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On the Optimal Achievable Rates for Linear
Computation With Random Homologous Codes

Pinar Sen™, Student Member, IEEE, Sung Hoon Lim

Abstract—The problem of computing a linear combination
of sources over a multiple access channel is studied. Inner and
outer bounds on the optimal tradeoff between the communication
rates are established when encoding is restricted to random
ensembles of homologous codes, namely, structured nested coset
codes from the same generator matrix and individual shaping
functions, but when decoding is optimized with respect to the
realization of the encoders. For the special case in which the
desired linear combination is “matched” to the structure of the
multiple access channel in a natural sense, these inner and outer
bounds coincide. This result indicates that most, if not all, coding
schemes for computation in the literature that rely on random
construction of nested coset codes cannot be improved by using
more powerful decoders such as the maximum likelihood decoder.
The proof techniques are adapted to characterize the rate region
for broadcast channels achieved by Marton’s (random) coding
scheme under maximum likelihood decoding. By generalizing
some of the techniques, a single-letter outer bound for the
capacity region of the computation problem is presented and
compared with the inner bound achieved by homologous codes.

Index Terms— Multiple access channel, broadcast channel,
structured coding, linear code, maximum likelihood decoding,
simultaneous decoding, Marton’s coding.

I. INTRODUCTION

ONSIDER a multiple access channel (MAC) with two

senders and one receiver, in which the receiver wishes
to reliably estimate a linear function of transmitted codewords
from the senders (see Figure 1). One trivial approach to
this computation problem involves two steps: first recover
the individual codewords and then compute the function from
the recovered codewords. When the problem is isolated to the
first communication step of this plug-in approach, using the
conventional random independently and identically distributed
(i.i.d.) code ensembles achieves the optimal rates of commu-
nicating independent codewords [1], [2]. For the problem as
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a whole, however, the use of random i.i.d. code ensembles
is strictly suboptimal even for a trivial MAC. The earlier
studies on computation concentrated on recovering/utilizing
a linear combination of messages at the receiver. As shown
by Korner and Marton [3] for the problem of encoding a
modulo-two sum of distributed dependent binary sequences,
using the same random ensemble of linear codes at multiple
encoders can achieve strictly better rates than using inde-
pendently generated ensembles of codes. Building on this
observation, Nazer and Gastpar [4] developed a channel coding
scheme that uses the same random ensemble of linear codes
at multiple encoders and showed that this structured coding
scheme outperforms conventional random coding schemes for
computing a linear combination of transmitted messages over
a linear MAC. This influential work led to the development of
the compute—forward strategy for relay networks [5]-[7]. Over
the past decade, the compute—forward strategy based on lattice
codes for Gaussian channels and its extensions have shown
to provide higher achievable rates for several communication
problems over relay networks [S]-[11].

More recently, nested coset codes [12], [13] were proposed
as more flexible alternatives for achieving the desired linear
structure at multiple encoders. In particular, Padakandla and
Pradhan [13] developed a fascinating coding scheme for
the computation problem of transmitted messages over an
arbitrary MAC. In this coding scheme, a coset code with a
rate higher than the target (message) rate is first generated
randomly. Next, in the shaping step, a codeword of a desired
property (such as type or joint type) is selected from a subset of
codewords (a coset of a subcode). Although reminiscent of the
multicoding scheme of Gelfand and Pinsker [14] for channels
with state, and Marton’s coding scheme [15] for broadcast
channels, this construction is more fundamental in some sense,
since the scheme is directly applicable even for classical point-
to-point communication channels. A similar shaping technique
was also developed for lattice codes in [16]. For multiple
encoders, the desired common structure is obtained by using
coset codes with the same generator matrix. Recent efforts
exploited the benefit of such constructions for a broader
class of channel models, such as interference channels [17],
[18], multiple access channels [19], [20], and multiple access
channels with state [21].

In those earlier studies, message computation at the receiver
is closely related (if not equivalent) to codeword computation
due to the underlying linearity shared among users’ codebooks.
Motivated by the physical meaning of compute—forward and
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Fig. 1. Linear computation over two-sender multiple access channel.

interference alignment, where a linear combination of code-
words is to be utilized at the receiver to cancel out the
interfering codewords, Lim, Feng, Pastore, Nazer, and Gast-
par [22], [23] tackled codeword computation and generalized
the nested coset codes constructed with the same generator
matrix to asymmetric rate pairs. We referred to this gener-
alized version, together with the shaping step, as homolo-
gous codes [19], [20], [24]. This terminology is motivated
from its biological definition, i.e., the structures modified
from the same ancestry (underlying linear code) to adapt
to different purposes (desired shape). Lim er al. [22], [23]
further analyzed simultaneous decoding of random ensembles
of homologous codes and showed that it can achieve rates
higher than existing approaches to computation problems. For
instance, when adapted to the Gaussian MAC, the resulting
achievable rates improve upon those of lattice codes [7].
With mathematical rate expressions in single-letter mutual
information terms that work for a general memoryless channel
and result in better performances than those of lattice codes
for Gaussian channels, homologous codes have a potential to
bringing a deeper understanding of the fundamental limits of
the computation problem.

Several open questions remain, however. What is the opti-
mal tradeoff between achievable rates for reliable compu-
tation? Which scheme achieves this computation capacity
region? The answers require joint optimization of encoder and
decoder designs, which seems to be intractable as in many
other network information theory problems.

In this paper, we instead concentrate on the performance of
the optimal maximum likelihood decoder when the encoder is
restricted to a given random ensemble of homologous codes.
We characterize the optimal rate region when the desired linear
combination and the channel structure are “matched” (see
Definition 1 in Section III), which is the case in which the
benefit of computation can be realized to the fullest extent
as indicated by [25]. This result, inter alia, implies that the
suboptimal joint typicality decoding rule proposed in [22], [23]
achieves this optimal rate region. Thus, the performance of
random ensembles of homologous codes cannot be improved
by the maximum likelihood decoder.

The main contribution lies in the outer bound on the optimal
rate region (Theorem 3), which characterizes the necessary
condition that a rate pair must satisfy if the average probability
of decoding error vanishes asymptotically. The proof of this
bound relies on two key observations. First, the distribution
of a given random ensemble of homologous codes converges
asymptotically to the product of the desired input distribu-
tion. Second, given the channel output, a relatively short list
of messages can be constructed that includes the actually

transmitted message with high probability. The second obser-
vation, which is adapted from the analysis in [26] for the
optimal rate region of interference networks with random i.i.d.
code ensembles, seems to be a recurring path to establishing
the optimal performance of random code ensembles.

As hinted earlier, the construction of random ensemble of
homologous codes has many similarities to Marton’s coding
scheme [15], one of the fundamental coding schemes in
network information theory. As a result, adapting the proof
techniques that we developed for homologous codes, we can
establish an outer bound on the optimal rate region for broad-
cast channels with Marton’s coding scheme (Proposition 2).
The resulting outer bound coincides with the inner bound
that is achieved by simultaneous nonunique decoding, thus
characterizing the optimal rate region of a two-receiver general
broadcast channel achieved by a given random code ensemble.

The rest of the paper is organized as follows. Section II
formally defines the computation problem. Section III presents
the main result of the paper—the optimal rate region achiev-
able by a random ensemble of homologous codes. The inner
and the outer bounds on this region are presented in Sec-
tions IV and V, respectively. Section VI establishes the optimal
rate region for a broadcast channel achievable by Marton’s
coding scheme. Section VII concludes the paper with some
discussion on the capacity region of computation problem
by providing a single-letter outer bound for a given (fixed)
computation code and comparing it to the inner bound that is
achieved by homologous codes.

We adapt the notation in [27], [28]. The set of integers
{1,2,...,n} is denoted by [n]. For a length-n sequence (row
vector) 2" = (z1,22,...,2,) € X", we define its type as
m(xlz™) = |{i: z; = x}|/n for x € X. Upper case letters
X,Y,... denote random variables. For ¢ € (0,1), we define
the e-typical set of n-sequences (or the typical set in short)
as T (X) = {a": p(x) — w(z|z")| < ep(z), € X'}. The
indicator function 1s : X — {0,1} for S C X is defined as
Is(xz) =1if x € S and 0 otherwise. A length-n row vector
of all zeros is denoted by 0,,, where the subscript is omitted
when it is clear from the context. We denote by IF, a finite
field of size ¢, IE‘; is the set of nonzero elements in I, and
IFg is the d-dimensional vector space over IF,. The limit of a
collection of sets {A(e)} indexed by € > 0 is defined as

im A=) ) A2 N U Am. o

e—0
e>0 0<vy<e e>0 0<vy<e

which exists if (a) holds. The closure cl(A) of a set A C R?
denotes the smallest closed superset of A. The convex hull
conv(A) of a set A denotes the smallest convex and closed
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superset of A. We use €, > 0 to denote a generic sequence
of n that tends to zero as n — oo, and use d;(¢) > 0,
i € Z7T, to denote a continuous function of e that tends to
zero as € — 0. For the g-ary computation problem studied in
Sections II through V, information measures are in logarithm
base q.

II. FORMAL STATEMENT OF THE PROBLEM

Consider the two-sender finite-field input memoryless mul-
tiple access channel (MAC)

(X1 x Xy, p(y |1, 22), V)

in Figure 1, which consists of two sender alphabets X} =
X =Ty, areceiver alphabet ), and a collection of conditional
probability distributions py|x, x, (y|*1,22). Each sender j =
1,2 encodes a message M; € IFZLR" into a codeword X7 =
z?(M;) € Fy and transmits X over the channel. Here
and henceforth, we assume without loss of generality that
nR1 and nRy are integers. The goal of communication is to
convey a linear combination of the codewords. Hence, upon
receiving the sequence Y™, the decoder finds an estimate
Wi =wp(Y") € F? of
Wei=a1 X ®as X}

for a desired (nonzero) vector a = [a1 a2] over Fy,
where the operator @& denotes the g-ary addition. Formally,
an (n,nRy,nRs) computation code for the multiple access
channel consists of two encoders that map x?(mj), 7=1,2,
and a decoder that maps @} (y™). The collection of codewords
Cn = {(f(ma). 75 (mg)) : (m1,mg) € B H) s
referred to as the codebook associated with the (n,nRy,nRs)
code.

Remark 1: For simplicity of presentation, we consider the
case X1 = X = [, but our arguments can be extended
to arbitrary X7 and A5 through the channel transformation
technique by Gallager [29, Sec. 6.2]. More specifically, given
a pair of symbol-by-symbol mappings ¢; F, — A&,
7 = 1,2, consider the virtual channel with finite field inputs,
p(ylvi, v2) = pyx, x, (Yle1(ve), p2(v2)), for which a com-
putation code is to be defined. The goal of the communication
is to convey W := a1 V" @ az V3", where V" = U;L(Mj) IS
[y is the virtual codeword mapped to message M at sender
7 = 1, 2. Our results can be readily applied to this computation
problem defined on the virtual channel.

The performance of a given computation code with a fixed
desired vector a and with codebook C,, is measured by the
average probability of error

P (c,) = P(W # WZcn),

when M; and M are independent and uniformly distributed.
Message M;, j = 1,2, is said to be confusable if 7 (M;) =
z’t(my) for some m; # M; € IE‘ZLRj. A rate pair (R, R2)
is said to be achievable for a-computation if there exists a
sequence of (n,nR;,nRy) computation codes such that

lim P™(c,) =0

n—oo
and

lim P(}; is confusable|c,,) = 0, 2)

n—oo
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for every j € {1,2} with a; # 0. Note that without the
condition in (2), the problem is trivial and an arbitrarily large
rate pair is achievable.

We now define the random ensemble of computation codes
referred to as homologous codes. Let p = p(z1)p(x2) be a
given input pmf on F, x F;, and let ¢ > 0. Suppose that the
codewords z7(m1), m1 € IF[;Rl, and x5 (m2), ma € ]F{;RQ
that constitute the codebook are generated according to the
following steps:

1) Let R; = D(px, ||Unif(F,)) +e, j = 1,2, where D(-||-)

is the Kullback—Leibler divergence.

2) Randomly generate a k X n generator matrix, GG, where
k = max{nR, + an,nRg + nRQ}, and two dither
vectors D7 and D3 such that the elements of G, D7,
and DY are i.i.d. Unif(FF,) random variables.

3) Given the realizations G,d}, and d} of the generator
matrix and dithers, let

n

% (mj7 lj) = [mj lj On—n(RJ-i-Rj)] G+ d;l’
for every m; € IFZLR" and every [; € IE‘ZLRj, j=1,2.
At sender j = 1,2, assign a codeword z (m;)

ut(my, Lj(m;)) to each message m; € Fy™ where
L;(m;) is a random variable that is drawn uniformly

at random among all [; vectors satisfying y?(mj, l;) €
’Te(n)(X ;) if there exists one, or among IF;LR" otherwise.

The intuition behind this construction can be identified as
follows. In step 3), sender ;7 = 1,2 constructs a coset code
of rate R; + R;, which is larger than its target rate R;.
The redundancy, the amount of which is determined by R»,
provides the existence of a codeword within the typical set
7" (X;) with high probability. The fact that the codewords
of different senders are built from the same underlying linear
code benefits computation in the sense that a linear combi-
nation of codewords is a codeword from a coset of the same
underlying linear code.

With a slight abuse of terminology, we refer to the random
tuple C,, := (G, D}, Dy, (Li(my) : my € FpFY), (La(ms) -
ma € Fi2)) as the random homologous codebook'. Each
realization of the random homologous codebook C,, results
in one instance {(z7(m1),2%(m2)) : (m1,my) € Fpft x
IF:;RZ} of such generated codebooks, which constitutes an
(n,nRy,nR2) computation code along with the optimal
decoder. The random code ensemble generated in this manner
is referred to as an (n,nRy,nRa;p,€) random homologous
code ensemble, where p is the given input pmf and € > 0 is the
parameter used in steps 1 and 3 in codebook generation. A rate
pair (R1, R2) is said to be achievable for a-computation by the
(p, €)-distributed random homologous code ensemble if there
exits a sequence of (n,nRi,nRa;p,e) random homologous
code ensembles such that

lim E¢, [P"™(C,)] =0 3)

n—oo

IThe codebook that each sender is equipped with through steps 1)-3) is
referred to as the nested coset codebook in the literature [13], [22], [23].
In that sense, a homologous codebook can be seen as a family of nested
coset codebooks constructed with the same generator matrix G' with individual
dithers D and codebook distributions p(z;), j = 1,2.
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and
lim Eg, [P(M; is confusable|C,,)] = 0,

n—oo

“)

for every j € {1,2} with a; # 0. Here the expectations
are with respect to the random homologous codebook C,,
ie., (G,D}, Dy, (Li(my) : my € Fpf), (La(ma) : mo €
F7f2)). Given (p, €, a), let Z*(p,¢,a) be the set of all rate
pairs achievable for a-computation by the (p, €)-distributed
random homologous code ensemble. Given the input pmf p
and the desired vector a # 0 € IE%, the optimal rate region
Z*(p,a), when it exists, is defined as

Z*(p,a) :=cl hn(l)%’*(p,e,a) .

Remark 2: Instead of (4), one may consider alternative
notions for the confusability of the transmitted message, such

as
H(M;| X} (Mj),Cn)

lim =0, (%)
n— 00 n
or
lim E¢, [P(G is rank deficient|C,)] = 0. (6)

n—00

It is easy to show that our results for the optimal rate region
Z*(p,a) under (4) still apply if we change the confusability
notion with (5) or (6).

III. THE MAIN RESULT

In this section, we present a single-letter characterization of
the optimal rate region when the target linear combination is
in the following class.

Definition 1: A linear combination W, = a1 X1 @ as Xo
for some a = [a; ap] € F2 \ {0} is said to be natural if

H(Wa|y) = mlnH(Wb |Y)7 (7
b0
where b = [by bo] and Wy, = b1 X1 @ by X are over Fy.

Intuitively, a natural combination W, is the easiest to
recover at the receiver and thus, in some sense, is the best
linear combination that is matched to the channel structure.

We are now ready to present the optimal rate region for
computing natural linear combinations.

Theorem 1: Given an input pmf p = p(x1)p(z2) and a
vector a # 0 € IF(QI such that W, is a natural combination,
the optimal rate region %*(p,a) is the set of rate pairs
(R1, R2) such that

(8a)
(8b)

Rj < I(Xj;Y | Xje),
R; < I(Xy, X2;Y) — min{Rje, [(X;e; Wa,Y)}

for every j € {1,2} with a; # 0, where j° = {1,2}\ {j}.

The rate region in (8) in Theorem 1, which we will denote as
Z%**(p,a), can be equivalently characterized in terms of well-
known rate regions for compute—forward and message com-
munication. Let Zcr(p, a) be the set of rate pairs (R1, R2)
such that

R; < H(X,) — HWa|Y), Vje{1,2} witha; #0. (9)
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Let Zvac(p) be the set of rate pairs (R, Rz) such that

R1 S I(X17Y|X2),
RQ S I(XQ;Y|X1),
R+ Ry < I(X71,X2;Y).

Proposition 1: For any input pmf p = p(z1)p(z2) and any
linear combination W,

K (p,a) = Zcr(p, a) U Zuac(p).

The proof of Proposition 1 is relegated to Appendix A.

We prove Theorem 1 in three steps: 1) we first present a
general (not necessarily for natural combinations) inner bound
on the optimal rate region in Section IV, where we follow the
results in [22], [23] that studied the rate region achievable by
random homologous code ensembles using a suboptimal joint
typicality decoding rule, 2) we then show by Lemma 1 in
Section IV that this inner bound is equivalent to Z**(p, a) in
Proposition 1 if W, is a natural combination, and 3) we present
a general (not necessarily for natural combinations) outer
bound on the optimal rate region in Section V by showing
that if a rate pair (R;, R2) is achievable for a-computation
by the (p, ¢)-distributed random homologous code ensemble
for arbitrarily small €, then (R;, R2) must lie in Z**(p, a) in
Theorem 1.

Remark 3: Due to the underlying linearity shared between
different users’ codebooks, the computation problem defined
in Section II is closely related to the message computation.
Indeed, one may redefine the computation problem over mes-
sages where the goal of transmission is to convey a linear
combination a; M; @ as My of messages for Ry = Ro
and redefine the achievability for a-computation by the (p, €)-
distributed random homologous code ensemble and optimal
symmetric rate R*(p,a) in a similar manner but based on
condition (3) only, then R*(p,a) is equal to the largest
symmetric rate satisfying (8) in Theorem 1. The achievability
simply follows from the inner bound in Section IV. To see
this, note that a linear combination of codewords is of the
form

a1 X7'(My) @ az X3 (Ms)
= (al[Ml L Onfn(RlJrRl)] D az [M2 Ly Of{fn(RerRz)])G
D alD? D as D;l

Since the generator matrix G is full rank almost surely as

n — oo by Lemma 6 under the rate constraints in Theorem 1,
(al[Ml Ly 0] ® as[My Ly 0]) can be recovered from
ay X7 (My)®ag X3 (Ms) almost surely. When Ry = Ry = R,
the first nRR bits of (al[Ml L4 O] D CLQ[MQ L1 0]) would
give a; Mi @ as My as desired. To prove the optimality,
an outer bound can be obtained by following similar steps
with Section V.

IV. AN INNER BOUND

The linear computation performance of random homologous
code ensembles was studied using a suboptimal joint typicality
decoder in [22], [23]. For completeness, we first describe the
joint typicality decoding rule and then characterize the rate
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region achievable for a-computation by the (p, €)-distributed
random homologous code ensemble under this joint typicality
decoding rule. We then concentrate on an arbitrarily small € to
provide an inner bound on the optimal rate region %Z*(p, a).
We will omit the steps that were already established in [22],
[23] and instead provide detailed references.

Upon receiving y”, the €’-joint typicality decoder, ¢ > 0,
looks for a unique vector s € Fy such that

s = al[ml ll Oﬁ—n(R1+R1)] S az[mg l2 Of-i—n(R2+1:'i2)]7

for some (mq,l;,ma,ly) € FPE1 x Fnlin 5 iz o Frle that
) V1, 11025 q q q q

satisfies

(uf (my,l1), ug (ma, l2),y™) € Te(fn)(XhXQ,Y%

where ul'(m;,l;) = [mi Oﬁ_n(R#Ri)]G @ d' is the
auxiliary codeword defined in step 3) of the code construction
in Section II. If the decoder finds such s, then it declares
wy = sGPay df Gas dy as an estimate; otherwise, it declares
an error.

To describe the performance of the joint typicality decoder,
we define Zcr(p, d,a) for a given input pmf p, 6 > 0, and
nonzero vector a € IF?I as the set of rate pairs (Rq, R2) such
that

R; < H(X;) — HWa|Y) =6, Vj € {1,2} with a; # 0.

Similarly, we define % (p, d) as the set of rate pairs (R, R2)
such that

Ry <I(X1;Y[Xs) — 6, (10a)

Ry < I(X5;Y|X1) — 6, (10b)

Ry+ Ry < I(X1, Xo;Y) — 6, (10¢)
Ry <I(X1,X9;Y)— H(X2)

+ blgl;n H(Wp|Y) — (10d)

and Z2(p,0) as the set of rate pairs (R;, Rz) such that

Ry gI(Xl;Y|X2)—6 (11a)

Ry <I(Xp;Y|X1) — (11b)

Ri+ Ry < I(X1,Xo;Y) — 5, (11¢)
Ry < I(Xy, X2;Y) — H(X))

(11d)

+ min HWp|Y) —
bl,bQEF;

where b = [by bo] and Wy, = by X1 @by X, are over F,,. Note
that the region Zcr(p,a) = Zcr(p,6 = 0,a), as defined
in (9) in Section III. Similarly, let %;(p) denote the region
Rj(p,d =0) for j =1,2 in (10) and (11).

We are now ready to state the rate region achievable by the
random homologous code ensembles that combines the inner
bounds in [22, Theorem 1] and [23, Corollary 1].

Theorem 2: Let p = p(x1)p(x2) be an input pmf, 6 > 0,
and a € IE% be a nonzero vector. Then, there exists ¢ < §
such that for every e < ¢’ sufficiently small, a rate pair

(Rla RQ) S %CF(p7 6) a) Ugl(}% 6) U<%2(pa 6)

is achievable for a-computation by the (p, €)-distributed ran-
dom homologous code ensemble along with the ¢'-joint typi-
cality decoder. In particular,

(%Zcr(p,a) UZ1(p) UZa(p)] € Z*(p,a).

(12)

13)

IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 66, NO. 10, OCTOBER 2020

Proof: The proof of [22, Theorem 1] analyzes the average
probability of error for a-computation by the (p, €)-distributed
random homologous code ensemble paired with the ¢'-joint
typicality decoder for ¢ > € > 0. Two upper bounds on the
average probability of error were given. The first one, direct
decoding bound, captures the error event that incorrect linear
combinations are confused with the correct one and shows that
for sufficiently small ¢ < ¢ < 0, the average probability of
error tends to zero as n — oo if

(Rl,RQ) Eﬂcp(p,é,a). (14)
The second one, multiple access bound, captures the error
event that incorrect message pairs (codeword pairs) are con-
fused with the correct one. This bound was later improved in
the proof of [23, Corollary 1]. The improved version shows
that for every a € Fi, the average probability of error for

a-computation tends to zero as n — oo if
(RI;RQ) 6%1(177 5)U'@2(pa5) (15)

Combining (14) and (15) establishes (12).

We still need to show that the condition in (4) holds.
Suppose that a; # 0. For a given codebook ¢,,, let G; denote
the submatrix that consists of the first (n.R; +nR;) rows of G

within ¢,, and s;(G) be the indicator variable such that s; = 1
if G; is full rank. Then,

Ec, [P(M; is confusable|C,,)]
= Z P(C,, = ¢,,) P(M; is confusable|C,, = Cy)

Z P(C,, = ¢,,) P(M; is confusable|C,, = Cy)

7<G> 0

< Z P n—cn

7(G) 0

=P(S5;(G) =0).

Now, by Lemma 6 in Appendix B (with R «— R; + Rj),
the term P(S;(G) = 0) tends to zero as n — oo if Rj + R; <
1. By definition, R; = D(px;, ||Unif(Fy)) + €, which reduces
the constraint to the form of R; < H(X;) — e. Since this
condition is satisfied if (12) holds, the proof of (12) follows.

The proof of (13) follows by taking the closure of the
union of (12) over all § > 0, which completes the proof of
Theorem 1. [ ]

The inner bound (13) in Theorem 1 is valid for computing
an arbitrary linear combination, which may not be equal
to the rate region %Z**(p,a) in Theorem 1 for every a €
]FQ, in general. For computing a natural linear combination,
however, the following lemma shows that the equivalent rate
region in Proposition 1 is achievable.

Lemma 1: If the desired linear combination W, = a1 X1 ®
ay X for (a1, a2) # (0,0) is natural, then

(%Zcr (p,a) UZ1(p) UZ2(p)] = [Zcr (p,a) U Zriac(p)]-

The proof of Lemma 1 is relegated to Appendix C.
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V. AN OUTER BOUND

We start with presenting an outer bound on the rate region
Z*(p, €, a) for a fixed input pmf p, € > 0, and nonzero vector
ac IF?I We then discuss the limit of this outer bound as ¢ — 0
to establish an outer bound on the rate region %Z*(p, a). Given
an input pmf p, § > 0, and nonzero vector a € Fg, we define
the rate region Z**(p,d,a) as the set of rate pairs (R, Ra)
such that

R; < I(X;;Y|Xje) + 96, (16a)
R; < I(X1, X5;Y) — min{Rje, [(Xje; Wa,Y)} + 6, (16b)

for every j € {1,2} with a; # 0, where j° = {1,2}\ {j}.
Note that Z**(p,6 = 0,a) is equal to Z**(p,a) as defined
in (8).

We are now ready to state an outer bound on the optimal rate
region for computing an arbitrary linear combination, which is
also an outer bound on %Z*(p, a) in Theorem 1 for computing
a natural combination.

Theorem 3: Let p = p(z1)p(z2) be an input pmf, € > 0,
and a € FF2 be a nonzero vector. If a rate pair (R, Rp) is
achievable for a-computation by the (p, €)-distributed random
homologous code ensemble, then there exists a continuous
d’(e) that tends to zero monotonically as ¢ — 0 such that

(RlvRQ) 6%**(pa5/(6)aa)' (17

In particular,

Z"(p,a) C % (p, a). (18)
Proof: We first start with an averaged version of Fano’s
inequality for a random homologous code ensemble C,, (recall

the notation in Section II).
Lemma 2: 1f

lim E¢, [P™(C,)] =0

n—oo

and

lim Eg, [P(M; is confusable|C,)] =0

n—00

19)

for every j € {1,2} with a; # 0, then for every j € {1,2}
with a; # 0

H(Mj |an7 Mjc,Cn) < NeEn

for some €, — 0 as n — oo.
The proof of Lemma 2 is relegated to Appendix D.
We next define the indicator random variable

E, (20)

= Lyxp () xp (2)) €707 (31,5203

for ¢ > 0. Since R; = D(px,||Unif(F,)) + ¢ i = 1,2,
by the Markov lemma [22, Lemma 12] for homologous codes,
P(E, = 0) tends to zero as n — oo if € is sufficiently large
compared to €. Let ¢ = d1(¢), which still tends to zero as
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e — 0. Suppose that a; # 0. Then, for n sufficiently large,
nR; = H(M;|M,,Cy,)

(a)
< I(M],Ynler,cn) + ney
<I(M;,E.;Y"™|Mje,Cp) + ney,

(%) log, 2+ I(M;; Y™ | Mje,Cp, Ep) + ney,
<log, 2 + I(M;; Y| Mje,Cp, E = 0) P(E, = 0)
+ I(M;; Y™ | Mje,Cn, E = 1) P(E, = 1) + ney,
<log,2+nR;P(E, =0)
+ I(M;;Y" | Mje,Cp, Ey, = 1) + ney,
= log, 2 + nR; P(E, = 0) + ne,

+ Y I(M Y| Y Mje,Cpy Xjei, By = 1)
=1
<log,2+nR;P(E, = 0)+ ne,

n
+ Y I(M, X5, YT Mye, Coy Yi| Xjeg, B = 1)
i=1

© log, 2+ nR; P(E, =0) + ne,

n
+ D I(X53 3| Xjei, Bn = 1), (21)
i=1

where (a) follows by Lemma 2, (b) follows since E,, is a
binary random variable, and (c¢) follows since

(M17M25Yiilacn;En) - (XlivXQi) - }/;

form a Markov chain for every i € [n]. To further upper bound
(21), we make a connection between the distribution of the
random homologous codebook and the input pmf p as follows.

Lemma 3: Let (X1,X2,Y) ~ p(x1)p(z2)p(y|z1,22) on
F, xF, x Y and €,¢ > 0. Let (X{"(m1), X5 (m2)) be the
random codeword pair assigned to message pair (my, msa) €
IF:;Rl X F;’RQ by an (n,nRi1,nRa;p,e) random homologous
code ensemble, where p = p(x1)p(z2) is the input pmf.
Further let Y™ be a random sequence distributed according
to TTioy Py xy,xs (Wilz1s, 2:). Then, for every (z1,x2,y) €
F, xF, x ) and for every i = 1,2,...,n,

(1 —€p(z1,22,y)
< P(XlileaX2i:$2;}/;:y|(X{le;)€7—e(/n)(X1;X2))
< (14 €)p(x1, 22, y).

The proof of Lemma 3 is relegated to Appendix E.

Back to the proof of Theorem 3, we are now ready to
establish (16a). By Lemma 3, each term (X ;; Y;| Xjes, B, =
1) is close to I(X;; Y| X ) upto a function of ¢ that vanishes
as ¢ — 0. Therefore, combining (21) with Lemma 3, we have

nR; <log,2+nR; P(E, =0) + ne,
+n(I(X;; Y| Xje) + 02(€))

(d)
< n(I(X;;Y[Xje) + 02(€")) + 2ne,

(e)

< n(I(X;; Y| Xje) + d3(€)) + 2ney, (22)
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where (d) follows since P(E,, = 0) tends to zero as n — oo
and (e) follows since €’ = 01 (e).
For the proof of (16b), we start with

’I’LR]' = H(Mj |Mjc,Cn)

(a)
< I(M;;Y" | Mje,Cy) + ney,

— I(My, Mas Y™ |Co) = I(Mye; Y™|Cr) + nens (23)

where (a) follows by Lemma 2. Following arguments similar
to (22), the first term in (23) can be bounded as

I(M17M27Yn|c’ﬂ)
S 10gq 2 + n(R1 + RQ) P(En = 0)

+ > My, M Yi|Co, Y By = 1)

i=1

n
<nep+ Y I(My, My, Co, Y7 Vi | By = 1)
i=1

n
=nep + ZI(Mh M, Cy, Yi_l; X1, X2i§YL’|En = 1)

i=1
n

= nen + Y 1(X1i, Xoi Yi| B = 1)
i=1

<nep, +n(l(X1, Xo;Y) + dale)). (24)

To bound the second term in (23), we need the following
lemma, which is proved in Appendix F.
Lemma 4: For every ¢’ > ¢’ and for n sufficiently large,

I(M;e;Y™|Cy)
> nmin{Rje, [(Xje; Wa,Y)} — 65(€”)] — nep,.

Combining (23), (24), and Lemma 4 with €’/ = 2§;(e),
we have

nRj < TL(I(Xl, XQ; Y) —+ 54(6))
—nmin{Rjc, [(Xje; Wa,Y)} — d6(€)] + 2ne, (25)

for n sufficiently large. Letting n — oo in (22) and (25)
establishes

Ry < I(Xj;Y[Xje) + d3(e),
R; <I(X1,X2;Y) —min{Rjc, [(Xje; Wa,Y)} + d7(e).

The proof of (17) follows by taking a continuous monotonic
function ¢’ (e) > max{ds(€), d7(e)} that tends to zero as € —
0. Letting ¢ — 0 in (17) establishes (18), which completes the
proof of Theorem 3. [ ]

The arguments used in the proof of (16a) starting from
Fano’s inequality can be generalized for a fixed (n,nRy,nRs)
computation code to provide a general outer bound on the
achievable rate pairs for a-computation. It seems, however,
difficult to generalize the arguments used in the proof of (16b).
In particular, it is unclear whether Lemma 4 can be generalized
to a fixed computation code. In Section VII, we present a
single-letter outer bound on the achievable rate pairs for a-
computation and compare that with the inner bound implied
by Theorem 2.
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VI. OPTIMAL ACHIEVABLE RATES FOR BROADCAST
CHANNELS WITH MARTON CODING

In this section, we apply the techniques developed in the
previous sections to establish the optimal rate region for
broadcast channels by Marton coding. Consider the two-
receiver discrete memoryless broadcast channel (DM-BC)
(X, p(y1,y2|x), Y1 xV2) in Fig. 2, where the sender communi-
cates independent messages M7 and M, to respective receivers
(see [15], [30], [31] for the formal definition of the communi-
cation problem over the broadcast channel). Throughout this
section, information measures are in log base 2 to follow a
similar notation with the existing literature.
Let p = p(uq,us) be a given pmf on some finite set Uy X Us,
and x = z(u1,us2) be a function from Uy x Uy to X, and let
€ >0 and o € [0 1]. The random ensemble of Marton codes
[15] is generated according to the following steps:
1) Let Ry = a(I(U1;Us) + 10eH (U1, Us)) and Ry =
a(I(Uy;Uz) + 10eH (Uq, Us)), where @ := (1 — )2

2) For every m; € [Q”ARl], generate auxiliary codewords
ut(my,ly),ln € [2"71], each drawn ii.d. from p(uy).
Similarly, for every mg € [Z"Rf], generate auxiliary
codewords u}(ma,l2),lo € [27F2], each drawn i.i.d.
from p(uz).

3) At the sender, for every message pair, (mi,mz) €

[2nf] x [27F2], find an index pair (I1,l2) € [2"] x
[272] such that

(Ul (ma, 1), ul (ma, l2)) € TV (U, Uy),

and assign the codeword z™(my,mz) as x;(my, ma) =
x(u1i(ma,ly), ugi(ma,la)),i € [n]. If there are more
than one such pair of (ly,l2), choose one of them
uniformly at random; otherwise, choose one uniformly
at random from [27F1] x [2nfi2],

We refer to the random tuple

Co = (U7 (my, 1h) s my € 27F1] 1y € [27P)),
(U (ma, ly) : mo € [27F2], 1, € [27F2)),
((L1, Lo, x)(m1,ma) : my € [27F1], my € [2”32]))

as the Marton random codebook. Each realization of the
Marton random codebook C,, results in one instance

{z"(m1,m2) : (m1,m2) € [2"1%1] » [QnRQ]}

of such generated codebooks, which constitutes an
(n,nRy,nRs) code for the DM-BC along with the optimal
decoder. The random code ensemble generated in this manner
is referred to as an (n,nRi,nRa;p,x, a,€) Marton random
code ensemble, where p = p(uq,us2) is the given pmf, x =
x(uq, usz) is the given function from Uy x Us to X, o € [0 1]
is the parameter used in step (1), and € > 0 is the parameter
used in steps (1) and (3). A rate pair (R1, Rz) is said to be
achievable by the (p, x, «, €)-distributed Marton random code

2One can obtain the same results by following a similar analysis when
the rates R; and Rp are chosen as «(I(Ui;U2) + 6(e)H(U1,Uz2)) and
a(I(Ur;Uz) + 8(e)H(U1,Usz)) respectively, for a sufficiently large &(e)
that tends to zero as € — 0.

Authorized licensed use limited to: Univ of Calif San Diego. Downloaded on January 17,2022 at 15:05:30 UTC from IEEE Xplore. Restrictions apply.



SEN et al.: ON THE OPTIMAL ACHIEVABLE RATES FOR LINEAR COMPUTATION WITH RANDOM HOMOLOGOUS CODES

Xn

M, M-
M Encoder -

Fig. 2. Two-receiver broadcast channel.

ensemble if there exits a sequence of (n,nRy,nRa;p,x,,¢€)
Marton random code ensembles such that

lim Ec, [Pe(n)(cn)] =0,

where the expectation is with respect to the Marton random
codebook C,. Given (p,z,a,¢€), let Zf-(p,z, o, €) be the
set of all rate pairs achievable by the (p,x, «, €)-distributed
Marton random code ensemble. Given pmf p = p(uy, us) and
function = z(u1,usz), the optimal rate region %255 (p, ),
when it exists, is defined as
Hic(p,x) = cl U lim Zpc(p, 2, o, €)
a0 1] 0
We are now ready to state main result of this section.
Theorem 4: Given a pmf p(ui,u2) and a function x =
x(u1,u2), the optimal rate region Zf;(p, x) for the broadcast
channel p(y1,y2|z) is the closure of the set of rate pairs
(Ry1, Ro) satisfying
R1 < I(U1; Y1, UQ) — OéI(Ul; UQ),
Ry < I(Uy,Uq; Y1)
—min{I(Uy,Uz; Y1), I(Uz; Y1,Ur) — @l (Uy; Us), Ra },
(26b)
(26¢)

(26a)

Ry < 1(Us; Yo, Uy) —al(Uy; Uz),
Ry < I(Uy,Us; Ya)
— min{I(Ul, UQ;Yé),I(Ul;YQ, UQ) — OéI(Ul; UQ),Rl}
(26d)

for some a € [0 1].

We prove Theorem 4 by showing that given a pmf p(u1, us),
a function z(uqi,us), and a € [0 1], the rate region
Hio(p,x, ) = cllimeo Zfye(p, @, o, €)] is equal to the
rate region characterized by (26), which we will denote as
5 (p, x, o). We take a two-step approach similar to Sec-
tions IV and V, and establish the inner and the outer bounds
on the rate region Zf;-(p, x, o), respectively.

The inner bound is relegated to Appendix G. For the outer
bound, given a fixed pmf p = p(ui,uz), a function x =
x(u1, uz) from Uy x Us to X, o € [0 1], and § > 0, we define
the rate region Z}5¢ (p, ¢, o, 0) as the set of rate pairs (R;, R2)
such that

R SI(Ul;Yl,UQ)—aI(Ul;U2)+5, (27a)
Ry < I(Uy,Us; Y1)
. I(UlaUQ;Yl)v
—m1n{ [(Us; Ya, Un) — @l (Us; Us), Ro } + 4, (27b)
Ry < I(Uz; Yo,Uy) — @l (U3 Us) + 6, (27¢)

Ry < I(Uy,Us; Y2)

. I(Uy,Us; Ya),
_mm{ [(Uh; Yo, Us) — I (Ur; Ua), R }+5. (27d)
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Yy M,
> Decoder 1
LYol .
p (Y1, y2l) yp N,
= Decoder 2
Note that the region Zi&(p,z,a,6 = 0) is equal to

S6(p, z, o) as defined in (26).

Proposition 2: Let p = p(u1,u2) be a pmf, x = x(uy, us)
be a function, o € [0 1], and € > 0. If a rate pair (Rq, R2) is
achievable by the (p, z, «, €)-distributed Marton random code
ensemble, then there exists a continuous ¢’(€) that tends to
zero monotonically as € — 0 such that

(RlvRQ) S %EE(]LCL’,O[,&,(E)). (28)
In particular,

Proof: ~ We first start with an averaged version of
Fano’s inequality for a Marton random code ensemble
C,. Consider a fixed codebook C, = ¢,. By Fano’s
inequality,

H(M;|Y],Co = Cp) < 1+ nR;PM(cy), j=1,2.

Taking the expectation over Marton random codebook C,,
it follows that

H(M;|Y]",Cp) < 14nR;Ec, [PM(C)] < new, 5 =1,2,

(30)
for some €, — 0 as n — oo since E¢, [Pe(") (Cn)] — 0.
We next define the indicator random variable
E,=1 (31)

{(Up (M1,L1),Ug (M2, L2))€TS™ (U1, U2)}

Since Ry + Ry = I(Uy;Us) 4 10eH (U, Us), P(E, = 0)
tends to zero as n — oo by the mutual covering lemma in [28,
p- 208].
We are now ready to establish (27a). For n sufficiently large,
we have
’I’LRl
= H(M|Ma,C,)

(a)
< I(M1§ Y1n|M27Cn) + ney,
é I(Mlv En’ Y1n|M27Cn) + nen

(2 14 I(My; Y| Ma, Cp, Ey) + nep
<1+ I(My;Y]"|My,Cp, E,, = 0)P(E, =0)
+ I(My; Y | M2, Cp En, = 1) P(E,, = 1) + ne,
<14 nR,P(E, =0)+ I(My;Y]"|M3,Cp, E,, = 1) + ne,
<1+nR,P(E, =0)
+ I(My, Ly; Y | My, Cpy Ep, = 1) 4 1€,
<14nR,P(E, =0)+nR,

+ I(M15Y1n|M27L2;Cn7E~n = ]-) + ney
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=14+nRk, P(En =0) +nRy + nep

n
+ ) I(My;YulYy ™!, My, Ly, Cy, Usy, By = 1)
i=1

<14+nRy P(En =0) +nRsy + nep

n
+ ZI(MI; Uri, Yi™t, Mo, Lo, C; Y1 |Uss, B, = 1)
i=1
© 1+ nRP(E, =0) +nRy + ne,
+ iI(Uu;Yqu,En =1)
i=1
(%) 1+nR; P(En =0)+ nRs + ne,

+ n(I(Uy; Y1|Uz) + 61(€)),

<14 nRiP(E, =0)+na(l(Uy;Us) + d2(€)) + ney,
+n(I(Uy; Y1|Us2) 4 61(€)),

(e)

< ’I’L(I(Ul; Y1, Ug) — OéI(Ul; UQ) + 53(6))

+ 2ne,, (32)

where (a) follows by (the averaged version of) Fano’s
inequality in (30), (b) follows since F, is a binary ran-
dom variable, (¢) follows since (M, My, Y, C,, E,) —
(Uhi,Usi) — Yy; form a Markov chain for every ¢ €
[n], (d) follows by the memoryless property of the channel
and by Lemma 9 in Appendix E since the distribution of
(U (My, L), U3 (Ma, Ly)) is permutation invariant by con-
struction, and (e) follows since P(E, = 0) tends to zero as
n — oo.
For the proof of (27b), we start with

TLRl = H(Ml |M27Cn)

(a)
< I(M1§ Y1n|M27Cn) + ney,

:I(MlaMQ;Y1n|Cn)_I(M25Y1n|cn)+n€n; (33)

where (a) follows by (the averaged version of) Fano’s inequal-
ity in (30). Following arguments similar to (32), the first term
in (33) can be bounded as

I(Ml,MQ;Yln|Cn)
<1+ ’I’L(Rl =+ RQ) P(En = 0)

n
+ > I(My, My Y4i|Co, YT By = 1)

i=1

n
S Nén + ZI(M17M27C7L7Y1i_1;Yii|En = 1)

i=1

n
=nen+ Y I(My, My, Cpp, Y™ Uy, Uz Yis | By = 1)

i=1

=nen+ Y I(Uni, Uni; Yii | En = 1),
=1

< ne, +n(I(Uy,Us; Y1) + d4a(e)). 34)

For the second term in (33), we need the following lemma,
which is proved in Appendix H. This lemma is a version of
Lemma 4 for Marton random code ensembles.
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Lemma 5: For every € > € and for n sufficiently large,

I(Mz; Y7"[Cn)

. RQ,I(Ul,UQ;Yl), ’
> _ _
_n{mm{ [(Us Y1, U4) — @l(Uy: U) } 05 (€ )} neEy,.
Combining (33), (34), and Lemma 5 with ¢ = 2¢, we have

nR; < nI(Ul, Us; Yl) + TL(S(;(E) + 2 ney,

. Ry, I(Uy,Us; Y1),
~ nmin { [(Us: Y1, U1) — al(Us; Us) b9
for n sufficiently large.
For (27c¢) and (27d), we establish similarly for decoder 2
y

nRy < n(I(UQ, Yo, Ul) — aI(Ul; UQ) + 57(6)) + 2ne, (36)
and

nRy < nI(Ul, Us; YQ) + TL(Sg(E) + 2 ney,

—nmin{ By, I(U1,Uy; Ya), } (37)
I(Ul; YQ, UQ) — OJ(U1; UQ)
for n sufficiently large. The proof of (28) follows by letting
n — oo in (32), (35), (36), and (37), and taking a continuous
monotonic function §'(e) > max{ds(e),dg(€), d7(€), os(€)}
that tends to zero as € — (. Letting ¢ — 0 in (28) establishes
(29), which completes the proof of Proposition 2. [ ]
Remark 4: Marton coding we have analyzed involves two
codewords. Marton’s original coding scheme [15] uses rate
splitting and superposition coding, and involves an addi-
tional codeword that carries messages for both receivers (see
also [28, Proposition 8.1]). Our technique can be similarly
adapted to this general version of Marton coding.

VII. DISCUSSION

For the linear computation problem, the outer bound on
the optimal rate region presented in Section V is valid for
any computation, not only for natural computation. The inner
bound presented in Theorem 2, however, matches this outer
bound only for natural computation. It is an interesting
but difficult problem to characterize the optimal rate region
for arbitrary linear computation by a random homologous
code ensemble. At this point, it is unclear whether it is the
inner or outer bound that is loose (or both). The extension of
the results in this paper to more than two senders is also a
challenging question.

A more fundamental question is to characterize the capacity
region of the linear computation problem. The following
presents an outer bound on the rate pairs (R, Rg) that is
achievable for a-computation by any code. The proof is
deferred to Appendix I.

Proposition 3 (A general outer bound): Given a vector
a=[a as] € IE% with a1,as # 0, if a rate pair (R, R2) is
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achievable for a-computation, then it must satisfy
R < min{I(X1;Y|X27Q)a
I(X17X2;Y|Q)_I(X25Wa’Y|T7Q)}’ (38a)
Ry < min {I(X2§Y|X17Q)a

(X0, X2 Y |Q) = I(X3; Wa, YT, Q) (38b)
Ri+ Re < I(X1, X2;Y[Q) + I(X1, Xo; Wa, YT, Q)

- I(Xl;Wa7Y|T7 Q) - I(XQ;WaaY|TaQ)7

(38¢)

for some p(q)p(z1|q)p(22|q)p(t|z1, ©2,q) such that (T, Q) —

(X1,X2) = Wy and (T, Q, Wa) — (X1, X2) — Y each form
a Markov chain, and

I(Xl;WaaY|T7 Q) + I(XQ;Wa7Y|TaQ)

SI(X17X2;WaaY|TaQ)- (39)

Note that (39) is equivalent to
I(X17X2|Ta Q) S I(le X2|Wa7KTa Q)7

which is a variation of dependence-balance condition for two-
way channels [32].

We next take a closer look at achievability. First, note that by
Theorem 2, there exists a sequence of (fixed) (n,nRy,nRs)
computation codes that have vanishing error probability and
satisfy (2) if

(R1, R2) € Zcr(p,a) UZ1(p) U Z2(p)

for some input pmf p = p(x1)p(z2). We now convexify this
achievable rate region to get the following general inner bound
on the capacity region for a-computation.

Proposition 4 (A general inner bound): Given a vector
a = [a1 as] € IF?I with a1,as # 0, a rate pair (Rq, Ra) is
achievable for a-computation if

Ry < min {I(Xl;Y|X2,Q),
I(Xl,Xg;Y|Q)—I(Xg;Wa,Y|T,Q)}, (40a)
Ry < min{I(Xg;Y|X1,Q),
I(X1, X2 Y |Q) = [(X3;Wa, YT,Q) . (400)

Ry + Ry < I(X15X27Y|Q) + I(X17X2; Waalea Q)
- I(X17Wa7Y|T7 Q) - I(X27 WaaY|Ta Q)7

(40¢)
for some p(q)p(x1|q)p(z2|q)p(t|z1, 22, ¢) such that
(1, 22) with probability (3

T|x1,72,q { 0 with probability 1 — @

for some 5 € [0, 1].

Remark 5: One can notice the structural similarity of the
rate regions in Propositions 3 and 4. Indeed, the rate region in
Proposition 4 is a special case of the one in Proposition 3
since every pmf p(q)p(z1|q)p(z2|q)p(t|x1,x2,q) such that
T'|z1, 22, q is conditionally randomly drawn according to (41)
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satisfies the Markov chains in Proposition 3 as well as the
condition in (39).

Proof: [Proof of Proposition 4] Taking the convex hull of
the rate region in Theorem 2, we know that the rate region

conv U

p=p(z1)p(z2)

= conv U

p=p(z1)p(z2)

(;) conv U

p=p(z1)p(z2)

[Zcr(p,a) U Z1(p) U %2(p)]

conv [ Zcr (p, a) U Z1(p) U Z2(p)]

conv[Zcr (p, a) U Zuac(p))

is achievable, where (a) follows since for every pmf p =
p(z1)p(22), conv(%’l(p) U %’2(1))) = Zvac(p). We now
prove that this achievable rate region is equivalent to the rate
region in Proposition 4. Consider a fixed Q = ¢ and let
pqg = p(x1]@)p(z2|q) and (X4, Xog) ~ pg. It suffices to
show that the rate region defined by (40) evaluated for QQ = ¢
and p, is equivalent to

conv [Zcr(pq, a) U Zriac(pg)]-

To see this, note that when 7" = (X14, Xo,), the rate region
defined by (40) reduces to Zmac(pq). Similarly, when T' =
(), the rate region defined by (40) reduces to Zcr(pg,a).
In words, the random variable 7' for different 5 € [0, 1]
values plays the role of time-sharing between the rate regions
Fviac(pq) and Zcr(pg, a). Therefore, taking the union over
B € [0,1] results in conv|[Zcr(pg,a) U Zuac(pg)], which
completes the proof. [ ]

APPENDIX A
PROOF OF PROPOSITION 1

Fix a pmf p = p(z1)p(z2) and a nonzero vector a € F2.
We first show that [Zcor(p,a) U Zuac(p)] S Z*(p,a).
Suppose that the rate pair (Ry, R2) € Zcr(p,a). Then, for
every j € {1,2} with a; # 0, the rate pair (R1, R2) satisfies

R, < H(X,) — H(Wa|Y)
< H(X]) - H(Wa|Ya Xj“)
= I(X;;Y|X;0),
and
Rj < H(X;) = H(WalY)
=1(X1,X2;Y) = I(Xje; Wa,Y)
< I(Xla XQ; Y) - min{RjCﬂ I(Xjrv Wav Y)}a
which implies that the rate pair (R, R2) € %*(p,a). It fol-
lows that Zcr(p,a) C Z*(p,a). Similarly, suppose that the
rate pair (R, R2) € Zmac(p). Then, for every j € {1,2}
with a; # 0, the rate pair (R1, R) satisfies
Rj < I(Xj; Y[ Xje),
and
Rj < I(Xl, XQ; Y) - R]‘u
< (X1, X2;Y) — min{Rje, I(X;e: Wa, Y)},
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which implies that the rate pair (Ry, R2) € #*(p,a). There-
fore, Z%viac(p) € Z*(p, a).

Next, we show that Z*(p,a) C [Zcr(p,a) U Zvac(p)]-
Suppose that the rate pair (R;, Re) € %*(p,a) such that
Rje > I(Xje;Wa,Y) for every j € {1,2} with a; # 0.
Then, (R;, R2) satisfies

— H(X,) - H(Wa|Y),
for every j € {1,2} with a; # 0. Then, (Ri,R2) €
Hcor(p,a). It is easy to see that the rate pair (R, Ry) €
Z*(p,a) that satisfies Rje < I(Xje;Wa,Y) for some
j € {1,2} with a; # 0, is included in Znac(p). Thus,
Z*(p,a) C [Zcr(p,a) U Zyvac(p)], which completes the
proof.

APPENDIX B
Lemma 6: Let G be an nRR x n random matrix over F, with
R < 1 where each element is drawn i.i.d. Unif(F,). Then,
P(G is not full rank) < ¢~ (1= F=en)

for some €, — 0 as n — oo.
Proof: Probability of choosing nR linearly independent
rows can be written as

nR o on _ j-1
P(G is full rank) = [[2@" =)

(qn)nR
nR
=J[0-a7

where (a) follows by Bernoulli’s inequality for n large enough
since R < 1. Using this relation, we have

P(G is not full rank) = 1 — P(G is full rank)
< an—n(l—R).

Defining €, = w completes the proof. [ ]
APPENDIX C
PROOF OF LEMMA 1
Fix a pmf p = p(z1)p(z2) and a nonzero vector a €

Iﬁ‘g. We will show that if the condition in (7) holds, then
Zcr(p,a) U Zi(p) U Z2(p) = Zcr(p.a) U Zuac(p).
To start with, note that the rate regions %;(p) and %s(p)
have one additional rate constraint compared to Zyac(p).
Therefore, Z;(p) C %mac(p) for j = 1,2 and it follows that
Hcr(p,a) Ui (p) UZa(p) € Zor(p,a) U Zyvac(p) holds
in general. Then, it suffices to show that if the condition in
(7) holds, then %MAC(]?) - [ﬁcp(p,a) @] %1(])) @] ﬁg(p)]
Suppose that the condition in (7) is satisfied. Let the rate pair
(R1, R2) € Zmac(p) be such that Rje > I(Xje; Wa,Y) for
every j € {1,2} with a; # 0. Then, (R, R») satisfies

Rj < I(X1,X2;Y) — I(Xje; Wa, Y)
= H(X;) - HWa|Y),

IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 66, NO. 10, OCTOBER 2020

for every j € {1,2} with a; # 0, implying that (Ry, Rs) €
Rcr(p,a). Now, let the rate pair (R, Ra) € Zwac(p) be
such that Rje < I(Xje;Wa,Y) for some j € {1,2} with
a; # 0. By condition (7), we have
(X0 Wa, V) = I(X0, Xo3 ¥) — H(X;) + H(Wa V)

= (X0, X Y) = HX,) + puin HOV )

< I(Xy, Xa1Y) = H(X;) + min H(Wy|Y).
1,92
EFZ
Then, the rate pair (Ry, R2) € %1(p) U %2(p), which com-
pletes the proof.

APPENDIX D
PROOF OF LEMMA 2

Note that for j =1, 2,

H(M;|Y™, Mje,Cy)

=I(M;; W Y™, Mje,Cy) + H(M;|W2, Y™, Mje,Cp)

< HWZY™,C,) + H(M;|W2Y"™, Mje,Cy). 42)
To bound the first term in (42), we need a version of Fano’s
inequality for computation.

Lemma 7: 1f the average probability of error E¢, [Pe(") (Cn)]
tends to zero as n — oo, then

HWY"™,Cp) < ney,

for some €, — 0 as n — oo.
Proof: For fixed codebook C,, = ¢, by Fano’s inequality

HWZY™,Cp = Cn) < 1+nPM(Cy).

Taking the expectation over the random homologous codebook
C,, we have

H(WIY™, Cy) <1+ nEe, [PM™(C,)] ¢ nen,
where (a) follows since E¢, [Pe(”)(Cn)] tends to zero as n —
Q. |

Suppose that a; # 0. Define indicator variable ¢;, j = 1,2,
such that §; = 1 if M; is confusable. Combining (42) with
Lemma 7, we have

H(M;|Y"™, Mjc,Cy)
< ne, + HM;|W2, Y™, M, C,)

@ e, + H(M;|W2, X7 (Mje), Y™, Mje, Cr)

© e, + HOM W2, XP (M), X2 (Mje), Y™, Mje, Cy)

< nen + H(M;| X} (M;),Cy)
< nen + H(M;, 05| X7 (M;),Cn)

(c)
< ne, + 10gq 24+ H(Mj|X;L(Mj),Cn,9j)

= Ne€p —|— logq 2 —|— H(MJ|XJ"(MJ),C7L,9] = 1) P(HJ = 1)
< ne, +1log, 2 +nR;P(0; =1)

(d)
< ne, +log, 2 +nkje,

log,, 2

=n(e, + + Rjeyn),

n
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where (a) follows since X7 (M;e) is a function of (M;e,Cp),
(b) follows since X['(M;) is a function of (XT.(Mje), Wy')
when a; # 0, (c) follows since 6; is a binary random variable,
and (d) follows by the assumption in (19) in Lemma 2.

APPENDIX E
PROOF OF LEMMA 3

For the simplicity of the exposition without loss of gen-
erality, we provide a proof from a single-sender perspective
and the memoryless point-to-point channel py|x (y|z) with
X =F,. Let ¢ > 0 and p = p(x) be a pmf on F,. Define an
(n,nR;px,e) random nested coset code ensemble following
steps 1)-3) for a single sender. Let X™ be the codeword sent
through the channel, ¢ > 0, ¢ € [n], and (z,y) € F, x V.
Then,

= P(X; = 2| X" € T\ (X))
x P(Y; = y|X; = 2, X" € T\ (X))

=P(X; = 2| X" € T\" (X))py|x (y] 2)- (43)

We make a connection between the conditional distribution of
X, given {X™ € T\")(X)} and the input pmf p(z). Therefore,
we start with exploring the conditional distribution of X; given
(X" e TM(X)}.

Lemma 8: Let p(z) be a pmf on Fy, and €, ¢ > 0. Define
TE(,") (X,©) as the set of elements in TE(,") (X) with type
©. Suppose X"(m) = U™(m,L(m)) denote the random
codeword assigned to message m by (n,nR;p(z), €) random
nested coset code ensemble. Then,

U™(m, L)|{U"(m, L) € T\" (X, )} ~ Unif(T\™ (X, 0)),

for every m € IFZLR.

Proof: Without loss of generality, we drop index m. It suf-
fices to show that the distribution of U™ (L) is permutation
invariant. Let u™, v™ have the same type (typical or not) and
let v™ = o(u™) for some permutation o. Then, we have

P(U™(L) =u")
=> Y P(L=1,G=G,D"=u"0IG)
l G

(a)

=

S 3 P(L=1,G=0(G),D" =" &10(G))
l G
= P(U™(L) =),

where o (G) is the matrix constructed by applying permutation
o to the columns of G and (a) follows since a permutation
applied to a coset code preserves the type of each codeword.
|
Building on top of Lemma 8, we next establish that the
conditional distribution of X; given {X" € ,];(/n) (X)} is close
to the input pmf p(x).
Lemma 9: Let € > 0. Define Tﬁ(,n) (X, 0) in a similar way
to Lemma 8. Suppose that the distribution of X" is uniform
within ’TE(,") (X, ©), namely,

X"{X" e TV (X,0)} ~ Unif(T)™(X,0))  (44)
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for every type © such that TE(,") (X, ©) # (. Then, conditioned
on the typical set, X;’s have identical distribution that satisfies

(1-€p(z) < P(X; = 2| X" € TV (X)) < (1 + € )p(x),

for every x € X.

Proof: Let x € X. For a type O, let ©, denote the
empirical mode of = within type ©. Then, for every type O
such that ’Te(/n)(X, ©) # 0, we have

P(X; =z|X" € T\"(X,0))
= Y PX"=a"|X"eT\V(X,0)

mneﬂr‘(,”) (x,0)

stox;=x

S 1

I G C)]

T, =x

—

1
7.7 (X, 0)]

Yo, 7" (x,0)

= @xv
where (a) follows since X™ is conditionally uniform over
’Tﬁ(,n) (X, 0), and (b) follows since Té(,n)(X, ©) is closed under
permutation. Combining this observation with the fact that ©
is the type of a typical sequence, we get

(1= ple) < P(Xi = 2| X" € T,V (X,0)) < (1+)p(a),
for every x € AX. Since Tj”’(X) is the disjoint union of
Te(,") (X, ©) over all types, multiplying each side with P(X™ €
’TE(,") (X, 0)) and then summing over O gives
(1—é)p(a) P(X" € TS (X))

<PX, =z, X" e T\(X))

< (1+¢)p(x) P(X" € TV (X)),
for every x € X. The claim follows from dividing each side
by P(X" € T\ (X)). n

Back to the proof of Lemma 3, we have by Lemma 8 that the

distribution of X™ (codeword from an (n, nR; p(x), €) random
nested coset code ensemble) satisfies the condition in (44) in

Lemma 9. Therefore, combining (43) with Lemma 9 completes
the proof.

APPENDIX F
PROOF OF LEMMA 4

Let ¢’ > ¢’. Suppose that a; # 0, and j° = {1,2} \ {j}.
First, by Lemma 7, we have
I(Mje;Y™|Cy) > I(Mje; W2, Y™ |Cy) — 1€y,
Therefore, it suffices to prove that for n sufficiently large,
I(Mje; W2, Y™ |Cy)
> nlmin{Rje, [(Xje; Wa, Y)} — 65(€”) — €]

Similar to [26], we will show that given W2, Y™, and C,,
a relatively short list £ C IFZRJC can be constructed that

contains M. with high probability. Define a random set

L= {meF™ (X1 (m),Ws,Y") € TSV (Xje, Wa, Y)}.
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Note that the set £ is random with the underlying distribution
on (W2 Y™ C,), which is induced by drawing a random
homologous codebook C,, and using this codebook to encode
X7(My) and X7 (Ms) that lead to W2 = a3 X7/(My) &
as X3 (M) and Y™ through the finite-field input memoryless
MAC p(y|x1,z2). We first bound the probability that an
incorrect message is in the random set £. Define two events
Ml = {M1 = M2 = 0} and MQ = {Ll(Ml) = LQ(MQ) =
0}. The indicator random variable F,, is as defined in (20).
By the symmetry of the codebook generation, for every m #
0e IE‘ZRJC, we have

P(m @ Mje € L E,= 1) = P(m eL,E, = 1|M1,M2).

(45)
The proof of this claim is given in (46)-(53), shown at the
bottom of the page, where (48) follows since (My, M) is

independent from (G, D}, D7), (49) follows since (M, M2)
is uniformly distributed and

(G, D", D}) L (G, [mi1 11 0]G & D?, [ms 1> 0]G & D)

result in two equivalent codebooks (i.e., the same set of code-
words with permuted mappings from messages to codewords),
and (53) follows by the fact proved in [22, Lemma 11] that
(My, L1, My, L) is uniformly distributed over its support.

IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 66, NO. 10, OCTOBER 2020

Continuing from (53), the probability in (45) is bounded
in (54)-(66), shown at the top of the next page, where step
(a) follows since €” > ¢, (b) follows since conditioned on
My and M, U — (D7,Dy) — Y™ form a Markov
chain, (c) follows by [22, Lemma 11] since (G, D7, D%)
is independent from (M, Ms), and (d) follows by the con-
struction of the random homologous codebook C,, with Ri =
D(px,||Unif(F4)) + €. Since P(E, = 1) tends to one as
n — oo, for n sufficiently large we have P(E,, = 1) > ¢ .
Therefore, for n sufficiently large, the conditional probability
is bounded as

Pim& Mjc € L, E, =1)
P(E,=1)

<P(me& M. € L,E, =1)¢°

< q—n(I(XjC:Wa7Y)—55(€”))q€.

P(m & Mje € L|E, =1) =

The expected size of £ given {E,, = 1} is then bounded as

E(IL]|En=1)<1+ Y P(m® M € L|E, =1)
m#0
<1+ qn(RjC—I(X.7C;WB7Y)+55(E”)+%)

-1 +qn(RJu7I(ch;Wa,Y)+55(e”)+en)7 (67)

for n sufficiently large. Define another indicator random
variable Fy, = lLipr.ecy. Since € > ¢ and P(E, = 1)

= P((XJ(m @ Mye), W2, Y™) € TS0 (Xje, Wa, Y), (XP(M), X2(Ms)) € T (X1, X2)) (46)
-y Y ( (Mi, M2) = (ma,ms), (L1 (M), La(Mz)) = (l1,12), G = G, Dy = dit, Dy = dy, ) "
— 4 (X7 (m @ mye), We,Y™) € T (X e, Wa, V), (X7 (1), X2 (m2)) € T (X1, X2)
mo,ly dP,dR
=Y Y P(My=my, My =my)P(G=G,Dy =dj, Dy = dy)
Aty apag
Li(My) =1y, La(Ms) = o,
Pl (XR(m@my), W, Y™ e T (Xje, Wa,Y), (Ml’Mi) B (5'“’2”2)’ . (48)
n n (n) G=G,Df =di, Dy = dj
(X (ma), X3 (m2)) € T, (X1, X2)
— Z Z P(M; =0, M, = 0)P(G = G, D} = [my I, 0]G @& d?, D} = [my I 0]G & d2)
Li(M1) = 0, Ly(M2) = 0, (M, Ms) = (0,0),
Pl (Xn(m),we,ym) e T (Xje, Wa, V), | G =G, DI = [my 1 0]G & dy, (49)
(X7(0), X2(0)) € T™ (X1, X5) D3 = [my 15 0|G & dy
(My, M) = (0,0), (L1 (M), Lo(Mz)) = (0,0),
=y > P G =G,D} = [my | 0]G & d}, DY = [m2 l» 0]G & d3, (50)
mrn S\ (X (m), WL Y) € TP (Xje, Wa, Y), (X7(0), X5(0) € 79 (X1, Xo)
_ Z P < (My, M) = (0,0), (L1 (M), L2(Ms)) = (0,0), ) 51)
A (), W Y € TAP (Xje, Wa, V), (XT(0), X5(0)) € TS (X1, Xo)
mo,ly
n n n (") .
= > P(My,M,)P (e (m), W', 1) € Tf”(n()XJ Wa, 1), | My (52)
my.lq (X{l(o)ng(O)) € ,Te/ (leXQ) Mo
= P((X3(m), W2, Y™) € TV (Xje, Wa, V), (X7(0), X5(0)) € TS (X1, Xa2) [ M1, Mb), (53)

Authorized licensed use limited to: Univ of Calif San Diego. Downloaded on January 17,2022 at 15:05:30 UTC from IEEE Xplore. Restrictions apply.



SEN et al.: ON THE OPTIMAL ACHIEVABLE RATES FOR LINEAR COMPUTATION WITH RANDOM HOMOLOGOUS CODES

P(m € L, E, = 1|M1, M>)
=P((

o

©p ( (- (m, 1),

(Uln (07 0)) Us (07 0))

X2 (m), W2, Y™) € TV (Xje, Wa, Y)(XTH0), X5(0)) € T.™ (X1, Xo) | M1, Ma)
(U2 (m, 1), W2, Y™) € TV (Xje, Wa, Y) for some | € Frie
e 7" (X1, Xo)
W2, Y™ € T3 (Xje, Wa, Y) for some [ € Fi°

(UT(0,0),U5(0,0)) € TV (X1, Xa)

Mla
My

Mla
Moy

<ZP (U (m, 1), W2, Y™) € TS (Xje, Wa, Y), (U7(0,0), U2(0,0)) € T,V (X1, Xa)| My, Ms)

<Z Z Z P(U]Ti(m,l)—u”,Wa”—w",Y”—y”, M1,>
n — n n — n
(af 2B)e (um wym)E U1'(0,0) = z7,U3(0,0) = x3 Mo
3 W g
TE( >(X1 X2) TE(/7')(ch,Wa,Y)
_Z Z Z P( U}i(m,l):u”,alD?Géang:w”, My, )
n n n n n __ n
O Y =y", Dy =af, Dy = 3 Ma
T( >(x1 Xo5) Tu)(X ¢, Wa,Y)
zw”, Ml,

P OND VDY

(a‘" TW)E (u?,wn,yn)e

T( )(x X2) T(]})(X,u,wa,y)

n(Ri+Rs) Z Z

(J:” :L")é

T(”>(X1 Xs) T,, (X ¢, Wa,Y)

_ qn(R1+R2) Z Z Z

(a‘" TE)E (u?,wn,yn)e

(")(xl X2) T(//)(X jc Wa,Y)

_ qn(R1+R2) Z Z Z

(a7, 25)e (w™,y")e une
T(n)(X ,X2) T(n)(w YY) T(//>(X clw™,y™)

>

(u” w,yn)e

< qn(R1+R2+RJC) q—3n qn(H(XJc|WB,Y)+H(X1,X2)+6(E”))

(d)

< qfn(I(XJ ¢;Wa,Y)—=8(")—3¢)

< q—n(I(XJc Wa,Y)— 55(6”)),

>«

p ( Ui.(m,l) = u", a1 D} ® a2 Dy
P =of, D = a3

P Uje(m,l) = u",a1 D} @ as Dy = w"
Dy = a7, DY = af

p [m ]G ® D} = u™
T=al

1>

3n

) plat )

’ )p<y"|x?,x3>

)
n _ .n
2 T 2

p(yn |$EL, J?;L) l{w":alx;bésazz;}

)p(ynlx?w?) Lwr=a, 27@as o3
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(54)

(55)

(56)

(57)

(58)

(59)

(60)

(61)

(62)

(63)

(64)

(65)
(66)

tends to one as n — oo, by the conditional typicality lemma < H ( jelFn =1,E,, L, |L])
in [28, p. 27], P(F,, = 1) tends to one as n — oco. Then, for O
n sufficiently large, we have _ P(|L| =1,E, =1)
H(M;e|Cp, W2, Y™) 1=0
= H(Mje|Cp, W2, Y™, By, ) x H(Mje|En =1, Fy =1L, [L] =1)
anJu

+I(M07En7Fn|CnaW:aYn)

+ > P(L|=1,E, =0)

x H(Mjc|E, =0,F, =1,L,|L] =1)

P(IL|=1,E,=1)

< H(M Y™, By, Fy) +2log, 2 2
<210gq2+P( nf()) (Mje|Co, W2, Y™ F, =0, E,)

+ H(M;e |Co, W, Y™ Fyy = 1, E,,) e
§210gq2+nRjuP( F,=0) <

L H(M "y R, =1, E,). (68) =0

For the last term in (68), we use the fact that if M. € L,
then the conditional entropy cannot exceed log(|L]):

H(M " Y E, =1, E,) “
@ )H(MJL|CYL5W:aYn7Fn: 17E7La[’a|£|)

IA
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nRjc

>

=0

x H(Mje|En =1,F, = 1,L,|L| = 1)

P(IL| =1, E, =1)log,(l) + nR;c P(E,

=0)
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anju

< Y P(lL| =1|E, =1)log,(l) + nRjc P(E, = 0)
=0
= E[log,(|£])|E, = 1] + nRje P(E, = 0)

(b)
< log, (E[|£||En = 1]) + nR;- P(E, = 0)

(g log, 2 +max{0, n(Rje — I(X;e; Wa,Y) + 05(€") + €n)}
+nRje P(E, =0)
<log, 2 + max{0,n(Rjc — [(Xjec; Wa,Y))}
+ nds(€”) + ne, + nRj- P(E, = 0),
where (a) follows since the set £ and its cardinality |£| are
functions of (C,,, W2, Y™), (b) follows by Jensen’s inequality,
and (c) follows by (67) and the soft-max interpretation of the
log-sum-exp function [33, p. 72]. Substituting back gives
I(Mje; W2, Y™ |Cy)
= H(M;:|Cp) — H(M;c|Cp, W2, Y™)
= nRje — H(M;e|Cp, W2, Y™)
> nRje —2log,2 —nRj- P(F, =0)
— H(M;e|Cp, W, Y™ F,, =1, E,)
> nRje —3log,2 —nR;.(P(E, = 0) + P(F, = 0))
—max{0,n(Rje — I(Xje; Wa,Y))} — nds(”) — ne,
=nmin{Rje, [(X;e; Wa,Y)} — 05(€”) — €]
—3—-nR;(P(E=0)+P(F=0))
)

D pmin{ Rje, I(Xje: Wa, Y)} — 05(") — 2en],

—~

where (d) follows for large n since both probabilities P(F,, =
0) and P(F,, = 0) tend to zero as n — oo.

APPENDIX G
PROOF OF ACHIEVABILITY FOR THEOREM 4

Let parameters o € [0, 1] and € > 0. Given a pmf p(u1, uz)
and a function z(u1, uz), consider an (n,nRy,nRa;p, x, o, €)
Marton random code ensemble. We use the nonunique simul-
taneous joint typicality decoding rule in [34] to establish the
achievability. Let ¢ > e. Upon receiving the sequence i,
the ¢’-joint typicality decoder j = 1,2 looks for a unique
m; € [2"F4] such that

(uy (m1,l1),ug(me,l2),y;) € Te(/n)(Uh Us,Yj),

for some [; € [2"f1], I, € [27F2], and mje € [2"F], where
j¢ denotes {1,2}\ j. If decoder j = 1,2 finds such m;, then
it declares m; as an estimate; otherwise, it declares an error.

We analyze the probability of error. It suffices to consider
decoder 1, which declares an error only if one or more of the
following events occur

o = {(U(M1,11), U3 (Ma, 1)) & T (Uy, Us)
for every (I1,12) € [2"1%1] X [2”R2]},
&1 = (U} My, 1), Ug (M, L), YT") ¢ T (U1, Uz, 1)},
& = {(UT(ma, 1), U3 (ma, 1), Y{) € TSV (Uy, U, Y1)
for some m; # M; € [2"%1] and

for some (1o, I1,12) € [2"2] x [an%l] % [Qnﬁz]}.
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By the union of events bound, P (C,) < P(&) + P(&1 N
EE)+P(E2NES). Since Ry + Ry = I(Uy; Us)+10eH (U, Us),
by the mutual covering lemma in [28, p. 208], the probability
P(&o) tends to zero as n — oco. By the conditional typicality
lemma in [28, p. 27], the probability P(£; NES) tends to zero
as n — oo. The last term can be bounded by two ways. First,
by the symmetric codebook generation,

P& NES) <P(&)

=P(& My =My =1)

< P((U} (ma, 1), Y7") € T3 (U, V1)

for some m; # 1,for some I; € [2"]| M, = 1),
which tends to zero as n — oo if Ry + Ry < I(Uy;Y1)—6(€)

by the packing lemma in [28]. Letting R, = a(I(Uy;Us) +
10eH (U1, Us)), we have

Ry < max{0,I(Uy; Y1) — al(Uy;Us) — 26(e")}. (69)

Secondly, we can decompose the event £ = E21 UE25 such
that

Ea1 = {(UT(ma, 1), U (Ma, ), Y{") € T." (U1, Us, Y1)
for some my # M, for some (I1,13) € [Qan] % [2n1132]},
€22 = {(U(m1, 1), U (ma, 1), YT*) € TS (Uy, Uz, Y1)
for some my # M, for some my # Ma,
for some (I1,12) € [2"1:31] X [2”R2]}.

The probability P(E22) is bounded in (70)-(77), shown at the
top of the next page, where (74) follows since given {M; =
My = 1}, the pair (U7(ma,l1), UY(mae,l2)) for my #
1,mqo # 1 is i.i.d. with respect to the product pmf p(uq)p(us)
and is independent from Y[*. Substituting Ry + Ry =
I(Ul; Ug) + 1061{([]17 Ug) into (77), it follows that P(822)
tends to zero as n — oo if Ry + Ry < I(Uy, Us; Y1) — 36(€').

We next bound the probability P(E21NES). Define the events
My = {Ml =My = 1} and My := {Ll =Ly = 1} By the
symmetry of the codebook generation,

P(E21 N ES) = P(E21 N EE| My, Ms). (78)

To see this, define the tuple of auxiliary codewords for

sender j = 1,2 as Cn(j) == (U (my,15) = my € [2"F]1; €

[Q”RJ]). We first show that (My, Mo, Ly, Lo) is uniformly
distributed over its support. It suffices to show that for every
(ml,mg,ll,lg) S [Qan] X [QnRQ] X [Qan] X [2"R2],
P(My = m1,Mz =ma, Ly =1, Ly = l3)
=P(My=1,My=1,L, =1,L, = 1).
Fix a tuple (m1, ma, l1, l5) € [27F1] x [2772] x [2n 1] x [2n 2]
Given C,,(j) = ¢j, let 0j(c;) denote the permuted version of
¢; such that
{uf(m;,15) € c; : 1) € 2]}
= {a;(1,15) € 0;(c;) - Ij € [2"T]}
and uf(mj,l;) € ¢; and u}(1,1) € 0;(C;) satisfy

u?(mj, ;)= ﬁ;’(l, 1).
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P(ggg) = P(522|M1 = M2 = 1) (70)
=P(U'(m1, 1), U3 (ma, 1), Y]") € TE(/”)(Ul7 Us, Y1) for some my # 1, for some ma # 1,
for some (I1,13) € [2"1] x [27R2] | My = My = 1) (71)
<3N ST S PR (ma, ), U (ma, 1), Y1) € TS (Ur, Ua, Y1) [ My = My = 1) (72)
m1#L 11 mo#l 2
<IN DT PO k) = ul U (ma, o) = uf, Y =y My = My =1)  (73)
mi1#l 11 mo#l g (uf uly,yi) e
TE()’L>(U1YU2vY1)
=3 3 3 > > pr My =My =1) [ [ po, (wi)pu, (uai) (74)
mi1#l 11 mo#l g (uf ul yi)e i=1
T(">(U1 Uz,Y71)
<SS S p My = My = 1) HUDHH )0 (75)
mi#l L1 me#l Ly (ufugui)e
T( >(U1 Uz,Y1)
Z Z Z 22 H(U1)+H(Uz2)—H(U1,Uz2|Y1)—25(¢")) (76)
mi1#£l 11 mo#l s
< Qn(Rl+R2+R1+R2)2—n(H(U1)+H(U2)—H(U17U2\Yl)—%(ﬁ/))’ (77)
Then, we have (UT'(ma, 1), U3 (1,12), Y1)
a (n)
P(Ml:ml,MgzmQ,lell,nglg) (<) Z ZP Elfe’ (U17U25Y)a Ml;
_ _ _ _ - (U(1,1),U3(1,1)) Mo
= P( My =mq, My =mg, Ly =11, Ly = I3, ) mi#£1 1o )
7C c Cn(l)zcl,Cn(Z):Cg 67—5/ (Ul,UQ)
1,L2
~ n n n
© ST P(My =, My = m3) P(Ca(1) = ¢1) (U1 (ma, ), UF(1, 1), ¥77)
C1,Cz ez(ln)(UlvUQaY)a My,
IS
P (2 —cnp( L1 =1 | My=mi, My =mo, = (Up(1,1),03(1,1)) Ma
Ca@ =P\ 1 1|6y =c1.Ca2) = A h "
) ’ S 'Te, (Ul, Ug)
= P(M; =1, My = 1) P(Ca(1) = 01(c1))
Ci,Co (U{L(mlvll)aUgb(laZQ)vYIn)
M, =1,My=1 e Ty, Uy, Y), M
B I 17 ~ ) ) =] € 1,
P(C(2) = o2(c2)P | ' _ n(1) = o1(C1), 222 (U (1,1),U2(1,1)) M,
2 Co(2) = 0a(Cs) mi#Al Il a1

e T (Uy, Uy)

(87)

€1,Ca where (a) follows since ¢’ > ¢. The first summation term in
=PMy =1, My =1, =1,Ly = 1), (87) can be bounded as
where (a) follows since (M, My, C,,(1),C,(2)) are indepen- (U (ma, 1), U (1,1),Y7")
d~ent? (l;) f011(~)ws- smc'e (My, My) is uniformly distributed and c Te(/n) (U, U, V), My,
Ca(4) = 0(Ca(h)), = 1,2. > >p L) L1 Iy
Following similar arguments, we can now prove the claim in =~ m,#1 1, (U1(1,1),U3(1,1)) 2
(78), the proof of which is given in (79)-(86), shown at the top c Te(,") (U1, Uy)

of the next page, where (86) follows since (My, Ms, L1, Lo)

is uniformly distributed. < Z Z Z

To bound P(E31 N ES), we continue from (78) as follows. mi£l I ((uvg,ug)
€7 (U1,U2)
P(&E21 N EFIM, M2) )
oy (ml, ) (1 l9),Y") U(ma, 1) = at,

U ) Ml U{L(171):u?7 Mla
< P ( 9 9 P
R mzl;élhz; ( ( Y, U2 (1 L) Mz <1;T> Up(1,1) =up, | Mo

/ IS T( )(Ul, Us) eT: DUy, vy lul) Y =yh
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P(E21 NES) = P((UP (), 11), U5 (My, 1), Y7*) € T\ (Uy, Uy, Y1) for some m)y # M,
for some (I},1,) € [2"1] x [27B2] (UM (M, Ly), UL (M, Lo)) € T (Uy, Uy)) (79)
(U (), 1), U (Ma, 1), Y1) € TS (Uy, Uy, Y1) for some m, # My,
ST Y P for some (14, 1) € [20] x [20F2] (UM, Ly), UR(Ma, Ly)) € XU, Uy), | (80)
TR CrLCa (M, My, L1, Ly) = (my,ma, 11, 12), (Cn(1),Cn(2)) = (C1,C2)
= > Y P(My=my, My =ma)P ((Cn(1),Cn(2)) = (C1,C2))

miy,mg, C1,C2

(U (mf, 1), Us (My, 1), Y{") € TS (UL U, Y1) | My=m
for some m) # My, for some (I},15) € [2"F1] x [27F2] | My = ma @1
(U (My, L1), U3 (Mz, L)) € T (U, Ua), Cu(l) =0
(Lla LQ) = (lla ZQ)) n(2) =C2
= > > PM =1,M=1)P ((c”na),c”n@)) = (01(61),02(62)))
a2 CyCo
(UF (m, 1), Ug (Mo, 13), V") € TS (U, Ua, Vi) My =1
for some m) # M, for some (I7,14) € [2"111] x [2nFz], My =1 82)
(U (My, Ly), U (Ma, L)) € T (U1, Un), Cu(1) = o1(C1)
(L1, L2) = (1,1)) Cn(2) = 02(C2)

(U (), 1), U (Ma, 1), Y1) € TS (UL, Uy, Y1) for some m, # My,
= > D P| forsome (1f,1) € [2*1] x [2*], (U (M1, L1), U (Mo, L)) € T (U, Ua), | (83)

7”111:”1’;2’ C1,C2 (Mla My, Ly, L2) = (17 1,1, 1); (Cn(]-)vcn(2)) = (Jl (Cl)v 02 (CQ))
= > P(&1NES, (M, My, Ly, Ly) = (1,1,1,1)) (84)
= > P((My, My, Ly, Ly) = (1,1,1,1)) P (&1 N EG| My, M) (85)
ml11:7;12/2,
=P (&1 NEGIM 1, Ma) (86)

(@) Z Z Z < on(Ri+Ra) Z ZQTL(H(UMY17U2)+5(E/))

mi#£l Iy (ul,ul) mi#L I

e7(™ (U ,Us) / ,
e ~ 2777,(2H(U1)+H(U2)76(6 ))2n(H(U1,U2)+6(e ))

U (ma, 1) = @} x
Z P ( '(ma,ly) = ay, My,
)

UP(1,1) = uf, Mo )p(yﬁu?,u?) < 9n(Ra+2Ra+ Ro+ H(Us,Un)+H(Ur| Y3, Uz) ~2H (U )=H (U)+35(¢'))

@} op Uz(1,1) = uy o
GT(,")(ULYH“E) _ 2n(R1+2R1+R2*I(U1§U2)*I(U1;Y1,U2)+36(6/)),
b I
(S) on(R1+R2) Z Z Z where (a) follows since given (Mj, Ms) the tuple
mi#L 11 (uf,ul}) Uln(mlvll) - (Uln(]-a]-)vUQn(]-al)) - Yln form a Markov
eV (wy.U3) chain, (b) follows by [22, Lemma 11] since the tuple
Un(my, ) = a?, (U (ma, 1), U7 (1, 1), UQn(l.’ 1)) .is indepelllde.nt of the event
Z P < Ur(1,1) = u?, )p(yﬁu?,ug) M and .(Ml,Mg,Ll,Lg) is uniformly distributed, and (c)
(@ o) Up(1,1) = u follows since the tuple (U7 (mq,11),Up(1,1),U3(1,1)) is
er(M Wy i 1ug) i.i.d. with respect to the product pmf p(uq)p(u1)p(uz).
(c) AR Similarly, the second summation term in (87) can be
n(Ri4Rs)
< 2mmme Z Z Z bounded as
ma#l i @loud)
eV vy .Uz)
Z p(ymu? ug)Z—n(QH(U1)+H(U2)—5(e’)) (Uln(mla Zl)v UQn(lv lg), Yln)
e Z Z Z P € ,TE(’n)(Ulv U, Y)a M,
eTG(,")A(Ulvz/l\uéw gl T bzl (Uln(]_, 1), UQn(]., 1)) M2
n(Ri1+R. 1 1 b2 n
3> C 7w
m#l b ) ) < on(Ri42R1+2R2 =21 (Uy;U2) —1(Ur,U2;Y1)+36(€))
Z on(H (Ur|Y1,U2)+6(€")) 9—n(2H (Ur)+H (U2)—5(c")) = ‘
(g Therefore, P(§21 N &) tends to zero as n — oo if
676(,")(U1>U2) Ri +2R; + Ry < I(U1; UQ) + I(Ul;yl, UQ) — 35(6/) and
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Ri+2R +2Ry < 2I(Uy; Uy)+1(Uy, Us; Y1) —35(€’). Letting
Ry = a(I(Uy; Uy)+10eH (Uy, Us)) and Ry = a@(I(Uy; Us)+
10eH (Uy,Us)) results in Ry < I(Uq;Y1,Us) —al(Uy; Us) —
46(€¢’) and Ry < I(Uy,Us; Y1) — 45(€').

Combining with (69), the probability of error at decoder
1 tends to zero as n — oo if

Ry < max{0,I(Uy; Y1) — al(U1;Uz) — 45(¢')},  (88)

or
Ry < I(Uy;Y1,Us) — ad(Uy; Up) — 46(€),  (89a)
Ri+ Ry < I(Ul,UQ;Yi) —45(6’). (89b)

Repeating similar steps, the probability of error at decoder
2 tends to zero as n — oo if

Ry < max{0, I(Uz; Ys) —al(Uy;Us) —45(e")},  (90)

or
Ry < I(Ug; Yo, Ur) —al(Uy; Ug) —45(¢'),  (91a)
Ri + Re < I(U1, Us; Ya) — 46(¢). 91b)

If we denote the set of rate pairs satisfying (88) or (89)
as Zpc.i1(p,x,a,0(¢')), and denote the set of rate pairs
satisfying (90) or (91) as Zpc.2(p,z,a,d(€')), then the
rate region Zpc.1(p,x, o, (")) N Xpc2(p,x,a,d(€")) is
achievable by the ¢'-typicality decoders. Define the rate
regions Zgpc,;j(p,x, ) = po,j(p,z,a,0(c) = 0), j =
1,2. Let ¢ = 2e Taking ¢ — 0 and then taking the
closure implies

%]3071(]),1‘,04)m%BCQ(p,J%OK) g %Ec(p7x7a)'

The achievability proof follows from the next lemma that
provides an equivalent characterization for the rate region in
Theorem 4.

Lemma 10: For any input pmf p = p(uq, us), function x =
x(u1,u2), and a € [0 1],

'QEE(pa z, a) = '@Bc,l(pa z, Oé) Q%BC,Q(Z), z, Oé).

Proof: Fix pmf p = p(uy,us), function x = x(uq, u2)
and € [0 1]. It suffices to show that the rate region
Huc,1(p, z, ) is equivalent to the set of rate pairs (R, R2)
that satisfy (26a)-(26b). We first show that any rate pair in
Huc.1(p, x, o) satisfies (26a)-(26b). Suppose that the rate pair
(R1, R2) € #Zpc,1(p, x, o), which implies that

Ry < I(Uy;Y1,Us) — ol (U3 Us),
and

R1 S maX{O,I(Ul;Yi) — OéI(Ul; UQ),I(Ul, UQ;Yl) — RQ}
:I(U1,UQ;Y1)
—min{I(Ul,Ug;Yl),I(UQ;Yl,Ul) —aI(UUUQ),RQ}.
Therefore, (R1, R2) satisfies (26a)-(26b).

We now prove the other direction. Suppose that the
rate pair (Rp, R2) satisfies (26a)-(26b). Assume also that

6217

Ry < min{I(Ug; Yy, Ul)—aI(Ul; Ug), I(Ul, Us; Yi)} It then
follows that

Rl < I(Ul;YlaUQ) _aI(Ul;UQ)a
Ry < I(Uy,Uz; Y1) — Rs.

So, the rate pair (Ry, R2) € #pc,1(p, z, ). If instead Ry >
min{I(UQ; Y1, Ul) — aI(Ul; UQ), I(Ul, Us; Yl)}, then

Ry < I(Uy;Y1,Us) — al(Uy; Us),
Ry < I(Uy,Us; Y1)
—min{I(Us; Y1,U1) —al(Uy;Us), I(Ur,Usz; Y1)}
= max{0, [(Uy; Y1) — ol (U1; Us)}.

Therefore, (R1, R2) € #Zrc.1(p,x, o), which completes the
proof of the lemma. [ ]

APPENDIX H
PROOF OF LEMMA 5

Let € > e. First, by (the averaged version of) Fano’s lemma
in (30), we have

I(Ms3; Y |C) > I(Ma; M1, Y{"|Cy) — ney,.
Therefore, it suffices to prove that for n sufficiently large,

I(Ma; My, Y7 [Cy)
. RQ)I(L1)L2;31)7 /
> — —
n[mln{ I(U27Y1,U1) _[(U17(r2) } 5(6) 2En )

for some d(¢’) that tends to zero as € — 0.

Similar to [26], we will show that given M;,Y]" and C,,
a relatively short list £ C [2"f2] can be constructed that
contains Ms with high probability. Define a random set

L= {mg S [QnRQ] :
(U7 (M, 1), U (ma, 1s), Y{") € TS (Uy, Us, Y1)

for some (I1,12) € [Z”Rl] X [Z”RQ]}.

Note that the set £ is random with the underlying distribution
on (My,Y",Cy), which is induced by drawing a Marton
random codebook C,, and using this codebook to encode
Uln(Ml,Ll) and UQn(MQ,LQ) into Xn(Ml,MQ) that lead
to Y7" through the DM-BC p(y1,yz2|x). We first bound the
probability that an incorrect message is in the random set L.
Define the events M; = {M; = My =1} and My = {L1 =
L, = 1}. The indicator random variable En is as defined in
(31). By the symmetry of the codebook generation discussed
in Appendix G, for every mq # M, € [2"2]

P(my € L,E, =1)=P(my € L, E,, = 1| M, M3), (92)

which is easy to see following similar steps to the proof
of (78). We will use the conditioned version to bound the
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probability term in (92). For every mq # 1 € [2752],

P(my € £, E, = 1| My, M>)

(UP 1), U (ma, 1), Yy") € TS
(g) R R M1,
= P | for some (I1,ls) € [27F1] x [27F2], Mo
(UpQ,1),U3(1,1)) € 7"
(b)
<> >
& (u’f,u;)e'ﬁ(")(Ul,Uz)
Ur(1,1) = uf,
Z = Uz (1,1) = uy, | My,
) UQn(mQal2) - US; M2
(@3, 7L)ET (Uz,Y1|ul) Yln _ yf
+2.>. >
B b (up ug) €T (UL, U2)
Ur(1,1) = uf,
U3 (L, 1) =ug, |
> Pl Ui ) =ay, | O | 93)
Moy

(@p.a% up) U3 (ma,l2) = u},
ETE(,"L>(U11U21Y1) Yln = y{l

where (b) follows by the union of events bound and by
decomposing the event in (a) onto two sets: {l; = 1} and
{l; # 1}. Two summation terms on the right hand side of
(93) can be bounded by using similar arguments to the proof
of the inner bound for Theorem 4 (refer to the bounds on the
two summation terms in (87) in Appendix G) to get

P(m2 c £7En — 1) S 2—n(I(U2;Y1,Ul)—aI(Ul;Ug)—45(€l))

+ 27n(I(U17U2§Y1)*45(€’)).

Since P(E,, = 1) tends to one as n — oo, for n sufficiently
large, P(my € L|E, = 1) < P(m2 € L, E, = 1)2¢. The
expected cardinality of £ given {En = 1} is then bounded as

E(IL||E,=1)<1+ Y P(mgeL|E,=1)
maoF#Ma
§ 1 + 2n(R271(U2;Y1,U1)+aI(U1;U2)+46(6,)+ﬁ)

+ 2n(R2—I(U17U2;Y1)+45(€/)+%)
= 1 4 (B2 —I(U2:Y1,U)+aI(Ur:U2)+45( ) en)

+ 277,(R27[(U1,UQ;Y1)+45(6/)+6-,L), (94)

for n sufficiently large.

Define another indicator random variable F,, = Iianecy-
Since ¢’ > € and P(E E, = 1) tends to one as n — oo, by the
conditional typicality lemma in [28, p. 27], P(F, = 1) tends
to one as n — oo. Then, for n sufficiently large, we have

H(M;|Cp, My, YT
= H(M,|Cp, My, Y, Ep, F) + I(My; Ey, Fy |Cpy My, YY)
< H(M;|Cp, My, Y, E, Fy) + 2
< 2+ P(F, = 0)H(M,|Cp, My, Y, E,, F,, = 0)
+ H(M2|Cn,M1,Y1",En,Fn =1)
<24 nRyP(F, =0)+ H(M|C,, M, Y{*, E,,, F,, = 1).
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For the last term, we use the fact that if M5 € L, then the

conditional entropy cannot exceed log(|L|):

H(M2|Cn7 M17Y1na ETM Fn = 1)

(g) H(M2|Cn7M17Y1naEn7Fn = ]-a'ca |'C|)
S H(M2|En7ﬁn = 17‘C7 |‘C|)

onRa
=Y P(L|=1E,=1)
=0
x H(M|E, = =1,L,|L] =)
onk2
+ > P(L] =1,E, =0)
=0
x H(Ms|E, =0,F, =1,L,|£| =1)
onka )
<> P(L]|=1,E,=1)
=0
x H(Ms|E, =1,F, =1,L,|L| =)
+nRyP(E, =0)
on itz
< > P(IL] =1, E, = 1)log(l) + nRy P(E, = 0)
=0
onka

< Z P(|£| =1|E, = 1)log(l) + nRy P(E, = 0)

= E[log(|£|)|En =1]+nRyP(E, =0)
(b) -
< log(E[|L|| E, = 1]) + nRy P(E, = 0)
(c)
< max {0,n(Ry — (U1, Uz; Y1) + 46(¢') + €n),
n(Ry — (UQ;Yl, Uy) +al(Uy; Ug) + 46(€') + en)}
+ nRs P( n = 0)
< n-max {0, Ry — I(Uy, Us; Y1),
R2—I(UQ;Yl,Ul)—i—aI(Ul;Ug)}
+ndd(e') + ne, + nRe P(E, = 0),

where (a) follows since the set £ and its cardinality |£| are
functions of (C,,, M1,Y7"), (b) follows by Jensen’s inequality,
and (c) follows by (94) and the soft-max interpretation of the
log-sum-exp function [33, p. 72]. Substituting back gives

I(My; My, YTH|Ch)
= H(M>|Cy) — H(M2|Cpn, My, Y7")
=nRy — H(Mz2|Cp, M1,Y]")
>nRy — 2 —nRyP(F, =0)
— H(Ms|Cp, M7, Y" By, = 1)
>nRy —2—nRy P( n—O)—n45( " — e,
—nRy P( nfO)—n maX{O Ry — I(Uy,Us; Y1),
Ry — I(Uz; Y1,Uh) + @l (Uy; Us) }

@ o [min{ Ry, I(Us; Y1, Uy) — @I(Uy; Us), I(Uy, Un; Y1)}
—40(€') — 2¢,,],
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where (a) follows since both of the probabilities P(E,, = 0)

and P(F,, = 0) tend to zero as n — oo.

APPENDIX I
PROOF OF PROPOSITION 3

We start with a version of Fano’s inequality for computation,
similar to Lemma 2 but for a fixed codebook this time.
Lemma 11: If
lim P{™ =0

n—oo

and
lim P(M; is confusable) = 0,

n—oo
for every j € {1,2} with a; # 0, then for every j € {1,2}
with a; # 0
H(M]|Yn, Mju) S neyn
for some €, — 0 as n — oo.
Proof: First note that for every j € {1,2}, we have

H(M;|Y™, Mje)
< H(Mj7W£|Yn7MjU)
=HW Y™, Mje) + H(M;|W2,Y", Mje)

(@)
< ne, + H(M;|[W2, Y™ Mje),

a

where (a) follows by Fano’s inequality. To bound the second
term in (a), let j be such that a; # 0 and let 6; be an indicator
random variable which is 1 if M; is confusable. Then, we get

H(M; W2, Y™, Mje)

(:b) H(Mj|W:7Yn7Mj”7X{laXén)

< H(M;[X7)
< H(Mj,0;]X5)

()

< log, 2+ H(M,|0;, X}")

<log,2+nR;P(0; =1)

(d)

< Nén,
where (b) follows since (X', X7') is a function of (Mj., W)
when a; # 0, (c) follows since 6; is a binary random variable,
and (d) follows since P(6; = 1) tends to zero as n — co. W

Suppose now that a rate pair (R, R2) is achievable. Let j
be such that a; # 0. Then,

nRj = H(Mj |Mjc)
a)

< I(M;; Y™ | Mje) + nep,

—

l

s
I
-

I(M; Y|V Mje) + ney,

I(Mj, X;i; Y|V Mje, Xje;) + ney,

I
NE

.
Il
-

I(M;, Y'Y Mje, Xji; Y| Xjei) + ne,

NE

.
Il
-
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I(X]“Y”Xjrz) “+ ney

-

i=1

—~

c

= nI(XjQ;YQ|Xqu,Q) + nep,

~

where step (a) follows by Lemma 11, (b) follows since
(My, M2, Y1) — (Xy;, Xo;) — Y; form a Markov chain,
and (c) follows by defining a time sharing random variable )
that is uniform on [n] and independent from (X7*, X% Y™).

We can continue from (a) above to provide another bound
on nlR; as follows.

~ —

TLR]‘ < I(M],Yn|M‘]L) + ney
= I(My, M2;Y") — I(Mje; Y™) + ne,

(d)
< I(My, My; Y™) = I(Mje; W2 Y™) + 2 ney,

=3 I(My, My Y|V

i=1

= I(Mje; Wa, Vi Wi Y1) + 2 ney,
i=1

n
=3 (M, My, X3, X3 Y[ Y*)
i=1

n
=Y I(Mje, Xjei; Wa i, Vi [ W21, Y1) 4 2 ney,
i=1

n
(©)]

=) I(My, My, X3, Xo33 Vi | Y')
i=1
n

=Y I(Mje, Xjei; Wa i, Yi|T3) + 2 nep,
i=1
<N I(My, My, Y, Xy, X3 V)
i=1
= I(Xjei; Wayi, Y| T)) + 2 ney
i=1
LS 10, Xoi V)
i=1
= I(Xjei; Wayi, Y| T)) + 2 ney
i=1
=nl(Xi1q, X20; Yo Q)
— nI(Xqu; Wa’Q, YQ |TQ, Q) + 2ney,
where step (d) follows by Fano’s inequality, (e) follows
by defining 7; = (Wi 1, Y1), and (f) follows since
(My, Mo, Y1) — (X1, Xo;) — Y; form a Markov chain.
Note that both T; — (X1;, Xo;) — Wa,; and (T3, Wa ;) —
(X414, Xoi) — Y; each form a Markov chain.

We next bound the sum rate using the fact that a1, a2 # 0
as follows.

n(Ry + Ro)
= I(Ml,MQ,Yn) +H(M17M27W:|Yn)

(9)
< I(My, My; Y™) + H(My, Mo| W2, Y™) + ney
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=I(My, Mo; Y™) + H(M|W2,Y"™)
+ H(Ma| My, W2, Y™) + ne,

(h)
< I(My, My; Y™) + H(My [W2,Y™) + 2ne,

=I(My, Mo; Y™) + H(My W2, Y™) + H(Mz | W2, Y™)
— H(My, Mo |W2Y™) + H(M W2, Y™, M) + 2ne,,
95)
where (g) follows by Fano’s inequality and (h) follows

by Lemma 11 since as # 0. Note that since a; # 0,
by Lemma 11, we also have

H(M1|Wan y" Mg) § NEnp,.
Utilizing this observation in (95), we continue with
’I’L(Rl + RQ)
< I(My,Mo;Y™) + H(M,|W2,Y™)
+ H(My W2 Y"™) — H(My, Mo|W2,Y™) + 3 ne,
= I(Ml, Mg; Yn) —|— I(Ml, Mg; Wn Yn)
— I(My; W2 Y™) — I(My; WL Y™) + 3 ney,
= ZI(Ml,MQ;in—l)
i=1
+ ) I(My, My; Wa i, Yi|[ Wt Y
i=1
= I(My; Wa s, Yi|[WE Y
i=1
= I(My; Wa i, Yi|[WilY') + 3 e,y

i=1

n
= ZI(Ml,szXu,Xzi;EWFl)

Vi

+ > I(My, My, X145, Xoi; Wai, Yi| T)

i=1

M:

I(M17X117W315Y|T)
1

.
Il

I(Ms, Xoi; Wa, Yi|T;) + 3 ney,

Il
-

7

< ZI(
i=1
+ ZI(MMMQlei;XQi; Wa,i, Yi|T3)

i=1

My, M, Y, Xy, Xo3 Y5)

_ZI(XM;Wa,iaYHTi)
i=1
n
- ZI(XQZ';Wa,iaYHTi) + 3 ne,
k) nz 1 .
= (X0, X0 Vi) + Y (X, Xoi; Wai, Yi| Th)

=1 i=1

—~

~.

KM:

—

n
I(X 155 Wai, i |Ti) = > 1(Xoi; Wai, Yi|Ti) + 3 ne,
=1

1=
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=nl(X1q, X2q; Yq|Q) + nl(X1q, X20; Wa,@, Yo|Tq, Q)
—nl(X19; Wa,, Yol Tq, Q)
- nI(XQQ; Wa,Qv YQ |TQa Q) + 3 nen,
where step (k) follows since (My, Mo, Wit Yi71) —
(X1i, X2i) = (Way,Y;) form a Markov chain.
It remains to show the dependence balance condition in (39).
0 < I(My; Ma|Wg,Y"™)
(a)

= I(M17M2|W:,Yn) — I(Ml,MQ)
H(M W2, Y"™) — H(My| My, W2 Y™)
— H(My) + H(M1[Ms)

T(My; W, Y™ [Ma) = I(My; W, Y™)

3

= ZI(MU Wa,i, Yi| Mo, W;fl, Yifl)
i=1

n
- ZI(Mla Wa,iv Yvi|W;71a Yiil)
i=1

n
= I(My, X1i; Wa i, Vi | Ma, X5, WY

i=1
n
= I(My, X155 Wa i, Vi |[WE LY
i=1
<Y I(My, My, X143 Wai, V3| Xo, WY
i=1

- ZI(Xli;Wa,iam|W:§_l’Yi_l)
i=1
(:b) ZI(XU; Wa,ivyvi|X2i; Wz’iilvyiil)
i=1
- ZI(Xli;Wa,ivifi|W;71ﬂYi71)
i=1
n
=3 (X1 Way, Y| Xa:, T))
i=1
= ’I’LI(Xle aQaYQ|X2QaTQ Q)
—TLI(XlQ,Wa,Q;YQ|TQ7 )a

n
ZI (X14; Wa,i, Y3 | T5)
i=1

where (a) follows since M; and M, are independent and
(b) follows since (Ml,MQ,Wiil,Yiil) — (XU,X%) —
(W;,Y;) form a Markov chain.

Letting X1 = X109, X2 = Xog, Wa = Wa,Q,Y =Y, and
T =Tg and n — oo completes the proof.
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