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Abstract—Consider a channel W along with a given input
distribution Px. In certain settings, such as in the construction
of polar codes, the output alphabet of W is ‘too large’, and
hence we replace W by a channel () having a smaller output
alphabet. We say that () is upgraded with respect to W if W is
obtained from () by processing its output. In this case, the mutual
information I(Px, W) between the input and output of W is
upper-bounded by the mutual information /(Px, Q) between the
input and output of (). In this paper, we present an algorithm
that produces an upgraded channel ) from W, as a function
of Px and the required output alphabet size of (), denoted L.
We show that the difference in mutual informations is ‘small’.
Namely, it is O(L~%/(¥I=1) where |X| is the size of the input
alphabet. This power law of L is optimal.

I. INTRODUCTION

In his seminal paper on polar codes, Arikan introduced
synthetic channels [2, equation (5)], also called bit-channels.
These synthetic channels have a binary input alphabet and an
intractably large output alphabet. Namely, the output alphabet
size of such a channel is at least 2V, where N is the length
of the polar code. When decoding a polar code, this large set
does not pose a problem: the decoder must contend with only a
single element from the output alphabet. Neither is the output
alphabet size a problem when encoding a polar code. However,
when constructing a polar code, the vast size of the output
alphabet is very much an issue. Since polar codes have since
been generalized in many ways, let us call the polar codes
introduced in [2] ‘vanilla polar codes’. To construct a vanilla
polar code, one has to pick the ‘almost noiseless’ synthetic
channels. That is, essentially, to calculate the probability of a
maximum-likelihood (ML) decoder misdecoding the input to
the synthetic channel, upon seeing the output of the channel.
Clearly, the trivial method of iterating over all possible outputs
in order to calculate this quantity will not work, since we
cannot iterate over an intractably large set.

A crucial observation is that instead of considering the
original synthetic channel, one may approximate it by another
channel having a much smaller output alphabet size [3].
Namely, if a channel has a manageable output alphabet size,
we may directly calculate the probability of ML misdecoding.
A further observation is that if the approximating channel
is degraded with respect to the synthetic channel — the
approximating channel can be obtained by processing the
output of the synthetic channel — then the probability of
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misdecoding in the synthetic channel is upper bounded by the
probability of misdecoding in the approximating channel.

These observations, combined with [4, Lemma 1.8], were
used in [5] for constructing vanilla polar codes. The key part
was an algorithm which transformed a given channel into
a degraded approximating channel with a prescribed output
alphabet size. This algorithm was used, successively, to ap-
proximate each of the IV synthetic channels by a corresponding
degrading channel. The %k approximating channels with the
smallest probability of ML misdecoding were used to construct
a vanilla polar code with a prescribed dimension k. Summing
the ML misdecoding probabilities of these k approximating
channels gives an upper bound on the probability of misdecod-
ing the polar code using the successive cancellation decoder.

If W is degraded with respect to (), we will also say that )
is upgraded with respect to W. In [5], a companion algorithm,
approximating a given channel by an upgraded channel with a
prescribed output alphabet size was also given. In the context
of the vanilla polar codes presented in [2], the importance
of this companion algorithm was rather secondary. That is, it
resulted in a lower bound on the misdecoding probability of
the synthetic channel, and thus one could gauge, through the
sandwich property, the closeness of the approximation of the
misdecoding probability.

Shortly after their introduction in [2], polar codes were
generalized in various directions. Three important generaliza-
tions that soon followed are those to lossy compression [6],
asymmetric channels [7], and the wiretap channel [8]-[11]. In
these settings, the construction of the polar code also calls for
searching for synthetic channels that are ‘very noisy’. That is,
a maximum a-posteriori (MAP) decoder trying to guess the
input to the channel given the output must have a probability
of failure close to 1/2. The same problem of an intractably
large output alphabet manifests itself, and the same solution of
approximating the channel may be called upon, save for one
difference: we now use the upgrading algorithm in [2] in order
to lower bound the above probability of MAP misdecoding.
Thus, in these contexts, an upgrading approximation is a key
part of constructing the polar code, and ceases to be a tool
of secondary importance. A more recent example of a polar
coding variant in which upgrading plays a key role in the
construction process is that of polar codes for settings with
memory [12]-[16].

A partial list of papers relating to upgrading and degrading
approximations is [17]-[30]. Specifically, [26] contains a gen-
eralization of the upgrading approximation presented in [5] to
cases in which the input has a non-uniform binary distribution.
Our result extends this result to the case in which the input
alphabet is non-binary. Our key idea is to apply a reduction to
the binary case, inspired by [27], in order to use the algorithm
in [26]. Our algorithm will have an optimal power law, a



concept we will shortly define.

II. SETTING

We are given a channel W : X — ), where X is termed the
input alphabet and ) is termed the output alphabet. We denote
the probability of receiving y € ) given that x € X was
transmitted by W (y|x). We are also given an input distribution
Px. That is, we denote by Px(x) the probability that x € X
was the input to the channel. In this paper, we will assume that
both X and ) are finite.! We denote the mutual information
between the input and output of W as

where X and Y are random variables with joint distribution
Pxy(z,y) = Px(z)W(y|z) . ey

Let Q : X — Z be a channel with the same input alphabet
as W : X — Y. We say that Q is upgraded with respect to
W if we can obtain W by processing the output of (). That
is, if there exists a third channel ® : Z — ) such that, for
every x € X and y € ),

Wyle) = 3 Qela)d(yl2)
z€EZ

Our goal in this paper is, given an input distribution Px,
a channel W : X — ), and a parameter L, to construct a
channel Q : X — Z that is upgraded with respect to W
and whose output alphabet size satisfies |Z| < L. Many such
channels () exist. By the data processing inequality, it must
hold that

I(Px,Q) > I(Px,W) .

Hence, our figure of merit of how well ) approximates W will
be the difference I(Px,Q)—I(Px,W). It turns out that there
exist pairs of input distributions and channels for which such
an approximation is inherently ‘hard’. That is, [26, Section
IV] shows a Px and W for which

I(Px,Q) — I(Px, W) = Q(L~2/(¥I=1)y | )

for every valid choice of ). Our method will produce, for any
Px and W, a  for which

I(Px,Q) = I(Px, W) = O(L~ /%=1y = (3)

Hence, (2) and (3) imply that our algorithm has an optimal
power law. We note that in this paper, |X’| is assumed to be
a fixed constant. That is, in the asymptotic notation used in
(2) and (3), the multiplying constant generally does depend
on |X].

Two comments are in order. First, recall that we have
assumed that the output alphabet of W is finite. In many
important settings, this will not be the case. For example, if
W models the addition of Gaussian noise to a given input. In
such a case, we may use the upgrading algorithm in [23], as
a preliminary step. That is, the algorithm in [23] constructs
an upgraded channel @ satisfying I(Px,Q) — I(Px, W) =
O(L~/(¥I=1)) Note that this expression is worse than (3),

IBut see the discussion bellow about infinite sized alphabets.

since the —2 in (3) has been replaced by —1. However, for
the preliminary step, we may run [23] with L? in place
of L, and then run the algorithm we will shortly introduce
on the resulting channel. Clearly, the difference between the
original W and the final Q will be O(L~%/(XI=1)) Also,
it is easy to see that since we have applied two upgrading
operations in series, the final channel is upgraded with respect
to the initial one. Second, we would like to stress that our
algorithm does not generally find the @ which minimizes
I(Px,Q) — I(Px,W). The problem of finding such a @ has
been solved for |X'| = 2 in [26, Section V], but remains open
for |X| > 2.

III. MARKOV CHAIN REPRESENTATION
A. Distributions notation

In this paper, several probability distributions will be defined
and used. For example, we will denote by Py ,y(7,2,y)
a probability distribution on x € X, z € Z, and y € Y.
The subscript X, Z,Y serves two purposes. The first purpose
is to detail how the ‘corresponding random variables’ are
defined. Namely, since the first, second, and third entries in
the subscript (function arguments list) are X (x), Z (2), Y
(y), the corresponding random variables are X, Z, and Y.
Also, the probability of X = z, Z = z and Y = y equals
P% 7y (%, 2,y). We denote the probability of this event as

P(X = I7Z = ZaY = y) = P;(,Z,Y(Ivz7y) .

We will always detail under which probability distribution P
is calculated. The second purpose of the subscript X, Z,Y
is to define derived probability distributions. For example,
P;ly(z|y) denotes the probability that Z = z given that
Y =y, where Z and Y are the random variables described
earlier. That is,

Pyy(zly) =P(Z = 2|Y =y)
erx P)*(,Z,Y(x’ 2,Y)
Zmex,z/ez P;(A,Z,Y(x’ 2y)
To avoid corner cases (such as division by zero in the above
definition), we will always assume without loss of generality
(w.l.o.g.) that there are no symbols with probability zero. That

is, for each € X it holds that Py (z) > 0 (otherwise we
could remove x from X)), etc.

B. Restatement of setting

We find it conceptually simpler? to merge the input distri-
bution Px (z) and channel W (y|z) into one joint distribution
Px y(x,y) as in (1). We will call this the ‘given distribution’.
We now restate our setting as follows.

2Indeed, one might argue that this is more natural. That is, if we were
to coerce the input-distribution/channel terminology to the construction of
polar codes for settings with memory [13]-[15], using our algorithm for the
construction of a polar code would entail defining the ‘channel input’ as
consisting of the actual symbol that was fed to the channel, along with a pair
of hidden states encapsulating the combined channel and input process state
at the beginning and end of the relevant block. Namely, with respect to [14,
equation (25)], the ‘channel input’ is (U;, So, Sn) and the channel output is

-



1) We are given a distribution Px y(z,y), where z € X
and y € ), both sets being finite.

2) We must find a distribution Py ;- (7,2,y), where = €
X, z€ Z,y €Y. We require that |Z| < L.

3) The marginalization of P% .y (7,2,y) over z must
produce Px y (x,y). Namely, forall z € X and y € ),

P)QY(.’E,:(]) = Z P)*(,Z7Y(m7zay> .
z€EZ

4) The corresponding random variables X, Z, Y must form
a Markov chain. Namely, we may write, for all x € &,
z€Z,ye),

Py 2y (@, 2,y) = Px(2) Py x (2|2) Py £ (y]2) . (4)

That is, the last term Py, »(y|z) is not a function of
x; our processing of Z to form Y is done without
knowledge of X.

5) Our figure of merit is the difference

I(X;2) - I(X:Y) = HX|Y) - H(X|2)
=I1(X;Z]Y), (5

where the second equality follows by the Markov prop-
erty.

A simple observation that will greatly simplify our deriva-
tions is that X — Z —Y form a Markov chain in this order iff
Y — Z — X do. That is, we may replace (4) by the equivalent
condition

Px 2y (x,2,9) = Py (y) Py )y (2]y) Py 5 (2]2) . (6)

IV. THE ALGORITHM
A. Upgradation for the Binary Case

Our key idea is to apply a reduction from the case in which
the input alphabet X is non-binary to a case in which the input
alphabet is binary. In aid of this, we recall that in [26, Section
VI], an efficient upgrading algorithm, termed ‘greedy-split’ for
the binary-input case is presented. Namely, denote by

X' =1{0,1}

the binary alphabet. Then, given a joint distribution
Px/y(z',y), where 2’ € X’ and y € Y, we have an
algorithm which produces, for a given L, a distribution
P37y (', 2", y) such that the conditions in Section III are
fulfilled, and the mutual information difference is O(L~?2).

In Appendix A we recall the greedy-split algorithm
from [26], and give a full self contained proof for the bound
I(X';2") — I(X";Y) = O(L™?), with improved constants
compared to [26, Theorem 17]. Namely, we prove the follow-
ing.3

Theorem 1: Let (X,Y) ~ Pxy be random variables in
X'x), where |X| = 2 and ) is discrete. For any natural L > 2,
there exists a random variable Z of cardinality |Z| = L, such
that X — Z — Y form a Markov chain in this order, and

I(X;Z) - I(X;Y) < 256L2. (7)

3Throughout, all logarithms are taken to the natural base.

Our proof follows that of [26, Theorem 17], essentially step
by step, but is simpler and shorter. This is mainly due to
a simplification of the “sphere-packing” argument. In [26],
it was argued that given n distributions P,..., P, in the
(¢ — 1)-dimensional simplex, if n is sufficiently large, we
must be able to find P; and P;, 1 < i < j7 < m, such
that H(aP; + (1 — a)P;) — aH(P;) — (1 — «)P; is small,
for all & € [0,1]. The argument leading to this conclusion
was of a sphere-packing nature. As the same argument was
needed in [26] also for the analysis of a channel degradation
algorithm, termed ‘greedy-merge’, for general alphabet sizes,
the sphere-packing argument was derived for general ¢. This
led to various technical complications, which in turn led to
rather loose constants. Restricting attention to ¢ = 2, the
simplex reduces to the [0, 1] interval, and the derivation of
the sphere-packing bound is significantly simplified, leading
also to better constants in the bound.

Moreover, in [27, Proposition 7] an efficient “black-box”
degradation procedure for the case of a general alphabet X
was proposed, based on an efficient degradation procedure for
the case of binary X'. In Theorem 18, stated and proved in
Appendix A, we leverage our refined sphere-packing bound
for the binary case, to obtain improved performance guarantees
for the greedy-merge algorithm, for binary X. Using the black-
box approach from [27, Proposition 7], we then improve the
constants from [26, Theorem 1] to the following.

Theorem 2: Let (X,Y) ~ Pxy be random variables in
X x Y, where |X| = ¢ > 1, and ) is discrete. For any integer
L, there exists a function f : Y — {1,..., L} such that

I(X:Y) ~ I(X: f(¥)) <128(g - 1) |2V 7 ®)

B. Upgradation for the General Case

Denote the input alphabet size as
Xl =q.

Similarly to the method in [27], we will now use the ‘one-
hot’ representation of z € & to affect the reduction. Namely,
w.l.o.g. let us assume that

X =A{1,2,...,q}.

We will replace z € X by a length ¢ — 1 vector g(z) =
(x1,22,...,24—1), such that

1 ifz=31
Ti = .
0 otherwise

Namely, for 1 < i < ¢— 1, we map z = ¢ to the vector g(z)
of length ¢ — 1 that has entry ¢ equal to 1, and all other entries
equal to 0. We map = = q to g(q), the all-zero vector of length
g—1. Since the mapping g is one-to-one an onto, we will often
abuse notation and simply write © = (1, z2,...,Tq—1)-
Given the joint distribution Pxy, let X and Y be cor-
responding random variables. Recalling our convention of



denoting X = (X1, Xo,...,X,_1), our first step is to define
the following ¢ — 1 joint distributions: for 1 <¢ < ¢ — 1, let

ol (o' y) 2 P(X; = 'Y = y|X{ Tt =077
=P(Y = y|Xi™ = 07 HP(X; = o'V =y, X{' = 077
= (W)aldy ('), ©)

where Oi_l is the all-zero vector of length ¢ — 1, and

ol (y) 2 P(Y
O‘g( v (@ o'ly) £ P(X

_y|Xz 1_01 1)
(X;=2|Y =y, Xi ' =071,

Note that if ¢ = 1, there is no conditioning. We apply
the binary-input upgrading algorithm to each of the above
distributions, but require that the resulting output alphabet size

be at most
A= {Ll/(qfl)J .

Thus, for each 1 < ¢ < ¢ — 1, we are given as output a
distribution

(10)

;) L Y(x Z ay)
where 2/ € X/, 2/ € Z() y € ), and the size of Z(V satisfies
|Z@| < A. By definition, we may write this distribution as

2@ 2y =By )BZ v 9B 2, (@])
=l W)B8Y )y (ZW)BY 2, (']2) |

and furthermore we have that the concatenation of the chan-
nels BZ v Y- 2 and B : 2 5 X results in the

channel ag( v Y = X Namely, forally € Y and 2’ € X7,

we have that

(%)
aX|Y 2’|

= > B EsY L), aD

2'eZ ()

We also recall for future use that the corresponding random
variables satisfy (7), with A in place of L.

We use the above ¢—1 distribution in order to define the dis-
tribution Py y- ;. Denote z = (21, 22, .. .,%4—1). Also, recall
our one-hot convention for x, namely = = (x1, 2, ...,%4—1)-
Then, for

Z2=20x 2@ ... x zla1

we define forz € X, z € Z, and y € ),

(H BZ Y Zz|y )
<H7X |Z:,x;7! (@ilei, 2y T 1)> ’

where, for 1 <1 < g,

PXZY(iE 2,Y)

12)

'Y;z‘ZhXi—r(xAzza Z 1)

BX 1z, (ilzi) if 27t =071
=41 7éoglandxi:0,
0 otherwise .

if 2t~ (13)

Our main result is the following.

Theorem 3: The distribution Py ,y(z,2,y) specified
in (12) is a valid probability distribution, it induces a Markov
chain X — Z — Y in this order, and it marginalizes to
Yeez PX zv(x,2,y) = Pxy(w,y). Furthermore, under
P% 7y (x,2,y) we have that

I(X:Z) — I(X;Y) < 256(q — 1) [Ll/@—”J a4

The time complexity of constructing Py - (7,2,y), and
optionally marginalizing it to Py ,(z, z) is O(|Y|log |V]).

V. PROOF OF THEOREM 3
A. Informal Explanation

In this subsection we give an intuitive reasoning to why the
proposed construction, i.e., the joint distribution on (X, Z,Y")
specified by (13), indeed induces the correct marginal dis-
tribution on (X,Y’), satisfies the required Markov relation
X — Z — Y, and attains a small mutual information gap

I(X;2) - I(X;Y).
We begin, by writing the joint distribution on (X,Y") as
Pxy(z,y) = Py(y)Px, ... x, .|y (@1, .., 4-1y)
qg—1
=Pr(y) [] Py, voxiot (ily, @ =1,
i=1

Next, note that by definition of our one-hot encoding, for all
xll_l #+ 011_1 and y € ), we have that

0 l‘i:1

. 15

Py, Y, X~ H(wly, 2770) = {
It follows that we can “simulate” the channel Py .y i1 :
Y x {0,1}*=1 — {0,1} by first passing Y through the
channel Py \y yi-1_gi-1 2 Y — {0,1}, and then multiplying
the result, which we denote X;, by 1 (Xi~=gi~1}- Recalling
that by (9), the channels PXI‘Y, xil_gi-1 are precisely the

channels ag?i‘y, an~dl noting 'that the events {Xi ™' = 0i7'}
are equivalent to { X! =071}, foralli =1,...,q

see that

—1, we

= Py (y)

> HO‘X v (Eily) Hﬂ{xl—ﬁ(ml)}a

Fa-1e{0,1}a~1 i=1

PX,Y(x?y)

(16)

where f;(i}) £ &; - 1 (#i-1=¢i~1}- This distribution corre-
sponds to generating ¥ ~ Py, then generatlng X = by
passing Y through the product channel Hq e’ X) y and then

generating X {1 by the deterministic transformation

Koet) = (A fa(RE))

This view of the generation process of (X,Y) is illustrated in
Figure 1.

Recall that by (11), for all ¢ = 1,. — 1, the channel
o&) ly is equivalent to the concatenation of the channels ﬂ Zy

and ﬂ;) 7

(X1, ...

It therefore immediately follows that the joint
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Fig. 1. A schematic illustration of PY a—1,as written in (16). The functions f; are defined as fz(:ill) =3;-1
1

distribution on (Y, Z2~", X) depicted in Figure 2 induces the
same marginal distribution on (X,Y") as Px y (z,y). Further-
more, under the dlstrlbutlon depicted in Figure 2, the Markov
relation Y — Z?~'— X%7! _ X clearly holds, and consequently,
so do the required Markov relation Y — Z =1 _ X, Observing
that the distribution depicted in Figure 2 is precisely the one
prescribed in (12), we conclude that (12) is indeed a valid
distribution for the upgradation problem.

To quantify the increase of mutual information due to this
upgradation procedure, we write

I(X;2) = 1(X{™ 2{7)

q—1

=Y I(X;zZ{ X
=1
q—1

=Y P(X{ =00 HI(X 2z X7 =000 (4T
o

=Y P(X{T =00 I(X 28X =0, (8
=1

where (17) follows since X; is deterministically equal to 0 un-
less Xi~1 = 0i7!, and (18) follows since X; = X; whenever
Xt = ¢i~! Next we observe that by construction of the
distribution the Markov chain X; — Z; — (Z;, X1~ ') holds,
where Z,\,, = (Zl7 ZQ, . 27 1, Zi+17 ZH_Q, ey Zq—1)~ This
implies that X; — (Z;, Xi™') — Z.; form a Markov chain in
this order, such that

I(XZ7 Z~i|Zia Xiil) = Oa
and in particular

P(Xi ™t =00 Y I(Xy; Zail Zo, XL =00 =0, (19)

Substituting (19) into (18), we get

-1
P(X{~" =07 )I(X5; Zi| X{~H = 077h).
1

Q

1(X;2) <

%

1., fori=1,...

(1 =0l b

Now, recalling that by construction of Bg? 2,y (@2 y)

(X Zi| X7 =017 < I(X3; YIX{H = 07") + 256472

= I(X;Y|Xi7t =0i71) 4 256A 2

and noting that

q—1
I(X;Y) =) P(X; ' =0y HI(X;Y[X; =077,
i=1
we obtain
qg—1
I(X;2) - I(X;Y) <) P(Xi7!=0i"1)256A"2
i=1
—2
< 256(q — 1) QL”WUJ)

B. Formal Proof

Claim 4: The function Py ;- defined in (12) is a valid
probability distribution. Specifically, summing the last paren-
thesized expression in (12) over all x € & yields 1; summing
the first parenthesized expression in (12) over all z € Z yields
1, summing the term Py (y) over all y € ) yields 1.

Proof: By inspection, all the expressions involved are
non-negative. Fix some z € Z and consider the last paren-
thesized expression in (12). We abuse notation and write

Z HVX |Z:, X1~ (wilzan )

zeX i=1

- ¥

(x1,...,x9—1)€ (./"(")‘1—1

- H Z ’YX 12, X~ (@il

1=1x,€X’

H’YX zoxi @iz 2
i=1 ’



A (1) X -
By : Bx12, : f[(Xy) Xy
Z; X, =
Y. fBZ Y 5)( |Z; fi(X1) X
\ qul(Xf_l)
(q-1) |Zg=1 -1 Xo_1
Z(Z.rl)lY L g?q71)|2q71 . Xq_l

Fig. 2. A schematic illustration of the distributed constructed in (12). The functions f; are defined as fz(:Ell) =I;-1

where for the first equality we recall by (13) that vectors
(21,22,...,24—1) with support greater than 1 contribute noth-
ing to the above sum, and the RHS is short for

Z 7X1|Z1 1’1|21 Z ’YX2|Zz X1 xQ‘Zz’ml)

1 EX/ To€X!

—1 _
=1 (@q—1l2g-1,27) .
rq_1E€EX/

Xq-1|Zq—1,X§72

Starting from the innermost sum (¢ = ¢ — 1) and working out,
and recalling the definition of v() in (13), we see that the
above equals 1.

The sub-claim about the first parenthesized quantity in (12)
is proved similarly. The sub-claim about summing Py (y) over
all y € Y follows trivially, by virtue of Py being a probability
distribution. ]

Claim 5: Let the random variables X, Z, and Y be defined
by the distribution P)*Q 7y given in (12). Then, X, Z, Y form
a Markov chain.

Proof: We must show that Py ,,- can be factored as
in (6), where each term in this factor is a valid probability
distribution. By Claim 4 and inspection of (12), this is indeed
the case. [ |

Claim 6: Marginalizing the distribution Py ;- defined in
(12) over all z € Z results in the original joint distribution
Pxy.

Proof: Fix some x € X and y € ). We must show that

Pxy(,y) =Y Py zy(@29).
z€EZ

By inspection of (12), this is equivalent to proving that

Pxy (z]y)

*Znﬂzw

z€Z 1=1

Y% 2. xim(@ilzi, 2 - 20)

(#i-l=0i~1y’ fori=1,...,¢—1.
As before, we may simplify the RHS to
H > BEy Gl 5 g @ilzna™) @D

1=1z;,€Z;

Recall that 1 < z < ¢. Consider first a term ¢ in the
product, where ¢ > . In this case a:’ ! is non-zero, and hence
'7;)\2 xio1 ) simply equals 1, by (13). Hence, term
7 1in (21) is simply

(il 2, xl

3 By ily) =1.

2 €Z;
Now consider a term 1 for in the product (21) for which ¢ < z.
In this case, 2]~ L is the zero-vector of length ¢ — 1, and hence
V7, i (il 217) equals B (il ), by (13). Hence,
term ¢ in (21) is

Z 62 Y zz|y BX |Z; (l‘zlzz) = Oé ( |y)
2, €Z;

by virtue of the upgrading process having the marginalization
property. Combining these two observations with the definition
of a in (9), we simplify (21) to

min{z,q—1}

I

i=1

P(X;=x;|Y =y, Xi7t =271y,

where the probabilities are calculated according to the given
probability distribution Py y. Recalling the one-hot conven-
tion, we see that for both the case x = ¢ as well as the case
x < q, the above indeed equals the LHS of (20). |
Claim 7: Let X, Z, and Y be the random variables
corresponding to the distribution Py , - defined in (12). Fix
0<j<gqg—1 Then, forz; € X', z; € Z;, and y € Y, We
have
P(X;

Y =y|x{ =01

=5, Zj = 2j
(22)



Proof: Tt suffices to prove that

P(X; = xj,Xf*l = 0{72] =2z,Y =)

= B9z, 2, y)P(XI =007 . (23)

We get the LHS of (23) by ﬁxing xfl
P*(x,z,y) over all 24 +1’ +1, and zl
only the first two terms, z¢ i1 ! and zj Tl
in (12) to be from 1 to j. Also, since 2] ' = 0771, we get
from (13) that the 7(1) term in the second product of (12) can

be replaced by BX 7z (x;|2;). Thus, we have,
Z P)*(,Z,Y(xvz’y)

q—1 _q
Tjt1%j41

= PY (H 5Z Iy Zz|y ;)‘Zi (xz|zl)>
(HBX“Z Y $2,21|y)> ;

where the second equality follows from the Markovity
promised by our upgrading procedure. Recall that we have
yet to sum over all z] . Doing so causes all terms on the
RHS of (24), save for the term ¢ = j to be marginalized
to ﬁX ‘Y(xi|y). Now we recall that by the definition of

Oli_l, and summing
Summing (12) over
causes both products

(24)

upgrading, ng‘y(wi\y) = ag?ily(xﬂy), and by the definition
of a9 in (9) we conclude that
= Z P)*(,Z,Y(xvzvy)

qa—1 _q j—1
Tjr10%j4+10%1

= Py(y Oﬁv~mwzyﬁl=%w>

'Bg:’zj\y(xjv Zj ly) , (25)

where the probabilities IP(-) above are calculated according to
the given probability distribution Py y, by virtue of this being
the probability distribution through which the a(*) are defined.
We now note that the RHS of (25) can be simplified to

P(Y = an{_l = 0{_1) ﬂg?) Z; ‘Y($]7Zj|y) )

where again, the [P are according to the given probability
distribution Px y. Thus,

P(‘Xj = xj?le_l = OJLZ?‘ =2z,Y = y)

=P(Y =y, X{ " =007 8L, v (25, %0)
=P(x{ ' =0{"
P =yx{ =011 8Y) 4 (i 2ly)

=P(x{ =017 o () - BY £ v (@50 25)
=P(x{ =007 8P () BY 4 v (w50 25l)
= P(X{_l = O{_l) gg) Z; Y(xjvzj’y) )

proving (23).

Now that we have established the Py , - is a valid prob-
ability distribution, in the sense of upgrading Px y, we give
a bound on the upgrading performance. That is, define the
random variables X, Z, and Y according to Py y ,. We now
bound H(X|Y) — H(X|Z) from above.

Lemma 8: Let a joint distribution Py y and a parameter
L be given. Construct Py ,, be as defined in (12). Let
the random variables X, Z, and Y be defined according to
P% 7y Then,

H(X|Y)—-H(X|Z) <256 (|JX]—1)-A"2 (26)
Proof: Recall that our figure of merit is I(X; Z|Y), b
(5). From the chain rule,

I(X;Z|Y)

= I(X13X27 cee 7Xq—1§ Z|Y)
q—1

= (X 2|y, Xi)
=1

=

=3 P(XT =071 I(X 2, X =01
i=1
q—1

< I(X; 2y, X =071,
=1

where (a) follows from the one-hot representation: if X {'_1 #*
Oi_l, then X; is a degenerate random variable always equal
to 0. It would be easy to bound the term I(X;; Z|Y, X| ! =
Ozfl), if Z were replace by Z;. Namely, Claim 7 and our
binary-input upgrading algorithm ensures that*

I(X; Z;|V, X1t =071 <256 A2 .
Thus, our result will be proved once we show that
I(X; Z)YV, X =007 = I(Xy; Zi |y, Xi~t = 0071y .

By the chain rule, this is equivalent to showing that
I(X;; Zu|Y, Zi, X7t =011 =0,
where Z.; = (Z1,22,...,Zi-1,Zi41,Zit2, ..., Zg—1), as

defined above. That is, we must show that X; and Z.; are
independent, when conditioning on an event A of the form

A={Y =y, Z; =z, Xi ' =071} .
Hence, fix y € Y, x; € X, and 2z € Z, and let us show that

]P(A) . ]P(A, X1 = Ty, Z,\,i = Z,\,i)

4This is only guaranteed for A > 2, but since 256-A—2 > log 2 otherwise,
we may assume A > 2 without loss of generality.



We now use (12) and (13) to write each term of (27) explicitly.
Namely, one easily gets that

i—1
P(A) = Py (y) - By (ily) [T 8%y (0ly)
j=1

PAX; =x;, 2w = zwi) =
Py (y) - B v (i, 5ly) HBX v (Oly) H By (zily)
PAX; =a;) = o
Pew)-BY v (@ 5ly) Hﬁx (0ly)
P(A, Z; = 2w) =

Z \Y (2ily) H/ng)\y Oly) H Bz % (2jly)

Jj=i+1

Py (y)

Using the above, we easily verify (27).
|
Proof of Theorem 3: By Claims 5 and 6, we have indeed
constructed an upgrading of the original distribution. Lemma 8
ensures that the difference in entropies satisfies (14), by (10)
and (26). Also, the output alphabet size is at most A9~! < L,
which follows by recalling that Z = ZiFl and the definition
of A in (10).

All that remains is to discuss the complexity of our algo-
rithm. The construction of the distributions a(*) given in (9)
for 1 < < q—1 is easy to derive, if for each y € ) and
0 <1i < g—1 we have the probabilities P(Y = y, X{ = 0%)
at hand. Next, we note that P(Y = y, X! = 0%) is readily
computed from P(Y = y, X' = 0°*1). Thus, the calculation
of all of the a(¥) takes time O(q- |V]), which is O(|)|) since
we treat ¢ as a constant.

In order to calculate the distributions S for 1 < i <
q — 1, the binary upgrading algorithm is run, taking time
O(|Y|log|Y|) for each of the ¢ — 1 invocations. Thus, the
time needed to construct the joint distribution Py ;4 is
O(q- Y| log|V]).

Let us now discuss the complexity of marginalizing Py -
to produce Py ,. Clearly, this can be accomplished in time

O(q-1Y|-|Z|). However, we can do better by first noting that
even though we produce, for 1 < ¢ < g—1, a joint probability
BW(z',y, z;) involving three variables: x’ € X’ binary, y €
Y, and z € Z( this probability distribution is very sparse.
Namely, for each y € ) there are at most two z; € Z()
such that ﬂ(i)(y, z;) > 0. This is proved by induction on the
number of upgrading steps in the binary upgrading algorithm.
The key observation is that a symbol which is removed from
the output alphabet due to upgrading is ‘split’ between two
neighboring symbols, as can be seen in (41) below.

As the first step of our efficient marginalization, for each
1<i<qg—1andy €Y, let us build the subset Z(*)(y) of
Z () for which the probability 3() (y, z;) is positive if and only
if z; € 2 (y). As explained earlier, the size of such a set
Z@ (y) is always at most 2. Also, the time needed to construct
these sets is O(q - |)|), if the binary upgrading algorithm is
modified to retain the relevant information.

Next, in order to calculate Py ,, we define an array
indexed by « € X and z = (2, () . D) ¢ z.
All entries of the array are inltlahzed to O. Then, we have
an outermost loop on all ¥y € ), a mid-level loop on all
z = (2,2 24=D) such that () € Z@)(y) for all
1 <i < ¢g—1, and an inner-most loop on z, going from 1
up to g. The operation carried out in the innermost loop is
adding P (7, 2,y) to entry (z,y) of our table. Clearly,
when the calculation finishes, entry (x, z) of our table equals
P§7Z(x,z). Note also that by (12) and (13), we can share
calculations between different values of x, such that time
needed for the inner most loop to cycle over all z € X is O(q).
It follows that the cost of marginalizing P)*( 7y to produce
P 7 can be accomplished in time O(q- 29~ L.1))). Since we
treat ¢ as a constant, the total time needed to produce either
PX zy or Pk is O(|Y|log V). u

APPENDIX A
UPGRADATION AND DEGRADATION IN THE BINARY CASE

The purpose of this section is to sharpen some of the results
of [26], as well as provide simpler and shorter proofs. The
main contribution of the section is a simple derivation of
a sphere-packing bound for the simple case of |X| = 2,
provided in Subsection A-A. Then, in Subsection A-B and
Subsection A-C, we essentially repeat the arguments from [26]
in order to leverage the improved sphere-packing bound of
Subsection A-A to improved upper bounds on the loss of
upgradation and degradation, respectively, for the case of
|X| = 2. While these bounds are sharper than those reported
in [26], the proofs in these subsections do not contain new
ideas and are brought merely for completeness. As this paper
shows, upper bounds on the loss of upgradation for this special
case, immediately yield tight bounds (in terms of the power-
law) for general |X|. Similarly, in [27, Proposition 7] it was
shown that upper bounds on the loss of degradation in the
binary case yields tight power-law bounds for general |X|. In
Subsection A-D we repeat that derivation in order to obtain
sharper bounds on the loss for degradation for general |X'|.

A. Sphere-Packing in the Simplex of Bernoulli Distributions

Let ha(p) = —plog(p) — (1 — p)log(1l — p) be the binary
entropy function. By the concavity of p +— hs(p) we have
that ha(apo + (1 — a)p1) — aha(po) — (1 — a)ha(p1) > 0
for all «,po,p1 € [0, 1]. The next lemma upper bounds this
difference universally for all « € [0, 1], using relatively simple
functions of pg, p1. We remind the reader that logarithms are
taken to the natural base.

Lemma 9: For any 0 < pg < p; < 1 and « € [0,1], we
have that

ha(apo + (1 — a)p1) — aha(po) — (1 — a)ha(p1)

. (Pl —po)
< — .
S min {pl Po, 2min{p0, 1 —p1}

We note that, up to constants, the upper bound p; — pg and

the upper bound %, respectively, can be obtained



by specializing [24, Lemma 1] and [26, Equation (11-12)] to
the binary case.

Proof: Let A ~ Ber(1—a) and let B be a binary random
variable with conditional distributions [B|A = 0] ~ Ber(po),
and [B|A = 1] ~ Ber(p;). With these definitions, we have
that

ha(apo + (1 — a)p1) — aha(po) —

Using the variational formula for mutual information [31,
Chapter 2, Equation (3.7)], we write

I(A;B) = mén D(PB|AHQ|PA)

= Irgna ~da(pollp) + (1 — a) - da(p1llp),  (28)

where D(P||@Q) is the KL divergence between P and @,
D(Px|all@xjalPa) = Eavp, [D(PX|A all@x1a=0)], and
d2(pllg) = plog 2 + (1 — p)log 1= 1= is the binary KL diver-
gence. To obtain an upper bound, We may take p = 1 Zf’l 1_p0
in (28). Noting that this choice satisfies pg < p < p;1, we have
that

1 _
2 (pollp) = polog =2 + (1= po) log T—
1-—
< (1—po) log —2
= (1 *po)log(l +p1—po)s (29)
and
1-p
da(p1llp) = p1 log =4 (1-pi)log = -
<p1 log —
p
= p1 log(1 + p1 — po), (30)
Substituting (29) and (30) into (28), yields
ha(apo + (1 — a)p1) — aha(po) — (1 — a)ha(p1)
<log(l+p1 —po) <p1—po. (31)

We will obtain another upper bound using the fact that KL
divergence is dominated by x? divergence. Specifically [32,
eq. (51, D(P||Q) < log(1 + x*(P||Q)). For the binary case,
this bound reads

(p—q)? (p—q)?
d2(plla) < log <1 * q(1— q)) = q(1—q)
0+P1

Now, applying this bound on (28) with the choice p = 2oL
yields

(32)

ha(apo + (1 — a)p1) — aha(po) — (1 — a)ha(p1)

< (m—m)®
= e (7 gm)
(p1— 190)2
T 2min {2fPL ] —
(p1 — po)2
~ 2min{py,1 —p1}
Combining (31) and (33) establishes the claim. [ |

Po ;In }

(33)

(1 —a)ha(p1) = 1(A; B).

Leveraging this result, it is easy to obtain the following
“sphere-packing” bound for Bernoulli distributions.

Corollary 10: Let n > 1 be an integer. Given n+ 1 numbers
0<po <p <--- < p, <1, there must exist an index
i € [n], such that for any « € [0, 1] we have

(1 = a)ha(pi)
< 8
~ (n+1)%

ha(api—1 + (1 — a)p;) — aha(pi—1) —

Proof: Let m = [241], and assume p,, < 1/2. We will
deal with the case p,,, > 1/2 later. Set @ € [0, 1] and let

A 2 min hy(api—1 + (1 — a)p;)

1€[n]
—aha(pi—1) — (1 — a)ha(p;). (34)

We will show that we must have that p,, > w and
together with p,, < 1/2, this will imply that A < Gy

By Lemma 9, we have that

g

(pz‘—pi71)2
2min{p; 1,1 —p;i} |~ 39)

In particular, this implies that for any 7 € [n] we have

A < min min {pi —Dpi_1,
i€[n]

P; > max {pi—l + A, pic1 +v2Amin{p;_1,1 —pi}}

(36)

As po > 0, (36) shows that p; > A. Since p; < 1/2 for all
i < m, we have that min{p,_1,1 — p;} = p;_1 in this range.
Thus, for all 2 < ¢ < m, the second term in (36) dominates
the maximum, and

Pi > Pic1+\/24pi_1. (37)

Defining p; = %, we obtain the recursion:
P21 (38)
Di 2 Pi—1+V/2pi—1, 2<i<m. (39)

2
It is readily verified by induction that 7, > "1 which
implies that p,, > AW, as claimed.

If p,, > 1/2, we replace each p; with p; = 1 — p;, such
that now P, < 1/2. Now, reorder (reverse) the probabilities
such that 0 < p; < ... < p,. We are guaranteed that after
reordering P,y < 1/2, where m’ = n+1—m = {"7“] >
| %51 |. Since ha(p) = ho(1 — p), we still have

A = min hy(ap;—1 + (1 — a)p;)

1€[n]

— aha(Pi—1) — (1 — @)ha(pi). (40)
Thus repeating the same argument, we must have that A <
o +1)2 Combining this with A < 71)2, and the fact that
bothm—+1> (n+1)/2 and m'+1 > (n+1)/2, we establish

the claim. ]



B. Upgradation for Binary X

We define a procedure that constructs from a joint dis-
tribution Pxy on X x Y with |X] 2, a distribution
Pxzy on X x Z x Y with |Z| |Y| — 1, such that
Y .ez Pxzv(v,2,y) = Pxy(2,y), and X — Z — Y form
a Markov chain in this order.

Definition 11 (Splitting ith symbol of Y): Let (X,Y) ~
Pxy be random variables in X’ x ), where X = {0,1} and
Y ={1,...,|Y]}. Let p; = Pr(X = 0]Y = i) and assume
without loss of generality that p; < --- < py. For any
i€ {2,...,|Y| =1} let a; € [0,1] satisfy a;p;—1 + (1 —
@;)pi+1 = p;- The joint distribution P}, = PyP%‘YP)iﬂZ
on Y x (Y \ {i}) x X corresponding to splitting the ith symbol
of ) is defined as

1 y#Fi,z=y

Q; y=1t,z=1—1
P =91 0y ia—ip1 @D

0 otherwise,

and PX‘Z(0|Z) =p, forall z € Y\ {i}.

Proposition 12 (Cost of split): Under the distribution Py , -,
we have that X — Z — Y form a Markov chain in this order,
PYy = Pxy, and

I(X;2) - I(X;Y) = Py (i) | ha(a;pi—1 + (1 — ai)pit1)

—aiha(pi—1) — (1 — o) ha(piv1) |-

Proof: Clearly, Y — Z — X form a Markov chain in this
order under P ,, and consequently, so do X — Z — Y. By
definition P{} = Py, and therefore, to prove that P)icy = Pxvy,
it suffices to show that P)i(|Y = Px|y. To that end, write

Piy(Oly) = > Piz(02)Pyy (2ly)
2EV\ {3}
_ Py Y Fi
aipi-1+ (1 —a)piy1 y=1i

= Px|y(Oly),

as a;p;i—1 + (1 — o;)pi+1 = p; by definition of «;. For the
mutual information gap, we first have to compute Piy =

P” X‘Z To this end, write
P%(Z):ZPY PZ|Y zly)
yey
Py (2) zg¢{i—1,i+1}
= Py(i—1)+0éipy(i) z=1—1 5
Py(i+1)+(1—a)Py(i) z=1i+1

(42)

and recall that P)’(| 4(0]z) = p.. We can now write

[(X: 2) — I(X:Y) = H(X|Y) — H(X|Z)
= Z Py (y)ha(py) Z Pz(2)ha(p-)
yey 2eV\{i}

= Py (i — 1)ha(pi—1) + Py (i)ha(pi) + Py (i + 1)ha(pis1)
— (Py(i—1) + a; Py (i) ha(pi—1)

= (Py(i+1) + (1= )Py (i) ha(pit1)

= Py (i)ha(pi) — i Py (i)h2(pi—1) — (1 — ;) Py (i) ha(pi+1)

= Py (i) |ha(api—1 + (1 — a;)pit1)

—aiha(pi—1) — (1 = i) ha(piv1) |

as claimed. [

Theorem 13: Let (X,Y) ~ Pxy be random variables in
X x Y, where X = {0,1} and Y = {1,...,|V|}. Let p; =
Pr(X = 0|Y =) and assume without loss of generality that
p1 < --- < pjy|. Then, there exists i € {2,...,|Y| — 1} such
that under the distribution %, -, defined in Proposition 12,
we have

256

I(X;Y) < (43)

Proof: Without loss of generality we may assume |)| >
8, as otherwise the right hand side of (43) is greater than log 2,
and the statement holds trivially. Let

A 2
ysmall = {yey PY( ) y|} (44)

which implies |Yinan| > %, and let Vpuncured be the set
obtained by removing every other element in Y.y, starting
from the second. We get that between any two elements
of YVpuncturea lies at least one element of Yiman, and that
| Vounctured| > %. Furthermore, by Corollary 10, we must have
two indices j,k € Ypuncwreds § > k + 1, such that for any
a € [0,1]

oo

(1 = a)ha(ps) <

ha(apy + (1 — a)p;) — aha(pk) — (m)z

AR
Thus, we must have some ¢ € Vymay satisfying k < ¢ < 7, for
which

ho(aipi—1 + (1 — — ajha(pi—1) — (1 — ai)ha(piy1)

< 128
which follows since’ for 0 < p < p' < ¢ < ¢<1,

ha(ap’ + (1 = a)q') — aha(p') — (1 — @)ha(q') (45)
< ha(ap + (1 — a)q) — aha(p) — (1 — )ha(q) -

3To see this fix «, and denote the LHS of (45) by g(p’, q’). Recalling that
0 <p’ <¢q' <1, it suffices to prove that g(p’, q’) is non-decreasing if we
enlarge ¢’ or reduce p’. This is indeed true, and can be seen by considering
the partial derivatives of g(p’, ¢’) with respect to p’ and ¢’, and noting that
z/(1 — x) is increasing in z, for 0 < z < 1.

Q;)Pit1)



By Proposition 12 and (44), for this ¢ we have that

_ 256
— |y‘33

under P}, as claimed. |
We are now ready to prove Theorem 1.

Proof of Theorem 1: Construct Z in a greedy fashion as
follows. Find an index i such that P}, satisfies (43), and
then replace Y < Z, and repeat. Stop when || = L. From
Theorem 13 we obtain

I(X;Z) - I(X;Y)

4

256
I(X;2) - I(X;Y) < Ve

{=L+1

* 1
< 256/ —dt
teg, 3
256
2’

as claimed. [ |

C. Degradation for Binary X

For a joint distribution Pxy on X x ), where |X| = 2,
we first define a quantizer f : Y — {1,...,|Y|— 1}, with the
property that I(X; f(Y)) is close to I(X;Y). Then, we apply
this quantizer sequentially until the cardinality is reduced to
L.

Definition 14 (Merging symbols i and j): Let (X,Y) ~
Pxy be random variables in X x ), where X = {0,1} and
Y ={1,...,]Y|}. The function that merges the symbols i #
j € Y to the symbol ¢, and does not change the rest of the
symbols is defined as f;; : Y — Y\ {4,j} Uy, where y’ ¢ V.
Namely, fi;(i) = fi;(j) =y  and f(y) =y for all y ¢ {i,j}.

Proposition 15 (Cost of merge): Let p; = Pr(X = 0|Y =

. Py (i
i), and a;; = W(P)y(j)' Then,

I(X3Y) = I(X; fi;(Y)) = (Py (i) + Py (5))
- [ha(aujpi + (1 — ij)pj) — ijha(pi) — (1 — cuj)ha(p;y)] -

Proof: Let Y = fij(Y). We clearly have that Py (y) =

Py (y) and Pr(X = 0]Y = y) = p; for any y € Y\ {3, j},
while for y* we have Py (y') = Py (i) + Py (j) and Pr(X =
O‘Y = y’) = % = a4p; + (1 — Oéij)pj. It
therefore follows that

I(X5Y) = I(X; f(Y)) = HX|f(Y)) — H(X]Y)

= (Py (i) + Py (j)) ha (cijpi + (1 — aij)py)

+ > Pr(®)ha(py)

yeV\{i,j}

— Py(i)ho(pi) — Py (Dha(ps) — Y Py(y)ha(py)
yeV\{4,5}
= (Py (i) + Py (j)) h2 (eijpi + (1 — @ij)py)

— Py (i)ha(pi) — Py (j)h2(p)),

and the result follows by definition of a;. ]

The following theorem shows that if || is large, we can
always find two symbols such that merging them would not
significantly decrease the mutual information.

Remark 16: The merging operation is in fact a quantizer of
Y to |Y|—1 levels. It is known [20] that an optimal quantizer
f Y — [M], in terms of maximizing I(X; f(Y), can be
associated with a partition of the interval [0,1) to M disjoint
intervals Zy, ..., Zy, such that f(y) = m iff Pr(X =0]Y =
y) € Z,. Thus, if we relabel ¥ = {1,...,|V|} such that
p1 <o < ppy), We have that the symbols with the smallest
cost of merge are adjacent. It therefore suffices to restrict the
searchto i € {1,...,]Y|—1} and j =i+ 1.

Theorem 17: Let (X,Y) ~ Pxy be random variables in
X x )Y, where X = {0,1}, YV = {1,...,|V|}, and let f;; be
as defined in Proposition 15. Then, there exists ¢ # j € Y
such that

I(X;Y) - I(X; fi;(YV)) < —=. (46)

Proof: Without loss of generality we may assume || >
4, as otherwise the right hand side of (46) is greater than log 2
and the statement holds trivially. Let Vi be as in (44), and
recall that |Vsman| > % By Corollary 10, there must exist
) 3&] € Ysman C Y for which

hao(aijpi + (1 — ayj)pj) — cijha(ps) — (1 — i) ha(p;)

8 32
< —— < 47)
D}smalll2 D)l2
Furthermore, as i, j € Ysman, We have that
. . 4
PY(2)+PY(])§m~ (48)

The claim now immediately follows from substituting (47)
and (48) into Proposition 15. |

Theorem 18: Let (X,Y) ~ Pxy be random variables in
X x ), where |X| =2 and Y is discrete. For any integer L,

there exists a function f: )Y — {1,..., L} such that
128
I(XGY) ~ I(X; /(Y)) < 2 (49)

Proof: Construct f in a greedy fashion as follows. Merge
the two symbols of ) for which the loss in mutual information
due to merging is smallest, and repeat this until |Y| = L. From
Theorem 17 we obtain

Y
128
IXGY) - I(GF0) £ Y —
(=L+1
* 1
< 128/ —Sdt
t=r t
128
= Fa (50
as claimed. |



D. Degradation for General X

Repeating the proof of [27, Proposition 7], with the im-
proved performance guarantees of the greedy merge algorithm
for binary X, as stated in Theorem 18, yields Theorem 2. For
completeness, we bring the proof below.

Proof of Theorem 2: The case ¢ = 2 is covered by
Theorem 18.
Now let ¢ > 2, and without loss of generality assume X =

{1,2,...,q}. Define X; = Tyx=sy, fori =1,2,...,q - 1.
Then,
I(X;Y)=I(X1,...,X4-1;Y)
-1
= Z I(X3Y]X =07 ) Pr(X; =071
= 5D
where Xf_l = Oi_l denotes the event X; = --- = X;_; = 0.

Let f(y) be an M-level quantizer, with M < L, of the form
fly) = (f1(y),..., fe-1(y)). Then,

I(Xs f(Y)X =07 Pr(X{ = 00)

Qo=
L
_ =

> (X (V)X =00 Pr(Xi =001 (52)

%

Il
—

Thus, combining (51) and (52), gives

q—1

I(X;Y) = I(X; f(V)) <> (I(XsYIX{T =071
i=1

—I(X3; (V)X =017Y) Pr(X{ 7 = 077h).

(53)

It follows from Theorem 18 that by taking the support sizes
as |f;(y)| = A, where A = LY@~V | forall 1 <i<gq—1,
we can find quantizers f1(y), ..., fy—1(y) for which

I(X; Y| X =00 — I(Xy; (V)X =001 < =
Consequently, with this choice, we obtain
q—1
I(X;Y) = I(X; f(Y)) <128- A7) Pr(X{' =0)
i=1

<128(q—1) - {L”WUJ_Q, (54)

as desired. [ |

REFERENCES

[1] O. Ordentlich and I. Tal, “An upgrading algorithm with optimal power
law,” in International Zurich Seminar on Information and Communica-
tion (IZS 2020). Proceedings. ETH Zurich, 2020, p. 46.

[2] E. Arikan, “Channel polarization: A method for constructing capacity-
achieving codes for symmetric binary-input memoryless channels,” IEEE
Trans. Inform. Theory, vol. 55, no. 7, pp. 3051-3073, July 2009.

[3] R. Mori and T. Tanaka, “Performance and construction of polar codes
on symmetric binary-input memoryless channels,” in Proc. IEEE Int’]
Symp. Inform. Theory (ISIT’2009), Seoul, South Korea, 2009, pp. 1496—
1500.

[4] S. B. Korada, “Polar codes for channel and source coding,” Ph.D.
dissertation, Ecole Polytechnique Fédérale de Lausanne, 2009.

[5]
[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]
[14]
[15]

[16]

(17]

(18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

(32]

I. Tal and A. Vardy, “How to construct polar codes,” IEEE Trans. Inform.
Theory, vol. 59, no. 10, pp. 6562-6582, October 2013.

S. B. Korada and R. Urbanke, “Polar codes are optimal for lossy source
coding,” IEEE Trans. Inform. Theory, vol. 56, no. 4, pp. 1751-1768,
April 2010.

J. Honda and H. Yamamoto, “Polar coding without alphabet extension
for asymmetric channels,” IEEE Trans. Inform. Theory, vol. 59, no. 12,
pp. 7829-7838, December 2012.

E. Hof and S. Shamai, “Secrecy-achieving polar-coding for binary-input
memoryless symmetric wire-tap channels,” arXiv:1005.2759v2,
2010.

H. Mahdavifar and A. Vardy, “Achieving the secrecy capacity of wiretap
channels using polar codes,” IEEE Trans. Inform. Theory, vol. 57, pp.
6428-6443, 2011.

M. Andersson, V. Rathi, R. Thobaben, J. Kliewer, and M. Skoglund,
“Nested polar codes for wiretap and relay channels,” IEEE Commmun.
Lett., vol. 14, pp. 752-754, 2010.

0. O. Koyluoglu and H. El Gamal, “Polar coding for secure transmission
and key agreement,” IEEE Transactions on Information Forensics and
Security, vol. 7, no. 5, pp. 1472-1483, October 2012.

R. Wang, J. Honda, H. Yamamoto, R. Liu, and Y. Hou, “Construction of
polar codes for channels with memory,” in Proc. IEEE Inform. Theory
Workshop (ITW’2015), Jeju Island, Korea, 2015, pp. 187-191.

E. Sasoglu and I. Tal, “Polar coding for processes with memory,” I[EEE
Trans. Inform. Theory, vol. 65, no. 4, pp. 1994-2003, April 2019.

B. Shuval and I. Tal, “Fast polarization for processes with memory,”
IEEE Trans. Inform. Theory, vol. 65, no. 4, pp. 2004-2020, April 2019.
“Universal polarization for processes with ~memory,”
arXiv:1811.05727v1, 2018.

I. Tal, H. D. Pfister, A. Fazeli, and A. Vardy, “Polar codes for the dele-
tion channel: weak and strong polarization,” arXiv:1904.13385v1,
2019.

R. Pedarsani, S. H. Hassani, I. Tal, and E. Telatar, “On the construction
of polar codes,” in Proc. IEEE Int’l Symp. Inform. Theory (ISIT’2011),
Saint Petersburg, Russia, 2011, pp. 11-15.

I. Tal and A. Vardy, “Channel upgrading for semantically-secure encryp-
tion on wiretap channels,” in Proc. IEEE Int’l Symp. Inform. Theory
(ISIT’2013), Istanbul, Turkey, 2013.

T. Koch and A. Lapidoth, “At low SNR, asymmetric quantizers are
better,” IEEE Trans. Inform. Theory, vol. 59, no. 9, pp. 5421-5445,
September 2013.

B. M. Kurkoski and H. Yagi, “Quantization of binary-input discrete
memoryless channels,” IEEE Trans. Inform. Theory, vol. 60, no. 8, pp.
4544-4552, August 2014.

G. Alirezaei and R. Mathar, “Optimal one-bit quantizers are asymmetric
for additive uniform noise,” in Information Theory and Applications
Workshop (ITA’2017), 2017.

I. Tal, A. Sharov, and A. Vardy, “Constructing polar codes for non-
binary alphabets and MACs,” in Proc. IEEE Int’l Symp. Inform. Theory
(ISIT’2012), Cambridge, Massachusetts, 2012, pp. 2132-2136.

U. Pereg and I. Tal, “Channel upgradation for non-binary input alphabets
and MACSs,” IEEE Trans. Inform. Theory, vol. 63, no. 3, pp. 1410-1424,
March 2017.

T. C. Gulcu, M. Ye, and A. Barg, “Construction of polar codes for
arbitrary discrete memoryless channels,” IEEE Trans. Inform. Theory,
vol. 64, pp. 309-321, January 2017.

I. Tal, “On the construction of polar codes for channels with moderate
input alphabet sizes,” IEEE Trans. Inform. Theory, vol. 63, no. 3, pp.
1501-1509, March 2017.

A. Kartowsky and I. Tal, “Greedy-merge degrading has optimal power-
law,” IEEE Trans. Inform. Theory, vol. 65, no. 2, pp. 917-934, February
2019.

A. Bhatt, B. Nazer, O. Ordentlich, and Y. Polyanskiy, “Information-
distilling quantizers,” arXiv preprint arXiv:1812.03031, 2018.

A. Zhang and B. M. Kurkoski, “Low-complexity quantization of discrete
memoryless channels,” Proc. IEEE Int’l Symp. Inform. Theory Appl.
(ISITA’2016), 2016.

K. I. Iwata and S. Y. Ozawa, “Quantizer design for outputs of binary-
input discrete memoryless channels using SMAWK algorithm,” in Proc.
IEEE Int’l Symp. Inform. Theory (ISIT’2014), June 2014, pp. 191-195.
Y. Sakai and K. I. Iwata, “Optimal quantization of B-DMCs maximizing
a-mutual information with monge property,” in Proc. IEEE Int’l Symp.
Inform. Theory (ISIT’2017), June 2017.

I. Csiszar and J. Korner, Information theory: coding theorems for
discrete memoryless systems. Academic Press, 1981.

I. Sason and S. Verdd, “f -divergence inequalities,” IEEE Transactions
on Information Theory, vol. 62, no. 11, pp. 5973-6006, Nov 2016.



