend to 1 exponentially fast as
k — oo. ]
Proof of Lemma 8: We will prove (37b). The proof
of (37a) is identical, with the replacement of Y? with X5, v’
throughout for any a and b.
The process (S;, X;,Y;), j € Z is FAIM, so it satisfies the
Markov property (33). The proof follows from the following
chain of inequalities.

1| <yo-a -y —>o0.

k—0o0

(a)
I(S1;SaYh) = I(S1; (YK, SV
= I(S YR VY + 1(S1:SmlY])

(b)
> 1(S1; Sm|YF)

(c)
> 1(S¢3 Sml¥E).
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We now justify the inequalities:
o (a) is by (2), noting that since m > k > 1 > 1, (33)
implies

S o= (S4, Y o (Y5, Sm)s

« (b) is because mutual information is nonnegative;
« (c) is by (2), noting that since ¢ < 1, (33) implies

Sm = (S1,YF) <S¢

(observe that this is a Markov chain in reverse order of
time).

This completes the proof. [ ]

Proof of Lemma 9: The FAIM process is forgetful, so
we let A be the e-recollection of the process. For this 4, (35)
is satisfied.

By the chain rule for mutual information,

I1(So: S—. SklX 2}, Y",)
= 1(So; Sk|X =} Y™) + 1(So; S—k| X7}, Y™, Sk).  (185)

We will upper-bound each of the terms on the right-hand side
of (185) by e, yielding the desired result.
For any m, ¢, k such that min{m, {} > k > 1 we have

(a)
€ > 1(So; Sk|Yy)
®) m k
> 1(So; (Sr, Y DIYY)
= 1(S0; Y1, 1Y5) + 1(So; Sk|Yg")
(c)
> I1(So; Skl¥y")
@ -1 -1 m
> 1((So, XZ,,YZ,): SklYy")
= I(XZ}, Y25 SklYg) + 1(So; Sk1XZp, Y™,)

© -1 ym
> 1(So; Sk X, Y)).

We now justify the inequalities:'®

« (a) is by (35b) and stationarity.
« (b) is by (2), noting that (33) implies

So = (Sk, ¥§) == (S Y{L))s

« (c) is because mutual information is nonnegative;
(d) is by (2), noting that (33) implies

Sk = (S0, ¥g") - (S0. X2}, Y2})

(observe that X~}, Y~} is “in the past” whereas Y is “in
the future,” and the state Sy is in between);
« (e) is because mutual information is nonnegative.

16We remark that in (b) and (d) we can replace the inequalities with
equalities.
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The derivation for the second term in the right-hand side
of (185) is similar. For any m, £, k such that min{m, £} > k > A
we have

@ ~1 p-1
€ > 1(So; S—k|X";,Y7,)
(b)
> I(So; (S, X F Y HIXTLYS)
© -1 -1
> 1(So; S*k|X_ga Y_g)
@ m -1 -1
> 1((So,Yy", Sk)s S—«1XZp, YZ,)
(e)
> 1(S0: S—k| X7, Y™, Sk).
Again, we justify the inequalities:
« (a) is by (36a) and stationarity.
« (b) is by (2), noting that (33) implies
So < (S—ps X0 Y23) o= (S_pe, XZp 71 Y f 70y
« (c) is by the chain rule for mutual information
« (d) is by (2), noting that (33) implies
Sk == (S0, X74,Y7}) == (S0, Y, Sk);

« (e) is by the chain rule for mutual information.

This completes the proof. ]
Proof of Corollary 10: The FAIM process is forgetful,
so we set A as the e-recollection of the process. The corollary
holds for kK = 1 by Lemma 9. We proceed by induction. Assume
that the corollary holds for k — 1 > 1, and we will show it
holds for k.
Let

=i i

i=[i i
For brevity, denote

— (yi-1 i+Lo
Ci= (Xl?—Lo’YilfLo)'
Our goal is thus to show that
I(Si; Si—Ly» i+, |Ci)
= I(Si’7 Sik; Si'—Lo’ Si’+L(]v Sik—L()r Sik+L()|Ci” Cik) <k-2e.
Indeed,
I(Si’, Sik; Si’—L{p Si’+L()v Sik—Los Sik+L0 |Ci'7 Cik)
= I(Sl'a Si'*L()? Si’+L(), Sik*L()’ Sik+L() |Ci’7 Clk)
+ [(Slks Si’—LO’ Si’+L()s Sik—L09 Sik+L0|Si’s Ci’, Cik)

()
< I(Sl'v Si'—Lo’ Si’+L0’ (Sik—L()’ Sik+L0’ Cik)|Ci’)
+ I(Slk; Sik*L()’ Sik+L(), (Si'9 Si'*L()a Si'+L()a Ci/)lcl]\)
(®)
< I(Sl’9 Si/—L(): Si’+L0 |Ci/) + I(Slkv Sik—Los Sik+L[) |Cik)
(c)
<(k-1)-2e+2e¢
=k -2,

where (a) is by the chain rule; (b) is by (2) and (33), used
for the Markov chains (See Figure 15 for an illustration):

Si' - (Si’—L07 Si’+L0’ Ci') -0 (Si'—L07 Si’+L07 Sik—L07 Sik+L(]’ Cik)7

“past”I“present”1“future”
I I

Fig. 15. Illustration of the timeline for k = 4. Given S;, ¢, the “future” is
independent of the “present” and “past.” Given S;, ¢, the “past” is independent
of the “present” and “future.”

which holds because ix-1 < ix-1 + Lo < ix — Lo so
(Siy -1y Six+Ly> Cip) are independent of Sy given Si, 41,
which is part of Sy.r,, and

Sip = (Siz-19> Six+Ly> Cir)
- (Sik*L(n Sik+l4)a Si', Si’*L()’ Si'+L{p Ci’)’

which again holds because ix_1 + Ly < ix — Lo < ig, SO
(S, Si-Ly» Siv+1o> Cvv) are independent of §;, given Sl-HO;
finally, (c) is because I(Sy; Siv—r,, Siv+L,|Cir) < (k—1)-2€ by
the induction hypothesis and (S, ; Si, -1, Siy+1,1Ci,) < 2€ by

Lemma 9. This completes the proof. [ ]

APPENDIX C
AUXILIARY PROOFS FOR SECTION IV-B

Recall from (1) that the binary entropy function 4, : [0, 1] —
[0, 1] is defined by

hy(x) = —xlogx — (1 — x) log(1 — x).

This is a concave-N function that satisfies h;(x) = hy(1 — x)
for any x € [0, 1], and is monotone increasing over [0, 1/2].
The inverse of the binary entropy function is /5 10,11 —
[0, 1/2]. The following three technical lemmas will be used
to prove Lemma 15.

Lemma 52. For any 0 < x < 1/2,

2
= ho(x) > — (% —x) . (186)

In2
Proof: Denote g(x) = 1 — hp(x). Clearly, 1 = g(0) >
1/(2In2) =~ 0.721. For any € > 0, the function g(x) is 4
times continuously differentiable over [€, 1/2]. Therefore, by
Taylor’s formula with remainder [46, Theorem 5.19], for any
x € [€,1/2], there exists y € [x, 1/2] such that

2 4) 4
g(x):%(%—x) LW (%—x) .

41
However, g™ (y) =2(y >+ (1 - y)™3)/In2 > 0 for any y €
[e,1/2]. Hence, 1 — hy(x) > 2(1/2 = x)?/(In2) for any 0 <
x < 1/2 as well. [ ]

Lemma 53. For any 0 <y <x <1/2,
1
— > —(x — — .
ha(x) = ha(y) 2 1= (x = y) (1 - 2y)

Proof: There is nothing to prove if x =y, so we assume
that y < x. Due to the concavity of h;(x), for any x| < xp < x3
we have

(x3=x1) (ha(x2) = h2(x1)) = (x2—x1)(h2(x3) = ha(x1)) (188)

(187)



, Section 1.4.3], or [
=y,xp =x,x3 = 1/2 in (188) we obtain

(see, for example, [
Setting x;

(5] 00 = ) = (=301 = ka0

Since y < x < 1/2 by assumption, 1/2 —y > 0. Therefore, we
rearrange the above inequality and obtain

- ha(y) 1
2oy > ﬁ(x y)(1-2y),

where the rightmost inequality is by (186). ]

ha(x) = ha(y) 2 (x - y)

Lemma 54. For any x,y € (0, 1/2), the function
f@y) = ho(hy ()« hy () — ¥

is increasing in x and decreasing in y.

Proof: Denote, for x,y € (0,1/2),

g(x,y) = ha(x xy) — ha(y).

Then, f(x,y) = g(hz_l(x), hz‘l(y)). The function hy(x) is
monotone increasing over [0, 1/2], so h; I(x) is also monotone
increasing over [0, 1/2]. Therefore, the claim will be true once
we establish that g(x,y) is increasing in x and decreasing in
y.

To this end, recall the function

1111 1+x
2 1-x)°

defined for x € [0, 1]. This is an increasing function of x
(since its derivative is (1 —xz)‘l, which is positive). Moreover,
arctanh(x) > 0 for x > 0.

Now,

0g(x,y) _
Cox In2
This is positive since arctanh(z) > 0 for z > 0, and both
(I =2x) > 0 and (1 —2y) > 0. Thus, g(x,y), and by proxy
f(x,y), is increasing in x. Next,

(189)

arctanh(x) =

(1 - 2y)arctanh ((1 = 2x)(1 - 2y)).

dg(x,y)
dy

= —2((1 — 2x) arctanh ((1 — 2x)(1 - 2y)) — arctanh(1 — 2y))

—2 ((1 — 2x) arctanh(1 — 2y) — arctanh(1 — 2y))

= — ((1 —2x) —1) - arctanh(1 — 2y)
In2
<0,

where the first inequality is because (1 —2x)(1 —-2y) < (1 -
2y) and arctanh(-) is increasing. Thus, g(x,y), and by proxy
f(x,y), is decreasing in y. [ ]

Proof of Lemma 15: 1t was shown in [6, Lemma 2.1]
that
2 Padbha(aq * Bp) = ho(hy'(A) * by ' (B)),
a,b
where

A= pahalaa), B=2 qprha(By).
a b

, Exercise 6.17]).

51

Therefore,
> Padp (ha(aa * Bb) — ha(Bp)) > ha(hy'(A) = hy'(B)) - B
a,b

= f(A,B),

where f(-,-) was defined in (189). By (57), A > & and B < &.
Since, by Lemma 54, f(A, B) is increasing in A and decreasing
in B, we conclude that

> Padn (halaa * Bb) — 2 (Br)) = ha(hy ' (€1)xh5 ' (£2)) &
a,b

Define, therefore,

A(£1,6€) £ a(hy' (&) * by (&) - &.

It remains to show that A(&1,&;) > 0.
To this end, observe that for any x,y € (0,1/2),

(190)

Mer ) = () 2 ey =)+ (1-29)

1 2
= E)C(l - 2y) .

where (a) is by (187). Therefore,

A& = iy @) (1- 250 @) > .

“ In2

We note in passing that the expression for A(&£1,&;) derived
here (or its lower bound) may be used to obtain a tighter lower
bound than that of [13, Lemma 11].

APPENDIX D
AUXILIARY PROOFS FOR SECTION V-C

Proof of Lemma 25: Denote F = f(A), F = f(A),
G =g(A), and G = g(A). For any fy € {0,1}, go € G, we
abuse notation and write

p(fo-80) £P(F = fo,G = go) = > p(a), (191a)
a:f(a)=fo,
g(a)=go
q(fo.80) =P (F = fo.G=g0) = >, q(a). (191b)
a:f(a)=fo,
g(a)=go
With this notation we also have p(gyg) = P(G =g
and p(folgo) = P(F=fy|lG =gp). The distributions

q(g0),q(folgo) are similarly defined. By (83) and (191) we
have for all fy € {0,1} and gg € G,

(1-¢)q(fo.g0) < p(fo.g0) < (1+&)q(fo.80),

(1-£)q(g0) < p(go) < (1+&)q(go).  (192)
Therefore,
2 g(lso) < p(olgo) < T - a(folzo)
When 0 < & < ,we have (1 +¢)/(1 —¢) < 1+ 3¢ and

(I-&)/(1+¢&) = 1 3¢ > 0 by straightforward algebra. Hence,
for any fy € {0,1} and go € G,

(1-3&)q(folgo) < p(folgo) < (1+3&)q(folgo).
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by which [p(folgo) — q(folgo)| < 3& - q(folgo). Thus, for any
go € G, since € < é by assumption,

1 1
dlgo) 2 ) Ip(olgo)-a(folgo)] < 3¢ 3 alfolgo) = 36 < 3.

Jfo=0 Jfo=0
Since F and F are binary, we conclude from [20, Theorem
17.3.3] that for any go € G,
- d
|H(FIG = g0) - H(FIG = go)| < ~d(g0) log %
(a) 3
< 3elog 7‘9 (193)

Inequality (a) is true because x — —xlog 5 is increasing for
0 <x<2%~0736and 0 < d(go) <3 < 3 < 2 by
assumption.

Let 33" denote summation over all gy € G for which p(go) >
q(go), and X~ denote summation over all gg € G for which

P(80) < q(go)- Since Xg, p(80) = Xg, q(80) = 1, we have
ST (p(g0) = a(g0)) == > (p(g0) — 4(g0))
= 2 S Ip(z0) - q(s0)]
80

&
_’

E
<= >1q(g0) =
2 < 2

where the inequality is by (192). Hence, for any nonnegative
function 4 : G — R*,

2(P(80) — q(80)h(g0)

80

= > "1p(g0) - q(g0)|h(g0) = > Ip(g0) — q(g0)Ih(g0)
< (suph(go) = inf h(g0)) - 5 3 1p(20) ~ g 20)]
80 80 80

< (sup h(go) — inf h(go)) - (194)
80 80

NS

Therefore,
H(F|G) - H(F|G)
= ZP(go)H(F|G =go) - Z q(g0)H(F|G = go)
g0 %
(%) Z r(go) (H(F|G~ = go) — 3elog 378)
20
- > q(g0)H(F|G = go)

80

= “3elog 3 + 3 (p(g0) - g(g0) HIFIG = g0

80

(b) 3e ~~ . - £

< -3e¢log — + (maxH(F|G =go) —minH(F|G = go)) - =
2 80 80 2

(c) 3

%§—3elog;,

where (a) is by (193), (b) is by (194), and (c) is because the
entropy of a binary random variable assumes values between
0 and 1.

Similarly,

S(p(g0) — a(g))h(g0) = =( sup h(g0) = inf h(go))

80 80 80

N M

2
) vy

y(2-Iny)

0.2 0.4 0.6 0.8 1 1.2 1.4

Fig. 16. Illustration of the inequality y(2 —Iny) < 2+/y.

by which
H(F|G) - H(FIG) > - (g ~3elog 378) .
Thus, we have shown that
|H(F|G) - H(F|G)| < ; _3¢log 378

By Lemma 55 below and some algebra, we obtain that

21/12 3
g _ \/_\/E < V8eg,
2 e-In2

which completes the proof. [ ]

3
3slog?‘9 <V8-

Lemma 55. For any y > 0, we have

y(2-1ny) < 24/y.
Proof: This inequality is illustrated in Figure 16. A formal

proof follows. The Fenchel dual of f(x) =e* [49, p. 105] is
ylny—-y, y>0,
f*(y) =sup(xy —e*) =10, y=0,
* oo, otherwise.

Therefore, for any x € R and y > 0 we have xy—e* < ylny-—y.
Now, set x = %lny and rearrange to yield y(2 —Iny) < 24fy
as desired. [ ]

APPENDIX E
EQUIVALENCE OF THE DETERMINISTIC AND PROBABILISTIC
FORMULATIONS OF HIDDEN MARKOV MODELS

Recall that in a FAIM process, the observations are a
probabilistic function of the state, see (33). However, in
Section X, we defined the observations of a hidden Markov
model as a deterministic function of the state. Seemingly, the
deterministic model is less general than the probabilistic FAIM
model. As in [18] and [19], we now show that the deterministic
and probabilistic models are equivalent.

Using the notation of Section X, a hidden Markov model
consists of a Markov state A,, and an observation B,,. In the
deterministic model, B, = f(A,), where f is a deterministic
function. In the probabilistic model, there exists a distribution
q such that

P(By =014y = Bl AT =P (By = blA, = ) = q(BL)).
(195)
One direction of the equivalence is easy: any deterministic
model can be thought of a probabilistic model with g(-|j)



assuming only the values 0 and 1. To cast the probabilistic
model as a deterministic one, observe that by the Markov
property and (195), we have

P(By=b. Ay =)l Ap1 =i, 472 B
=P(By=b,An=jlAp-1=1)
=P(A,=jlAn1=0)-P(By=b|An =)
= p (g (bl)).

We call a pair (j,b), j € A, b € B, viable if
q(blj) > 0. Define a new Markov chain C, with states
(j,b) whenever (j,b) is a viable pair,’” and whose tran-
sition probability function for any two states (j,b) and
(i,k) is P(Cp = (j,b) | Cno1 = (i,k)) = p(jli)q(blj). Set
f i AXB — B as the deterministic function that outputs
its second argument. That is, f(a,b) = b. This model is
deterministic, and is equivalent to the probabilistic one.

We are now almost done; all that remains is to show that
C, is regular (aperiodic and irreducible) if and only if A, is.

Lemma 56. Let A, be a finite-state homogeneous Markov
chain and let B, be a probabilistic observation of A,, as
in (195). Then, A, is aperiodic and irreducible if and only if
C, = (A, By,) as defined above is aperiodic and irreducible.

Proof: Recall that a finite-state homogeneous Markov
chain is aperiodic and irreducible if and only if its transition
matrix is primitive. That is, if and only if there exists an integer
m such that the m-step transition probability from state i to
state j is positive for any 7, j [32, Theorem 1.4 and Section
4.2], also [22, Section 4.1].

Assume first that A, is aperiodic and irreducible. Hence,
there exists m such that P (A, = j|A,—n =i) > 0 for all i, j,
and n. Therefore, for any viable pairs (j, b) and (i, k),

]P(Cn = (]’ b)|Cn—m = (i’ k)) = Q(bU)P (An = len—m = i) > 0.

Since the states of C, consist only of viable pairs, we conclude
that C,, is aperiodic and irreducible.

Next, assume that C,, is aperiodic and irreducible. Then, there
exists m such that P (C,, = (j, b)|Cp—m = (i, k)) > 0 for any
two viable pairs (states) (j, b) and (i, k), and all n. Therefore,
for any k such that (i, k) is viable (at least one such k must
exist),

P(An = j|An7m, = i) = Z]P)(Cn = (j’b)|cn7m = (i? k)) > 0.
b

Hence, A, is aperiodic and irreducible. [ |

Example 8. The Gilbert-Elliott channel [50] is a classic
example of a channel with memory. It is defined as follows.
The channel may be at one of two states, good and bad. In
the good state, the channel is a binary symmetric channel
(BSC) with crossover probability y and in the bad state, the
channel is a BSC with crossover probability 8. The probability
of transitioning from the good state to the bad state is p, and
the probability of transitioning from the bad state to the good
state is q.

17States for which g (b|j) = 0 can never appear with positive probability
and are therefore removed.
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Assuming a symmetric channel input, we construct a
deterministic model C,, = (S, X, Y,) with states

1 = (good, 0, 0), 5 = (bad, 0,0),
2 = (good, 0, 1), 6 = (bad,0, 1),
3 = (good, 1,0), 7 = (bad, 1, 0),
4 = (good, 1, 1), 8 =(bad, 1,1).

For brevity, for a number x € [0, 1] we denote X = 1 — x. The
transition probability matrix of C, is

py py Py pPY pB pB pB PB

Py py Py pPY pB pPB pB DPB

Py py Py pPY pB pB pB PB

M= L|PY Py Py PY pPB pB PB PP
21qy qy g9y qy 4B 4B 4B aB|’
qy qy qy qy 4B 4B 4B 4GB

qy 9y qy qy 4B 4B aB 4B

lay av aqv gy 4B qB 4B 4B

The possible observations (X,Y) are (0,0), (0,1), (1,0), and
(1, 1). The matrices M(b), b € {(0,0), (0,1),(1,0),(1,1)} are
obtained from M by replacing all but two columns of M with
zeros. Namely, in M(0, 0), all but columns 1 and 5 are replaced
with zeros; in M(0, 1) all but columns 2 and 6 are replaced
with zeros; in M(1,0) all but columns 3 and 7 are replaced
with zeros; and in M(1, 1) all but columns 4 and 8 are replaced
with zeros.
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