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The Capacity Region of the L-User Gaussian
Inverse Compute-and-Forward Problem

Yanying Chen, Yiwei Song, and Natasha Devroye

Abstract— We consider an L-user multiple access channel
where transmitter m has access to the linear equation u, =
@ll‘=1 Jmiw; of independent messages w; € IE‘I;’ with f,,; € Fp,
and the destination wishes to recover all L messages. This
problem may be motivated as the last hop in a network
where relay nodes employ the compute-and-forward strategy and
decode linear equations of messages; we seek to do the reverse
and extract messages from sums over a multiple access channel.
In particular, we exploit the particular form of dependencies
between the equations at the different relays to improve the
reliable communication rates beyond those achievable by simply
forwarding all equations to the destination independently. The
presented achievable rate region for the discrete memoryless
channel model is shown to be capacity for the additive white
Gaussian noise channel.

Index Terms— Channel capacity, multiple access channel,
compute-and-forward, correlated sources, joint source-channel
coding, multiuser channels.

I. INTRODUCTION

HE recently proposed Compute-and-Forward (CF) frame-

work [3] enables the decoding of linear combinations
of messages at relays over Gaussian channels. The decoding
of integer combinations of lattice codewords corresponds to
decoding integer combinations of the underlying messages
w which are vectors of length k of elements over a finite field
of size p, Fp, or w € IF’;, When decoding sums of messages
suffices, this may sometimes be done at higher rates using the
CF rates than decoding individual messages.

In the CF model, individual messages are transmitted
over a multiple access channel (MAC), and linear combina-
tions of messages are decoded!; in the inverse compute-and-
forward (ICF) channel model studied here the reverse is done,
i.e. a destination node seeks to decode individual messages
over a MAC from relays which possess linear combinations of
messages. In a larger network one may envision source nodes
having messages, destination nodes wanting to decode these
messages, and intermediate relay nodes decoding individual or
linear equations of messages according to the CF framework.
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IThe CF framework may handle more general cases when combinations of
messages are transmitted as well, but our statement was made for the sake of
argument/intuitive definition of the ICF model.

We determine the rates at which we may extract individual
messages from linear message equations known at relays over
a MAC. This may be combined with CF rates in deriving
overall achievable rates in larger networks. We provide some
examples for doing so, but this is not the main focus of this
paper. For more works on multi-source, multi-relay setups,
please refer to [4] and [5] and references therein.

We focus on the general L-user ICF problem where each
relay node possesses a linear combination of L messages
assumed to have been obtained using the CF framework. These
relays transmit over a MAC to a single destination which
seeks to decode the L individual messages. In order for the
problem to be feasible, the matrix relating the messages to
the equations must be invertible. The coefficient matrix is
assumed to be non-singular throughout the paper, and several
additional invertibility constraints, for succinctness, will also
be imposed. One might consider sending these L equations to
the destination using independent codebooks as in a MAC, and
having the destination invert the message equations to obtain
the original messages. However, we show that the relays may
extract dependencies from the linear equations when message
rates are unequal, which allows one to achieve a larger rate
region. In particular, we show that when message rates are
unequal, 1) a common message may be extracted, 2) knowing
some equations limits the number of values other equations
may take on, and 3) there is a special pairwise (conditionally)
independent structure in the equations.

A. Past Work

The problem statement and motivation builds upon the
compute-and-forward (CF) framework [3]: it is assumed that
message equations have been previously decoded at the relays,
and that messages are length k vectors of elements over a
finite field F,, as in the CF framework. There are many
other applications of CF, but they all differ from the ICF
problem. For example, in [6], an integer-forcing linear receiver
framework is developed for a MIMO system and is shown
to outperform conventional linear receivers. Papers [7], [8]
study a distributed antenna system (DAS) where antenna
terminals, which serve user terminals, are connected to a
central processor (CP) via digital error-free links of finite
capacity. Both the up- and down-link can be facilitated by CF;
we note that the “Reverse Compute and Forward” precoding
strategy proposed in [8], should not be confused with the ICF
problem proposed here. In these examples, linear equations
are known at a single node (for the MIMO scenario) or can
be gathered to a central node by some error-free links (in the
DAS system). In contrast, the ICF problem studies how to
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directly extract the original messages over the air from the
equations known to distributed nodes.

The ICF problem was first considered for the two-user case
in [1], where an achievable rate region was presented. Though
not formally presented in [1], one may show, as done here,
that the two-user ICF problem may be mapped to sending
one common message and two private messages over a MAC.
This corresponds to the Slepian-Wolf MAC, whose capacity is
known for both the discrete and Gaussian channels [9]-[11].

The capacity of an extension of the Slepian-Wolf MAC
of [9] to an arbitrary number of users, each of which has
access to a subset of independent messages is solved in [12]
and simplified in [13].

We note that when going beyond two-users, our L-user
ICF problem cannot be mapped into the framework in [12],
as in the latter, the users either have common message(s) or
completely independent ones, but do not have for example,
the pairwise (but not mutual) independence correlation pattern.
We are not aware of any other related problems which explic-
itly capture the pairwise independent structure. One might
attempt to cast this problem into the framework considered
by [14], as the transmission of arbitrarily correlated sources
over a MAC channel via joint source-channel coding. We first
remark that for the two-user case their achievable rate region
results in the capacity region of the Slepian-Wolf MAC [9],>
which also corresponds to the region obtained here for two
users. More generally, in [14] only uncomputable multi-letter
capacity expressions are presented for L arbitrarily correlated
ii.d. sources. In this work we strengthen the initial results
of [1] considerably by obtaining the single-letter and fully-
characterized capacity region for the general Gaussian L-user
ICF problem rather than an achievable rate region for the two-
user problem.

B. Contribution and Outline

Our main contribution is the derivation of the capacity
region for decoding L independent messages over a Gaussian
multiple access channel when each of L transmitters has
a linear combination of these messages, subject to invert-
ibility conditions. We first present the necessary definitions
and formally state the general ICF problem in Section II.
Before demonstrating the most general results for arbitrary L,
in Section III the L = 2 user case is used to build intuition.
We provide plots of numerical evaluations of the ICF capacity
region compared to other possible regions for this model,
and an example of how to combine this rate region with a
CF rate region to obtain an overall rate region for a relay
network. In Section IV, the L = 3 user case is also outlined
to build additional intuition for the new ingredient in moving
beyond two users — pairwise independent but not mutually
independent components at the transmitters. In Section V,
an achievable rate region for the general L-user ICF problem is
first derived. Our first main contribution, besides the formula-
tion of the problem, is the design of a decoder which exploits

2As shown in the special case d) in [9], a channel-coding problem may
be seen as a special case of the related joint source-channel coding problem,
where messages are extended into information sources with the equivalent
entropy rate while the channel model stays the same.
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Fig. 1. L-user ICF problem in which L relays each have a linear combination
u,; = EBIL:I fmiw; of L messages and wish to convey these messages to a
single destination.

the dependencies inherent in the equations available at the
transmitters. Achievability is then followed by the derivation
of the capacity region for the Gaussian MAC channel model,
the paper’s second main contribution. The converse follows
along similar lines to those in [10] and [11], but differs in
an interesting way due to the special pairwise independent
component of the message equations. In essence, for Gaussian
channels, only pairwise dependency between equations is of
concern and any correlations of order higher than 2 cannot be
exploited to improve the rate regions.

Notation: Row vectors and matrices are written in bold
font in lower and upper case, respectively. Length-n, n € N,
vector codewords are represented by X". Define C(x) as
%logz(l + x), E[-] as the expectation operator, and Pr[A]
the probability of event A. Let A ® B denote the Cartesian
product of the sets A and B, and ||A|| denote the cardinality
of set A. || X"|| also denotes the Euclidean norm of vector X".
For p prime, let F¥ = {0,1,---,p — 1}* (“=” indicates
“is isomorphic to”) denote the field of length k vectors
of elements in the field F, = {0,1,---,p — 1}, under
element-wise addition/multiplication modulo p. Let var(X)
denote the variance of X, Rpyin = min{R(,---, Ry}, and
Rmax = max{Ry,---, Rp}. Let X4 denote the set {X,,a € A}
which contains all X, with index a from a given set A.
Similar notation is used to defined w4 (the set of messages
with indices in the set A) and uy (the set of equations
with indices in the set A). We use the following indexing
convention: [ is used for sources (w), m for relays (u), and
c for equation/message sections.

II. PROBLEM STATEMENT: DEFINITIONS
AND CHANNEL MODELS

As shown in Fig. 1, L source nodes indexed by
[l = 1,---,L) would like to communicate with one
destination node via L intermediate relay nodes indexed
by m (m = 1,---,L). The relays have successfully decoded
the “message equations” u,, = @11‘:1 fmiw; (to be made
precise below). The ICF problem seeks to determine at what
rates these message equations may be transmitted over a MAC
channel in order to decode the individual messages at a single
destination. We make this more precise below, where we
note that while definitions such as messages and equations
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follow the definitions in [3], new definitions of message
sections and equation sections are needed to rigorously and
compactly define the particular dependency structure between
the equations, which impacts the description of the capacity
region.

Definition 1 (Messages, Message Rate): Source-l has mes-
sage w; (I = 1,2,---,L) which is uniformly drawn from
IF];’ > {0,1,---,p — 1}4, and viewed as a row vector of
elements in ¥, of length k;. The messages of the different
sources are independent. Without loss of generality, ki >
ko > .-+ > ky; all messages are zero-padded at the head
to a common length k = max; k;. For block length n, the
message rate R; of message w; at source-l is defined as
R, = %logQ(pk’). Let W denote the L x k matrix whose
l-th row is the message w;. Note that R| > Ry > --- > Rp.

Definition 2 (Equations Decoded at Relays): Relay m,
m = 1,---,L, is assumed to have recovered a linear
combination of the messages (as in the Compute-and-Forward
framework [3]): u, = @le fmiw; in F*, for some given
Smi € Fp. In matrix form,

u fir fi2 fic w1
uy fui fio Sfrr wL
or
UZFW,
where £, = (fu1,---» fur), UT = (u1T,"' ’“{)’ Fr =

(flT,~~ ,fLT), and WT = (WIT,...
equation can take on 2"Rmax
values.

Remark 3: Unless otherwise noted, we assume that F and
all ¢ by ¢ sub-matrices from its first ¢ columns are of full
rank, ¢ = 1,---, L. This assumption is made to simplify
notation and the derivation of the general L-user achievable
rate region considerably. In particular, to recover all messages
at the destination, all we need is for F to be full rank; requiring
specific sub-matrices to be full rank as well is not necessary to
derive an achievable rate region. However, as will be outlined
in examples in subsection V-E, when some of the sub-matrices
are not full rank one must carefully consider which equation
sections (formally defined later) are linearly dependent. This in
turn will affect the number and form of error events and hence
rate region. While the derivation of achievable rate regions for
individual cases is relatively straightforward, we have thus far
not been able to come up with a compact, non-enumerative
rate region for general ¥. The current conditions on ¥ come
from the proof of Lemma 27 in Appendix A, which enumerates
the number of equation sections with different properties and
is used in the error analysis.

Definition 4 (Memoryless MAC Channel): The last hop of
the network is a memoryless multiple access channel (MAC)
defined by the conditional probability mass functions
p(y|x1, -+, xp) which are identical at each channel use and
relate the channel inputs X', X5,---, X7 in alphabets X},
(m = 1,2,---, L) and the channel output Y" in alphabet
Y" seen at the destination node. For the memoryless additive

R w{) We note that each
pnmax{Ry. R} o gible
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white Gaussian noise (AWGN) channel, all input and output
alphabets are the real line, and this input/output relationship,
over n channel uses, may be expressed as

L
Y' = Xn+2",

m=1

ey

where Z" is i.id. Gaussian noise, Z" ~ N (0,x1,Lixn)
subject to power constraints E [||X:,’1||2] <nPy,.

Definition 5 (Encoding at Relays): Each relay is equipped
with an encoder, &, : IF’I‘) — XU, that maps the decoded equa-
tion u,, a length-k vector, to a length-n codeword, i.e, X), =
em(uy) € X . For the Gaussian noise channel the encoders
are further subject to power constraints E [||X:,’1 ||2] < nPy,.

Definition 6 (Decoding and Probability of Error): The des-
tination wishes to recover the messages in W. The decoder
D1 at the destination node estimates the set of equations
transmitted by the relays from the received signal, i.e.,
{G1,---,4z} = Di(Y"). We say that the equation set
{uy, --- ,ur} are decoded with average probability of error
e if Pr[Ub_; {tn #un}] <e

Definition 7 (Achievable, ICF Achievable Rate Region):
A rate tuple (R, --- , Rp) is achievable if for any € > 0 and
n large enough, there exist a sequence of encoders €1, --- , &,
and a decoder D1 such that the probability of error is bounded
by €. An ICF achievable rate region R'F(Ry,--- ,R1) is a
set of achievable rate tuples for the ICF channel model.

Definition 8 (ICF Capacity Region): The capacity region
for the ICF problem C'°F(Ry,---, Ry) is the closure of the
set of all achievable rate tuples.

Remark 9: Let the computation rate region
RCF(Rl, .-+, Ry) defined in [3] capture the constraints
on message rates imposed by the communication from
source nodes to the last layer of relays. Then the
intersection of REF(Ry,---,Ry) and the ICF rate region
RICF(Ry,---, Ry) yields an achievable rate region for a
larger network in which there is a single destination node
desiring multiple messages. For succinctness, we omit the
superscript 'CF in most of the following as we will only be
interested in the ICF problem (rather than this intersection
with CF rates).

We now break up the messages and equations into sections,
which will allow us to succinctly describe the dependency
structure between the equations at different nodes.

Definition 10 (Message Sections, Matrix of Message
Sections): Message w;| € FIZ is, after zero-padding at the head,
a length-k row vector and may be partitioned into L segments
W . (the cth message section of message w;), ¢ = 1,---,L
(from head to tail) of lengths s, and rates p. where

se = ke — keyu,

1
Pc = ; 10g2 psc = R — Req1, (2)

with kp+1 = 0 and Ry, = 0. Notice that Zf:l sc =k and
L
zczl Pe = Rmax.
The matrix of the c-th message section is a matrix of
dimension L x s., denoted by Wy.. The [-th row of matrix
Wy is the c-th message section of message Wi, i.e., W.
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Fig. 3. Two-user ICF message/equation structure. Grey indicates that
equation sections uj j and up; are fully correlated, while different solid
colors indicate that two equation sections ujp and up; are independent.
All message sections w; ; are mutually independent; i, j = 1, 2.

Define the upper triangular matrix

Wixr
= [W*law*z, tee ,W*L]
Wi,1 W12 Wice—1 Wie Wi,L-1 Wi,L
0wy W2c—1 W W21 W2,
1o o0 0w Wii—1 WiL
0 0o --- 0 0o --- 0 WL
(3)
Definition 11 (Equation Sections, Matrix of Equation

Sections): Similarly, u,, . denotes the c-th section of equa-
tion Wy, iLe., Uy, = f, oV~V*c. The matrix of c-th equa-
tion section ﬁ*c has wy . as its m-th row, i.e. fJZC =
(u{c, uzT’c, cee, “Z,c)- We have

Urxr = [Us1, Usg, -, Usr] =F - [Wy1, Wy, -, Wy ],

Definition 12 (Section Rates): We denote as p. the rate of
section Wy or Uy, .. Recall that p. = %logz P = Re— Re41
with s¢ .= ke — ket1, kp+1 =0 and Rp41 = 0.

Remark 13: The notation tilde” is adopted for depicting the
segmented representation of message and equation matrices.
Notation WLxL and W «i both refer to the same underlying
message matrix and only differ in the indexing of its columns.
Similar notation is used for ﬁLxL and Up xk.

III. Two-USER CASE

Before demonstrating the general L-use result, we consider
the L = 2 user case with message/equation structure shown
in Fig. 3. Recall that the matrix F is assumed to be non-
singular and the first column should not have zeros, i.e.,
fi1, f21 # 0. In Fig. 2 the first hop corresponds to the CF
hop, and in the Gaussian case, at each channel use, Y3 =
g13X1 + g23Xo + Z3 and Y4 = g14X1 + g24 X2 + Z4.

In subsection III-A, we briefly walk through three achiev-
ability schemes to show how dependency patterns may be
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created by the presence of interference at the relays, and
how these may be exploited by different schemes in the
ICF hop. In subsection III-B, we numerically evaluate these
three achievable rate regions for the Gaussian-MAC channel.
An illustrative example of how CF and ICF rate regions may
be combined — an interesting problem in itself but not the
focus here — is provided in subsection III-B.2. The takeaways
are that 1) linear equations of messages create dependencies at
the relays that may be exploited, and 2) in combining CF and
ICF in a larger network, interference is not necessarily harmful
and allows for the creation of such dependencies.

A. Three Achievable Rate Regions for the Two-User
Discrete Memoryless ICF Channel

1) Scheme 1 (A Non-Coherent Scheme Without Cardinality
Bounding): Ignoring the dependencies between the two equa-
tions and communicating the two equation indices (of rates
Rmax = max{Rj, Ry} each) to the destination as if they were
independent messages yields the rate region:

RnNaive(R1, R2)
= {(Rl,Rz)i
Rmax < min{/ (X1; Y|X2), I(X2; Y|X1)}
Riax + Rmax < 1(X1, X2:Y)

for p(x1,x2,y) = P(X1)P(x2)P(YIx1,xz)}~ 4)

This region may be improved upon by properly accounting for
the correlations between the two equations.

2) Scheme 2 (A Non-Coherent Scheme With Cardinality
Bounding): Assuming R; > R», each equation may take
on R; values. However, as U = F - W and F is full rank,
(uy, up) and (w, wp) are in one-to-one correspondence, and
there are only R; + Ry < 2R; possibilities. Hence, sending
the two equation indices independently is redundant whenever
R1 # Ry.

To exploit this, note that when one equation is fixed,
the other may not take on all possible values in Fk‘; this
observation led to the “cardinality based approach” of [1],
which resulted in the rate region:

Rc(R1, R2)
= {(Rl,Rz)I
Rmin < min{/(X1; Y[X2), I(X2; Y[X1)}
Ry + Ry < I(X1,X2;Y)

for p(x1,x2,y) = P(X1)P(x2)P(YIx1,xz)}~ %)

The region Rcp(R1, Ry) improves over Rnaive(R1, R2) as
the error events are more carefully bounded (i.e. if one
equation is correct, this limits the number of choices of the
other equation). Inspection of Rcp(R], R2) reveals that the
codewords are still independently generated which does not
exploit the common messages present in the problem, and is
generally not capacity achieving.

3) Scheme 3 (A Capacity-Achieving Coherent Coding
Scheme With Cardinality Bounding): The relays, which have
u; and up, actually share a common message — the message
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section wy,; of the rate p; message wi, in addition to each
having a private, independent message of rate p, (uj2 =
Suiwia + fiawa2 or w2 = f21win + f22w22). We may
map the two-user ICF problem into the Slepian-Wolf MAC
problem [9] (which in turn may be seen as Special case d) of
joint-source-channel coding over a MAC as studied in [14])
of a two-user MAC with a common message and two private
messages. This idea is first expressed in [1], but was not fully
explored, and yields the region:

Ricr(R1, Ry)
= {(Rl,Rz)i
Rmin < min{I(X1; Y|X2, 0), I(X2; Y|X1, Q),

1

51 (X1, X2:Y10))

Ri+ Ry = I(Xy1, X23Y)

for p(g, x1,32,) = pl@)p(x1lg)p(2l) p(ylxi, x2)].
©

The cardinality of the alphabet of Q may be bounded as
1QI < min{||X1]| - ||X2]] + 2, [IV]] + 3}

Remark 14: Any rate pair achieved by Scheme 2 can
be achieved by the capacity-achieving Scheme 3 by setting
Q = (. Comparing these two regions, the left hand sides
of the inequalities are identical, but the right hand sides
have increased due to the possible correlation of the code-
words created through Q, ie. 1(X1, X2;Y) maximized over

{p(@) p(x1lg) p(x2lq) p(ylx1, x2)} is generally larger than the
maximum evaluated over {p(x1)p(x2)p(ylx1, x2)}.

B. Numerical Comparison

Consider the AWGN channel model in Fig. 2 with g3 =
g23 = goa = 1, g14 = —1 in the first hop, and symmetrize
the powers as P; = P; = P>. Note that one can easily obtain
regions for general g;; and power constraints, but that this is
not the focus of this work.

1) Numerical Comparison of Three Two-User ICF Only
Rate Regions: We now numerically evaluate the three achiev-
able rate regions of Schemes 1, 2, and 3 for the ICF hop
only of an additive Gaussian noise channel as shown in
Fig. 2, where we recall that all noises are i.i.d. unit variance
Gaussians, i.e. Z!' ~ N(@O0,x1,Txn), i = 3,4,5. Scheme 1
and 2 lead to the regions Rgaive(Rl, R») and RgB (R1, R2),
which correspond to those in (4) and (5) for Gaussian inputs:

Rgaive(Rl’ Rz)
1
= {(R1. R) & Ruax = min(C(Py), C(P), 5 - C(Ps+P ],
)
RgB (R1, R2)

Rin < min{C(P3), C(P4)} ] @®

= 1(R1, Ry): -
[( 1 R2) Ri+ Ry = C(P3+ Py)

Scheme 3 has been shown to be exhausted by
jointly Gaussian inputs [10], yielding the region
Ub|,bze[0,1]RIgCF(R19R2|b19b2)’ where for each pair of
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(a) symmetric power at relays
P, =4, P, =36, N=1

—— Scheme 1 achievable rate region by non-coherent coding without cardinality-bounding
— Scheme 2 achievable rate region by non-coherent coding with cardinality-bounding

— Scheme 3 capacity region by coherent coding with cardinality-bounding

0.0 0.5 1.0 35

(b) asymmetric powers at relays.

Fig. 4. Numerical evaluation for two-user Gaussian-MAC ICF problem.
In (a) P3 = P4 = 20, and in (b) P3 = 4, P4 = 36. Only the R} > Ry
scenario is plotted.

constants by, by € [0, 1] we define
Riep(R1, Ry | b1, b2)
= {(R1. R2) : Ruin < min{C((1 = b1)P), C((1 = b Pa),

%C((l —b)P3 + (1 — b)) Py)}

Ri+ Ry < C(Py+ Py +2/biboy/PyPy) . ©)
Fig. 4(a) demonstrates the relative rate regions of the three
schemes for equal relay power P3 = Ps = 20, while

Fig. 4(b) demonstrates the regions for asymmetric powers
P; = 4, Py = 36. From the figure, we see how Scheme 3
improves upon Scheme 2 (coherent gains), that in turn
improves upon Scheme 1 (proper accounting of dependencies
in error events). Coherent gains are most useful for unequal
R; and R>; when R; = R, all regions degrade to the same
line segment depicted using thick black dots. This is intuitive:
at equal rates there are no common messages and the two
linear equations known to the relays are independent and no
dependencies may be extracted or exploited. One may also
observe that when the powers at the relays (nodes 3,4) are
asymmetric but sum to the same value, the gains of Scheme
2 over Scheme 1 increase while the gains of Scheme 3 over
Scheme 2 decrease. The region of Scheme 1 decreases as the
powers become more asymmetric as the regular MAC channel
region is constrained by the minimum of the powers at the
relays. The region of Scheme 3 also decreases with increasing
asymmetry in powers: the coherent gain manifests itself in the
sum-rate as an additional term / P3 P4. For fixed sum P3 + P4
this is maximized when they are equal.

2) An Example: Combining CF and ICF in a Network:
We now illustrate how ICF may be combined with the CF
rate region to provide an overall achievable rate region in an
AWGN relay network.
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P =P =P, =30, P,=4, P, =36, N=1

Scheme 1
Scheme 2
Scheme 3
CF

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
!
T
L
2

R,
(a) asymmetric powers at relays + combining CF and ICF

P, =P =P, =30, P, =4, P, =36, N=1

== CF + ICF Scheme 1
we= CF + ICF Scheme 2
3.0 == CF + ICF Scheme 3

(b) the convex hull of the intersection region.

Fig. 5. An example: combining CF and ICF in a network. Powers at the
source nodes are Py = P| = P, = 30; Powers at the relay nodes are P3 = 4,
P4 = 36; Lid noises are with variance N = 1. In (a), the union of the two
orderings Ry > R and Ry > Ry (each convex) is plotted rather than their
convex hull, as elaborated on in Remark 19. (a) also contains the first CF hop
explained in equation (10). In (b), we show the convex hull of the intersection
of each scheme with the CF rate region. We use the convention: thin dotted
lines for the first hop, thin solid lines for the second hop, thick solid lines
for the rate regions for the whole network and thick dotted lines to depict the
line R; = R;.

In the first hop, or the CF stage, since the channel gain to
receiver 3 is Y3 = X1 + X» + Z3 and that to receiver 4 is
Y4 = X1 — X2 + Z4, the relay nodes 3 and 4 may decode
equations u; = wi| @ w, and up = wj © wy (which intuitively
match the channel gains) using the CF framework at rates [3].
Next, in the ICF stage, destination node 5 recovers (wy, w2)
from (uy, up) at rates:

IA

1 1
First hop: Ri < glog(; + PS;

Ry < Jlog (5 + Ps
Second hop: region (9).

>

(10)

To obtain an achievable rate region for the entire network,
first intersect the CF and ICF rate regions in (10) and then
take the convex hull of the resulting regions. As we can
see in Fig. 5(b), the achievable rate region for the whole
network when using CF + ICF Scheme 3, improves upon
Scheme 2, that in turns improves upon Scheme 1. Note that
when looking at only the ICF rate region, at equal rates
Scheme 3 does not outperform the other schemes. However,
when combined with the CF region in a larger network, using
CF + ICF (scheme 3) outperforms the other schemes. This
is because source nodes 1,2 may transmit at unequal rates
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(which maximizes the benefits of Scheme 3’s coherent gains
in the ICF phase), and then use time sharing between this and
the reverse unequal rates to achieve the larger rate region.

3) Comparison With the Scheme of Decode and Forward
and Full Cooperation (DF+FCo): One alternative approach
for the two-hop network is to have both relays in the first hop
decode and forward (DF) the two messages w; and wj. This
allows them to fully cooperate (FCo) in the second hop. This
leads to the following achievable rate regions, which again
must be intersected and then convex-hulled:

R < %log 1+ P)
First hop: § Ry < %log(l + P)
Ri+ Ry < $log (1 +2P)

1
Second hop: R} + Ry < 3 log (1 + P3+ Py + 2\/P3P4) .
(11)

As we can see from the expressions in equation (10)
and (11), the extra sum rate constraint, which is due to
treating the first hop as two MAC channels in the DF stage,
could potentially? render DF-+FCo inferior to CF+ICF. This is
confirmed by the simulations shown in Fig. 6. One misleading
thought is that the superiority of CF+ICF comes solely from
the CF stage and that ICF is immaterial here. To clarify the
role of ICF scheme, we also plot the overall network rate
region by adopting CF and the naive ICF (ICF Scheme 1) in
green in Fig. 6, where we see that ignoring the correlations
between the equations (ICF Scheme 1) could reduce the gains
significantly. Thus, a proper ICF scheme is needed for the
overall superior performance of the CF+ICF scheme. We also
note that in some extreme scenarios, as shown in Fig. 6(b),
the gain of CF+ICF over DF+FCo can be substantial.

Remark 15: We do not claim that CF+ICF generally leads
to larger rates than DF+FCo. For example, when the powers
at the source nodes are abundant while those at the relay nodes
are scarce, the overall rate region will be dominated by the
rate constraints of the second hop. In this scenario, CF+ICF
and DF+FCo will have exactly the same performance. Also,
our simulations assume that the channel coefficients are
integers (with absolute value 1), which is well suited to the
Compute-and-Forward scheme. When the channel coefficients
are not as assumed here, one needs to carefully choose the
equation to decode, which is outside of the scope of this paper.

IV. THREE-USER CASE

We now move to the three-user ICF problem to build
additional intuition. Recall the following assumptions placed
on coefficient matrix F: (1) full rank; (2) any 2 by 2 submatrix
from its first two columns is non-singular; and (3) all entries
in its first column are non-zero.

As shown in Fig. 7, recall that w;. denotes a message
section of length s, := k. — kc4+1 (for k4 := 0) which cor-
responds to the c-th segment of message w; for ¢ € {1, 2, 3}.
Let W*c be the matrix of dimension 3 x s, whose /-th row

3This is true when the powers at the relay nodes are not too much smaller
than those at the source nodes; otherwise, the second hop rate constraints will
dominate.
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P =P =P, =100, P, =70, P, =70, N=1

mmm DF+FCo
=== CF+ICF Scheme 3
— CF+ICF Scheme 1

3.0}

2.5}

0.5}

0.0 0.5 1.0 15 2.0 2.5 3.0 3.5
R

(a)

P =P, =P, =100, P, =2000, P, =2000, N=1

3.0 \ \

2.5}

2.0}

=== DF+FCo \
0.5H

=== CF+ICF Scheme 3
— CF+ICF Scheme 1
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Fig. 6. Examples of CF+ICF outperforming DF+FCo.
k1
ki—ky ke ks ks
e e— Wit [Wai [ Wiz | wigs |
up: [ug k2
u : [Tua RN = [ F :| waz i o [Fea
ug 2

ro T %77

PRy S,

common independent w3 :

independent

Fig. 7. Three user ICF message/equation structure. The grey color indicates
that these equation sections (uy 1) are fully correlated; shading indicates that
these three equation sections (uy ) are pairwise independent, while different
solid colors indicate that these three equation sections (u 3) are mutually
independent. All message sections w;, ; are mutually independent.

is w; .. Following the notation of Section II: [ﬁ*l 6*2 I~J*3] =
(F) - [W.1 W.o W,3], or, breaking this into message sections
and equation sections, as shown in Fig. 7.

It can be checked that:

(D ﬁ*l, or uj,i,uy,u3 are completely correlated, and
may be used to reconstruct wi,j, a common message
known to all relays.

(II) wy, w22, 3> are pairwise independent and have the
property that the third is a deterministic function of the
other two. These three are not mutually independent.

(III) wy3,up3,u33 are mutually independent.

In moving to three users one interesting new aspect arises:
in addition to extracting a common message and two inde-
pendent messages from the equations as in the two-user
case, in the three-user case we also extract three pairwise
independent messages. One may wonder if/how this kind
of dependency may be exploited. We show that for the
Gaussian MAC channel model, no coherent power gains may
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be obtained from such pairwise independent correlation. This
is at least partially due to the linearity and second moment
constraints of the AWGN channel where Gaussians maximize
entropy, and the second moment of a linear sum of random
variables depends only on the pairwise correlation between
its elements. We conjecture that, for fixed source/message
dependencies, coherent encoding is possible or valuable only
when these dependencies are not destroyed by the channel.

Remark 16: Our problem cannot be mapped into the frame-
work in [12], which considered an extension of the two-
user Slepian-Wolf MAC to an L-user MAC in which each
transmitter has access to an arbitrary subset of messages
from a set of independent messages. In [12], the users either
have common message(s) or completely independent ones,
but do not have the pairwise (but not mutual) independence
property seen here. We are not aware of any other related
problems which explicitly capture the pairwise independent
structure, but do note that the generality of Cover’s problem
Sformulation for the MAC with arbitrarily correlated sources
[14] can capture the special dependence structure seen here.
However, while [14] finds a multi-letter expression for the
capacity region for sending arbitrarily correlated sources
(81,82,83) ~ H?:l p(sti, $2i, 53i) over a MAC channel,
a computable expression is currently unknown. We will next
show a simple achievability scheme for our specific problem,
which turns out to be the explicitly computable capacity region
in the Gaussian case.

Theorem 17 (Memoryless Three-User ICF Achievability):
Assume that F and all ¢ by c submatrices from its first
¢ columns are of full rank, ¢ = 1,---,L. The messages
(wi, wa,w3) at rates (R > Ry > R3) may be recovered
from (uy,up,u3) sent over a MAC if the rates lie in

R[N = U R
(@) p(xilg)p(x2lq) p(x3lq)
SJor | QI < min{|| X1 || - [ - 1251 + 3, IVl + 4}, where R is
the set of (R1, R2, R3) with (R > Ry > R3) :

(12)

Ri+ R+ Rz < I(X1, X2, X3;Y) (13a)
2Ry + R3 < I(X1, X2, X3; Y|Q) (13b)

Ry + R3 < min{I(X1, X2; Y[X3,0), (13¢)

1(X1, X3; Y|X2, Q), (13d)

1(X2, X3; Y|X1, Q)} (13e)

Ry < min{l(X1; Y|X2, X3, Q),  (13f)

1(X2; Y1X1, X3, Q), (13g)

1(X3; Y[X1, X2, O)}- (13h)

Remark 18: To understand the form, consider for

example (13b). This results from the error event that all
message sections except the common message (Wi, oOr
I~J*1 ) are incorrect. The rate of these incorrect message
sections is 2(Ry — R3) + 3(R3) = 2Ry + R3. Similarly, (13e)
corresponds to when the common message portion and one
of the codewords is correct and thus the rates of the incorrect
message portions is 1(Ry — R3) + 2(R3) = R> + R3. Finally,
(13h) corresponds to when the common message and two
entire codewords are correct: only the independent message
section of rate R3 is wrong.
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An alternative interpretation is the following: (13a) corre-
sponds to the overall sum rate constraint and (13b) corresponds
to the sum constraint apart from the cooperative or common
message of rate R — Ry (see Fig. 7). Any single link cannot
help the destination distinguish between more than 281 pos-
sibilities for the equations (or messages), because knowing
one u, say uj, can at most resolve 2R yncertainties. Hence,
the other two links must help the destination to distinguish
between at least 2"(R2+R3) valyes so that overall, it may
distinguish between the 2"(R1+R2+R3) possible equation or
message values. This explains (13e). Analogously, any two
links cannot help the destination distinguish between more
than 2"(Ri+R2) valyes; the third link distinguishes between
the remaining 2R3 choices. For the Gaussian channel, the
above achievable rate region is the capacity region, given in
Theorem 21 for general L.

Remark 19: The above theorem holds for R > Ry > R3;
other relative orderings may be obtained similarly. We do
not claim the convex hull of the rate regions for different
orderings to be achievable as the relative values of Ry, R, R3
are fixed as part of the ICF problem setting. When deriving
an achievable rate region for a larger network, one takes the
convex hull after intersecting the CF and ICF rate regions.

V. MAIN RESULT: L-USER ICF ACHIEVABLE
RATE REGION

We now present the main technical contributions:
1) an achievable rate region for the general L-user ICF
problem of extracting L independent messages from linear
equations of these messages over a multiple access channel,
and 2) the capacity region for the L-user Gaussian ICF
channel. Both regions are enlarged with respect to a MAC
with independent messages as the relays extract and exploit a
special form of dependency from the linear equations they
possess. The extraction of a common message allows for
coherent gains, while knowing some equations limits the
values other equations may take on and hence reduces the
number of error events.

The main theorem is stated in terms of message rates Ry,
while its proof in the Appendix VI-A is argued via section
rates p. (Definition 12, Section II). The use of section rates
not only facilitates the error analysis but also helps to reveal
the effect of dependency patterns among the equations at the
relays. There is a one-to-one mapping between pi,--- , pL
and Ry,---, Ry given by p. = R, — Re41, Rp+1 = 0.

A. An ICF Achievable Rate Region for
the Memoryless ICF Channel

Our main achievability result for the L-user ICF channel
model follows.

Theorem 20 (Achievable Rate Region for Memoryless ICF
Channels): Assume that ¥ and all ¢ by c sub-matrices
from its first ¢ columns are of full rank, ¢ = 1,---, L.
The messages (Wi,--- ,Wr) may be recovered from the
equations up,--- ,uy over the memoryless MAC channel
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p(ylxt, -, xL) if:
L
DR <I(Xy,- X3 Y) (14a)
=1
L

2Ry + D R < I(X1,---, X1 Y|Q) (14b)
=3

L
2 R

I=v+1

IA

I(X4c;Y|Xa, Q) forv=1,2,---,L—1

(14c)

forall A cC{1,2,---,L}, ||A|| = v, taken over p(q)-p(x1lq)-
oo plxerlg) - p(ylxr, -+, xL).

First, it may be verified that the two-user region in (6) and
the three-user achievability scheme in Theorem 17 may be
obtained as special cases of this theorem by selecting L = 2
and L = 3 respectively. Note that there are 27 inequalities in
total in (14), compared to the 2L _ 1 in a classical MAC.

We may interpret (14c) as follows. Take for example L = 5,
v =2, A={273} and A€ = {1, 4, 5). Then (14c) works out
to

(O)R1 + (O)R2 + ()R3 + (1)R4 + (1) Rs
< I(X1, X4, Xs5; Y|X2, X3, Q).

In this case, the correctly decoded codewords Xg and
X% can at most help the destination distinguish between
2n(Ri+Ry) possible values of the messages wy, - - - , ws. Hence,
the remaining codewords must help distinguish at least
2R3 +Ra+Rs) of the remaining message tuples, and these may
be communicated at a rate up to (X1, X4, X5; Y|X>2, X3, Q)
if X7 and X% are correct (and hence also the common message
encoded into Q is correct). Alternatively, from a linear algebra
perspective, given the correct estimation of codewords X5 and
Xgl, i.e., up and u3, we may completely remove variables wy
and wy from the set of remaining equations, i.e., up, U4, Us.
Thus, we have a new equation set U = F - W/, which
relates (a7, ug, us) to (W3, Wg, Ws), with at most 2(R3+Ra+Rs)
different solutions.

The proof is provided in Appendix VI-A. The achievabil-
ity scheme generates a common codebook for the common
message wi,1 (or equivalently equation section matrix ﬁ*l)
and conditionally independent (conditioned on this common
part) codebooks at each transmitter for the remaining equation
sections. We index everything by the equation sections and use
a joint typicality decoder to estimate these directly.

B. The ICF Capacity Region for the Linear
Gaussian-MAC Model

We now turn our attention to AWGN channels. In moving
towards capacity, the difficulty lies not in deriving rate bounds
which match our general achievable rate region but rather
in showing that restriction to input distributions of the form
p(q)p(x1lg) - - - p(xrlq) and Gaussian is without loss of gen-
erality. In general, given the message equations, it may appear
that all relay node inputs could be arbitrarily correlated and
hence outer bounds would need to be evaluated over all joint
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p(x1, x2, -+, x1). However, for the AWGN channel we show
that the form of the equations dictates a particular dependency
structure. This structure, for Gaussian channels, results in an
achievable outer bound exhausted by Gaussian inputs.
Theorem 21 (The ICF Capacity Region for Linear
Gaussian MAC): Assume that F and all ¢ by ¢ submatrices
from its first ¢ columns are of full rank, c = 1,---, L. One
can fully recover messages Wi, --- , Wy from the equations
uy, - ,uy, transmitted by the relays via a linear Gaussian
MAC channel in (1) if and only if the message rates R; satisfy:

e R < 3log, (1 + >0 dz-)
L
2R+ Xy Ry = Slogy (1420, @2)
L
it R < 5log, (1 + 2 jeac dj)

forv=1,---,L
v, AC{l,2,---

5)

— 1, Rp4+1:=0, and all A such that |A| =
, L}, with some {dy, --- ,dL} such that dy =

Vb1 + b2+ -+ /by, di =,/Pj—bj, and 0 < b; < Pj,
forj:l,“',L

Proof: Achievability: Achievability follows directly from
Theorem 20 by selecting input distributions p(g), and every
p(xmlg) to be Gaussian as follows:

Let 0, 01, 02,---,0L ~ N(0,1), and all independent,
be used to generate i.i.d. length n sequences 9", QF,---, Q7.
Relay m sends Gaussian codewords:

Xﬁ,(um) =V by, Qn(um,l) + v P — by, Qﬁ,(um,b T, um,L);
0<b, <P,.
Then, at each channel use,
Y=Xi+ +X.+Z
= VbiQ+ VP —b1Q1 4+ +VbLQ
+VPL—br0r+Z
=doQ+di1 Q1+ +dLQL+Z
where dy = /by + --- + /by and d,, = P, — b,
m=1,2,---, L as in the Theorem statement. Evaluating the

bounds of Theorem 20, we obtain the achievable rate region
specified by inequalities (15).

Converse: The converse uses Lemmas 22, 23 and 24 to
upper bound the capacity region as follows

Lemma 22
-

Rout Lemga 23 U R/ U R”.
We first state the lemmas, explain the intuition and show how
they are used to establish the converse. We defer the proofs
of Lemmas 22 and 23 to the following subsections, while the
proof of Lemma 24 is inline.

First, Lemma 22 provides an outer bound Ry valid for any
memoryless channel. Define

Lemma 24
C

= {p(Q’xla"' ,.XL) : Xm - Q - Xm/9
Vm#£m', mm e{1,2,---,L}} (16)
Lemma 22: C C Ry, where Roy is defined as
Rouw= |J  R@Xi,--,X0), (7

r(q.x1,,x)EP
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where R(Q, X1,---,X1) denotes the set of rate tuples
(R1, -+, RL) that satisfy inequalities (14).

Lemma 23 further loosens the outer bound Rgy in
Lemma 22 for the Gaussian-MAC model ¥ = X| + --- +
X1 + Z and shows Roy € |JR’. The essence of its proof
in Section V-D is to note that for Gaussian channels subject
to power constraints, only second moment constraints are of
interest and the variance of a linear sum of random variables
does not depend on correlations of order higher than 2.

Lemma 23: For the Gaussian-MAC model, Y = X| +

-+ X1 + Z, for any given p(q,x1,---,x1) € P, region
R(Q, X1, -+, X1) can be outer bounded by region R', where
R’ consists of the rate tuples:

it R < €y EIXG) + Xz X X))
2R+ 3 E R < L varl X, 0))
St = V)R —Rig1) < C(peac varlXm| O1)

forv =1,2,--- ,L — 1, Rpy1 := 0, and all possible A
such that A C {1,2,---, L} and | A|| = v.

We outer bound the outer bound R’ one more time in
Lemma 24. This lemma is based on the power constraints
and the Markov chains X,, — Q — X,,, Vm #
m', m,m" € {1,2,---,L}. To show Lemma 24, note that
it follows from [10, Lemma B.3] that FE[X, X, /] <

(18)

\/E[X,%] - var(Xm|Q)\/E[X51/] — var(X,,/| Q). This,
2
together with 1, = %ﬁ‘f’"'@ [0,1], m =1, ---,L

immediately lead to the followmg Lemma.
Lemma 24: The region R’ € R”, where R” consists of the
rate tuples that satisfy

Yo Ri< €y EIX2)]

+ D usm b\ EIXZ1ELX,])
2Ry + 3 F L R < C(CEE_ (1= 1) E[X2])
Svii R < € enc( — tw)E[X2])

forv =1,2,---,L

19)

— 1, and all possible A such that A C

{1,2,---, L} and ||A|| = v.
Combining Lemma 22, Lemma 23 and Lemma 24, we have
C € Rout
Cc U R/|Y=X1+~~~+XL+Z, p(g,x1,,x1)EP
p(g,x1,--,xL)€P
c U R
t1,t2,++,t €[0,1]

where the last region may be verified to be that stated in
Theorem 21 with b; replaced by ¢; P; — i.e. may be achieved
by jointly Gaussian inputs which are conditionally independent
given Gaussian p(q). [ |

C. Proof of Lemma 22

Proof: =~ We have the Markov chain W — U —
X1,---,X1) - Y - U Recall that U,. stands for the
cth column of the equation matrix Uz 1, which is equivalent
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to Up«k, and that p. := R, — Re41:

L L
n(z R) =n Z cpe
=1 c=1

< )

(b) n
< IUY )+ ney

n
< D IU: Vi) + ne,
i=1

n
(é) ZI(U’Xlia"' ,XLi;Yi)+n€n
i=1
( n
2 D IXui, -+ XLis Vi) + néy
i=1
()
< nl(Xy,-- X0 Y) + ney (20)
L
n(2Ry+ > R)
=3
L
X"
c=2
2 S ~ 3 -
D H((0,2, Vs, - U] D HUIT,)
= I(U; Y"|U,1) + HU|Y", Uy)
) -
< I(U; Y"|Uy) + ne,
n
< D 1 Yi[Usy) + ney
i=1
© ~
é ZI(U’Xlia"'9XLi;Yi|U*1)+n6n
i=1
© ~
. N
= D X, X YilUa) + ney
i=1
@ <
= D I(Xui, -, X1 Yi Q)
i=1
+ne,  (Q;i i=Ui)
©)
< nl(Xy, - X0 Y|0) + nex @1)

L
n( D (= v)(R = Riy1))

I=v+1
L
=n D (c—v)pe
c=v+1
(a5) =
= H(UJuy) = Huyc|Us, uy)
= I(uyc; Y"|Usr,up) + H(uyc|Y", Uy, uy)

L
n(z R) =

I=v+1

< I(uyc; YU, ug) + ney

n
< D I@ye; YilUar, ug) +ney

i=1
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n
= ZI(UAC,XACi; Yi|U,1»uA;XAi) + ne,

i=1

n
= D I(Xe;: YilUar, X ai) + ney

i=1

n
= D I(X e Yil Qi X ai)
i=1
+ ney

(Qi :=U.)

< nl(X,c; Y0, Xa) + ne, (22)

The equalities in (@) all follow by definitions and the linear
algebraic arguments in Lemma 27 in the Appendix. Equal-
ities (a4), (a5) follow from H(Ulus) = H(ua,uyclug) =
H(uyclup) = H(uAclﬁ*l, uy). This is where we use that
F and all ¢ by ¢ sub-matrices from its first ¢ columns are of
full rank — if not the relationships between rates and entropies
would change. Inequalities (b) follow from Fano’s Inequality,
where €, — 0 as n — oo. Steps (¢) follow from the
encoding functions, the Markov chain at the start of this proof,
and the memoryless channel properties. In steps (d), we set
Qi :=U,.In steps (e), by further time-sharing arguments and
Jensen’s inequality we obtain the form in (14) as n — oo.

Notice that since the u,, are conditionally pairwise indepen-
dent given fJ*l and since X), is a function of u,, then X7,
(and hence also X,,) are conditionally pairwise independent
given Q. [ ]

D. Proof of Lemma 23
Proof: The key is to first apply the Max-Entropy therorem
conditioned on Q = ¢g. The proof of I(X,c;Y|Xa, Q) <
C (ZmeAC var[XmIQ]) is shown as an example.
I(Xpc; Y[Xa, Q)
= Eo[I(Xc;Y|Xa, Q =q)]
(
D EQh(S X + 210 = q) — h(2)]

meAC€

() 1 var(Q, cac Xm +Z|1Q = q)
= Eo [5 log( var(Z) )]

1
(Cz)EQ Elog 1+ Z var(X,,| 0 = q)

meAC€

d

INE

%log 1+ > var(Xsl0) | (23)

meAC

where (a) follows by definition of Y and the linearity of the
AWGN channel model, (b) follows by the fact that Gaus-
sians maximize entropy subject to second moment constraints
(c) is the critical step and follows from 1) the linearity of
the AWGN channel model, 2) the variance of a linear sum
of random variables is defined by the pairwise relationships
between these random variables, and does not depend on any
higher order correlations such as for example E[X1X2X3|Q =
q]l, and 3) the fact that X;’s are conditionally independent
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conditioned on Q. Since this is the crucial step, note that

var( z Xn+Z|0=q)

meAC
= > var(X,|Q = q)
meAC
+2 z cov(X;, X;|Q = q) + var(Z)
i,j€AC ij
= D var(Xu|Q = g)+var(2),
meAC

where ‘cov’ denotes the covariance between two random
variables. Note that since X;, X ; are conditionally independent
given Q =g, cov(X;, X;1Q = q) = 0. Step (d) follows from
Jensen’s inequality. ]

E. On the Assumptions Placed on F

As commented in Remark 3, the assumption that F and all
¢ by ¢ sub-matrices from its first ¢ columns, ¢ =1,2,---, L,
are of full rank is made for the succinctness of presentation.
Without the requirements on sub-matrices, one could further
exploit the specific dependencies between the equations u,,
for each specific coefficient matrix F. We provide examples
of how to proceed in this direction for L = 2 and 3 next.
We note that F must always be full rank in order for the ICF
problem to be feasible. However, no further requirements need
to be imposed on sub-matrices to do so.

1) Two-User Example: Recall that we require F to be full
rank and its first column entries fi; and f>; to be non-
zero. However, there are four types of 2 by 2 matrices (upto
scalings on rows) that yield invertible F (feasible) but violate
the assumptions on sub-matrices:

[0 = =R el )

Consider

F = 0 1,andhence up=0-wi & 1-w
1 1 u2=1'W1691‘W2-

In this case, the two equations u; and u, are actually
independent. Although F is still full rank and may be inverted
to recover the original messages W, knowing up, for example,
can only resolve w, and the number of possible choices of u,
is 2R Thus, the cardinality bounding arguments in Scheme
2 in Section III fails. The achievable rate region shrinks to

Rimax < 1(X2§ Y[Xy)

Ruin < 1(X1§ Y[X>7)

(RisR) & Ry Ry < 1(X1, X201 Y)
for p(x1, x2,y) = p(x1) p(x2) p(ylx1, x2)
When F = (1) (11], following similar arguments, one can check
that the region (5) should be modified to

Ruin < 1(X2; Y[X1)
. Rmax < 1(X1§ Y|X>)
(R R2) R+ Ry < I(X1, X3 Y)

for p(x1,x2,y) = p(x1) p(x2) p(¥lx1, x2)
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We omit the other cases for brevity. This is an example of how,
in contrast to [2], we do not require all square sub-matrices of
F to be full rank. Nevertheless, the format of the rate region
varies.

2) Three-User Example: Recall that we require F to be
full rank and further assume that (1) its first column entries
fi1, fo1 and f31 are all non-zero; (2) any 2 by 2 submatrix
from its first two columns is nonsingular. There are many (but
finite) realizations of F such that it satisfies the feasibility
constraint (full rank) but violates the assumptions on sub-
matrices. We consider one example to show that the derivation
of achievable rate region for each individual case is a relatively
straightforward extension of the work presented in Appendix
VI-A, but the format of corresponding rate region differs from
case to case. Let

=1 wel-wyydl- -ws
w=1-widl-wr D3 -ws3

11
F= (1 1 3| and hence
2 3 w=1-w 2 -w2P3-ws.

It may be checked that:
1) coefficient matrix F is invertible but sub-matrix [i }i|

is singular4;

2) equation sections uj,, uz;; and uz; share the same
information,;

3) equation sections uj 2 and uz, are exactly the same
instead of being (pairwise) independent;

4) equation sections uj 3, up 3 and u3z 3 are mutually inde-
pendent.

We now ask whether the derived achievable rate region in
the Appendix VI-A for the discrete memoryless MAC still
holds in this case. The analyses of error events related to
&0, &1, 2,0 remain valid while the analysis of for example
&, 4 for the set A = {1, 2} must be altered. In particular, when
A ={1,2}, Lemma 27 would yield ||U> 4|| < 2R3 rather than
what it should be, which is || 4[] < 2"R2. When all 2 by 2
submatrices from the first two columns are nonsingular, given
two equation values, there will be no uncertainty about the
second message sections, i.e. wi 2 and wp > (note that w3

is null.) But because of the singularity of sub-matrix } {|

knowing u; and up does not fully resolve the second message
sections but leaves one degree of freedom. Note that there
is always one degree of freedom among the third message
sections, so we have ||l al| = 2%2 - 2" = 2"R2 jnstead of
273 = 2"R5 In summary, the achievable rate region for this
particular choice of F would lead to the same region as in (13)
except for the third term in inequality (13h) which becomes
the new Ry < I(X3; Y|X1, X2, 0).

Remark 25: Note that if two rows are exchanged in
matrix F, say the 2nd and 3rd rows, then inequality Rz <
I1(X7; Y|X1, X3, Q) in region (13) will be replaced by Ry <
I1(X7; Y|X1, X3, Q). Thus, we note that the assumption that
all ¢ x ¢ sub-matrices of the first ¢ columns of F be

. 13, . . .
4Note that is submatrix |:1 3] is also singular but it does not violate our

sub-matrix assumption.
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non-singular is not necessary for our coding scheme, but
makes a succinct and consistent presentation of rate regions
possible.

While achievable rate regions could be naturally extended
using the above techniques, we note that for the Gaussian
model, the converse as currently written would not naturally
follow. The Markov inequalities (pairwise independent condi-
tioned on the common message) no longer naturally follow and
the current argument that mutually independent (conditioned
on Q) Gaussians maximize the outer bound would fail.

FE. On the Generalization of Our Result

The ICF problem and particular message structure is moti-
vated by relay networks in which CF is used at relay nodes.
An abstract generalization of our capacity result holds for the
following channel model.

1) Abstract Gaussian ICF Model: Consider again an L-user
Gaussian channel model as in (1). Consider a set of 1 4+ 2 +
3+- -4 L independent messages and a set of L x L functions
satisfying:

1) One message Wj; is of rate pj, two messages

Wi,2, Wa 2 of rate po, three messages Wy 3, W 3, W33

of rate p3, ---, L messages Wy ,---, Wr  of rate pr.

2) All users know message Wy 1 (or a one-to-one function
T; thereof).

3) Each user i = 1,2,---,L, foreachl = 2,3,.---,L
knows a function say 7;; of the messages Wy, ---, W
such that given any [ of L functions 7;;,i =
1,2,---, L, it is possible to reconstruct the original [
messages.

4) For | = 2,3,---,L, any two T;,; for different i are
independent.

Constraints 2) and 3) allow us to relate message rates to
the entropy (or conditional entropy) of some sets of equations,
needed in Lemma 22 in Subsection V-C. Furthermore, since
all messages are independent, together with constraint 4) in
particular, the set of Markov chains X,,, - QO — X,,y, Vm #
m', m,m" € {1,2,---,L}, presented in Lemma 22 are
ensured. Thus, Lemma 23 and Lemma 24 may be derived,
and the converse for the Gaussian channel follows.

The remainder of the necessary definitions follow by exten-
sion of those in Section II. Then the next Corollary is easy to
obtain from the proof of Theorem 21.

Corollary 26: The capacity region of Theorem 21 is
the capacity region for the Abstract Gaussian ICF model
described above, with the convention that p. = R, — Rc41
and Rp+1 =0.

VI. CONCLUSION

We consider an L-user multiple access channel where trans-
mitter m has access to the linear equation u,, = @le fmiwi
of independent messages w; € IF];’ with fi,; € Fp, and the
destination wishes to recover all L messages. The depen-
dency patterns among these given equations are explored
and exploited to enlarge the achievable rate region relative
to sending these equations independently as in a classical
MAC channel. In the discrete memoryless MAC channel
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model, a tighter achievable rate region than [1] is obtained
by adopting a coherent encoding scheme which exploits the
fact that given equations at unequal message rates, common
messages are in fact shared by the transmitters. In the Gaussian
MAC channel, the general L-user capacity region is derived.
All derived results assume invertibility constraints on the
coefficient matrix of the decoded message equations, which
is discussed. The outer bound relies heavily on the the lin-
earity and second moment constraints of the AWGN channel,
in addition to careful accounting of the dependency structure
between the equations. In essence, only pairwise dependency
between equations is of concern in Gaussian channels. This
ICF capacity region may be used as a building block for
the “last hop” in relay networks where CF is employed at
relay nodes, besides being of independent interest. As such,
capacity is also obtained for a generalized abstraction of our
model. Whether the achievable rate region presented for a
general, non-Gaussian memoryless channel is capacity remains
an interesting open question; we are currently not able to
find an example of a channel where this type of message
dependency would enlarge the achievable rate region.

APPENDIX

Recall that notation W L and Wy both refer to the same
underlying message matrix and only differ in the indexing of
its columns; similarly for the notation Uy «; and Up k.

A. Proof of Theorem 20

Proof: Fix p(q)-p(xilq)- - -p(xLlg)- p(ylx1, -+, xL).

Codebook generation:

1) Generate 2! sequences ¢" i.i.d. ~ p(gq), indexed by
uy, | or equivalently by u,, 1, m =2,---, L.

2) At each relay m, m = 1,---,L, for each
sequence ¢", generate 2"(P2ttpL)  sequences
X1 () == X! (W2, -, Wy |U,,1) iid. according

n
to Pr(an(um)) = H P(sz|6]z(llm,1)), where X,

=1
denotes the z-th position in the row vector/sequence x;,,,

and ¢g; denotes the ¢-th position in the sequence g".

Notice that we index codebooks by the message equations;
this differs somewhat from more standard codebooks indexed
by a message € {1,2, --- , 2"R} for coding rate R. Codebooks
Q"(uy,1) and X}, (uy,),m = 1,---, L are revealed to the
relays and destination. Codebook Q" can be equivalently
indexed by uy j,uz 1, - ,uy,1 as needed or even ﬁ*l, ie.
this common portion is available to all relays.

Encoder: Relay m sends signal X7 (u,).

Decoder: The destination node wants to decode the under-
lying set of messages, i.e. Wy «x, and can do so by decoding
and inverting the corresponding set of message equations, i.e.
Uy« or ﬁLxL, because the coefficient matrix F and all ¢ by
¢ submatrices from its first ¢ columns are of full rank.

For a given coefficient matrix F,> each set of messages
{wi,wa,---wr} uniquely define a ser of message equations

SRecall that in the ICF problem the coefficient matrix F is revealed to the
destination node before the communication starts.
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{uy, uy, - - -ur}. When the message rates Ry, - - - , R, or equiv-
alently the equation rates p1, - - - , pr are fixed, there are only
2m(Rit-+R1) possible sets of message equations. Let U be the
collection of sets of message equations that satisfy U = F-W.

The decoder enumerates all possible sets of message
equations in U® and looks for a unique equation set
(ur,---,uz) such that (¥", Q"(Uyy), X} (uy), -~ , X% (ur))
are e-jointly typical according to p(q,x,---,xr,y), or lie
in Ai")(Q,Xl, --+,Xr,Y). If none, or more than one set
of equation sections are jointly typical with the given Y", the

decoder sets the estimated I~JLX 1. to null and declares an error.

Error analysis: For a given codebook C, we are interested
in the averaged probability of error P?(C) when this particular
codebook is adopted:

PM(C)

1
= on-(Ri+-+Rp) z

{up,uz,-u jeltd

x Pr (fJLxL * Urxr | Uy is sent, codebook = C)
(24)

where Uy, is the segmented message equation matrix rep-
resentation of the transmitted set of equations.

Similar to Shannon’s random coding argument in the point-
to-point channel, we are not directly computing the averaged
probability of error for a particular codebook. We compute the
expected probability of error Pe(") with respect to all possible
codebooks generated through the mechanism described earlier:

Pe(”) =

codebooks generated through the codebook}

codebook C € { generation mechanism

x Pr[codebook = C] - PV (C). (25)

It Pe(”) can be made arbitrarily small then there must exist
at least one codebook whose averaged probability of error
}_’e(") (C) goes to zero when the number of channel uses goes
to infinity.

Combining equations (24) and (25) and noting the symmet-
ric role of all possible equation sets in the communication
scheme, it follows that

1
(n) _ _ 2
P = on-(Ri+-+Rp)

{up,up,-upteld

x Pr (ﬁLxL #* ﬁLxL | ﬁLxL is sent)

=Pr (fJLxL 00,109, is sent),

where without loss of generality, given the symmetry, a par-
ticular set of message equations

(26)

00, =), - ud)" = (09,00, -, 0))]
=F-[W, W ... WY 27

may be assumed to have been sent. Let X" (ud) :=
(xm,l(ugl),xm,z(ugl),~~ ,xm,n(ugl)) be the codeword

6We note that in conference versions of this work [1], [2] the error analysis
assumed the decoder produced elements in I/ without enforcing this condition
in the decoder; this is now fixed in the current decoder.
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sent by relay m (m = 1,2,---L) according to
our encoder for this particular set of equations
U(z «r- The receiver receives output Y" randomly

generated according to the channel p(y"|x{,---x}) =

[T pOilxsi)), x2,: @Y), -~ xp i (ud)).
The decoder outputs either a null value or a valid estimate
UL x 1, which may or may not be the true one sent. Define the

random event E (fJLX L) indexed by a message equation set
as:

E (ﬁLxL) = {(Q"(ﬁ*l),x?(ul),--- , 'Z(UL),Y")

€ Ag”) | ﬁ(zxL sent}, where Uz« € U.
Further define the event
E* (ﬁLxL) = {(Q"(ﬁ*l), Xi(u), -, X} (ap), Y")

¢ AW 1Y, sent}, where Upyp € U.
Notice that both definitions include conditioning on the mes-
sage equations U%X ; being sent. A precise account of the
possible erroneous scenarios that are disjoint would be as

follows, where we remind the reader that here the £ and E€
notation is meant to denote an event rather than an expectation:

1) None of the events E (ﬁLx L) happen, i.e.
[mﬁLxLEM Ec(f—]LxL)]

2) More than one event of the type E (fJLX L) happens.

3) Only one event happens, but it is not E (INJ(zX L). That

i~s [E(ULNXL) N (ﬂﬁ/LxLiﬁLxL EC(U/LxL))], for any
Upxr # U%X L
However, to simplify, it can be checked that the
union of these three scenarios is a_subset of the event
[Ec(ﬁng) U (UﬁLxL#fngL E(ﬁLxL) , 1.e. either the true
event does not happen or one or more of the false events
happens. Thus, equation (26) can be upper bounded by:

P = pr (ﬁLxL 00 ,10% s sent)

<Pr|E@, HU U EWrx1)
ﬁLxL?&ﬁng
<Pr (EC(fJ(ng)) +Pr U E@WLxn)| (28)
ﬁLxL?&ﬁ(I)‘XL

where the second inequality comes from the union bound.

The first term in (28) corresponds to the probability that the
true transmitted equation set does not pass the decoding test,
which vanishes by properties of the jointly typical set Ag")
using standard arguments.

The core of the achievability proof lies in properly bounding
the second term: it has to be carried out in the ICF context,
i.e. taking into account the given pairwise independent but not
mutually independent structure of the equations known at the
different transmitters, which is more involved than in a MAC
channel with independent messages.
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We now further subdivide the set {fJ LxL - fJLxL #* fng I3
into orthogonal parts: Uj, U0 and Uy 4 as indicated below.
Such subdivisions allow for a simple bounding of their cardi-
nalities and error event probabilities, as shown in Lemma 27
and Lemma 28.

Define

U, = {fJLxL el : ﬁ*l # 621}

= {fJLX L € U : wrong 1st equation section

(common equation section)} (29)
Uno = {Upxr €U : Upr =02}, 0 # 1,
Vie{l,2,---L}}
= {fJLx L € U : correct Ist equation section,
but wrong overall equations for all relays} (30)
For some A C {1,2,---L},0 < ||A]| < L,
U p = {ﬁLxL clU : 6*1 = ﬁgl,ua = ug,Va e A}
= {[NJLX L € U : correct 1st equation section
and ||A|| right equations, indexed by set A} (31)
Then
(Upxr : Uy 00, ,)
=U Ulho U U Uza |»
Ac{1,2,-L},0<||Al| <L
and hence
Pr U  E@iw)
Upxr 709,
<pr| |J E@u)|+Pr| | E@L«)
Upxrel Upxrela
+ > Pl J EOLaw).| G2
Ac{1,2,-L},0<||Al| <L Usxrelloa

Further define the following events, for A C

{1,2,---L},0 < [IA]l <L,

& = EWY ), & =E“(UY, ) (33)
& = {fJLxL eurn E(ﬁLxL)} (34)
&20 = {Urxe € Upo N EULc1)] (35)
Ea = {fJLxL elhan E(fJLxL)} . (36)

Then,
P < Pr(E5) + lILh] - Pr(E1) + U0l - Pr (£20)

+ Z |[Ua,all - Pr (£2,4)
AC{1,2,+L},0<||Al| <L

(37)

In Lemma 27, we upper bound the cardinalities of sets /],
Us,o and Uz 4. In Lemma 28, we upper bound the probability
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items Pr (€1), Pr (€2,0) and Pr (£2,4). We prove these in the
next two sections.

Lemma 27 (Cardinality Lemma for Error Events): Assume
the matrix F and all ¢ by c¢ sub-matrices from its first
¢ columns are of full rank, for every ¢ = 1,2,---L.
The cardinalities of the different sets Ui, Uz, Uz a for
AcC{l,2,---L},0 < ||A|| < L may be upper bounded by:

] < 2" Zicipe = n Xt Ri 38)
[Uo,ol] < 2" Lema e — pnCRAXI R (39)
[lUz,4ll < 2"(Zf=||AH+1(C*HAH)pc) _ 2”(Z/L=HA||+| R/), 40)

where we recall that p. = %logz p* is the rate of equation
section Wy, c,m € {1,2,---, L}.
Lemma 28 (Probability Bounding Lemma for Error Events):

Pr (&) < =X, X;Y)—€) (41)
Pr (52 O) < =n-(I(X1,,X1;Y|Q)—€) (42)
Pr(&,4) < 27" Xycs¥1Xa,00=¢) (43)

To complete the proof of Theorem 20, note that Pr (&f)
vanishes by properties of the jointly typical set AE"). Combin-
ing Lemma 27 and Lemma 28, substituting p. = R; — Rq+1
(Rr+1 = 0) and requiring all exponential terms in expression
(37) to have a negative exponent yields Theorem 20. [ ]

B. Proof of Lemma 27

Proof: First, recall the relationship p. = R, — Re+1
(Rr+1 = 0), which yields the equalities in the Lemma. We
will proceed using the p. notation.

Next, recall that notation I~JLX 1 and Uy «x both refer to the
same equation matrix and only differ in the indexing of its
columns; similarly for the notation WLxL and Wp «x.

Finally, recall that messages w;’s (! = 1,2,---,L) are
independently and uniformly drawn from Pl =~ {0,1,---, p—
l}k’, and should be viewed as a row vectors of elements in
F,, of length k;. They are zero-padded at the head to be of
equal length k. Thus, all columns are independent and so are
the message sections. When bounding the cardinalities of sets
Uy, Up0, Ua, 4, we will handle one equation section at a time,
say for Uy, withc=1,---, L.

The proof of this lemma hinges on linear algebra and care-
fully keeping track of the dependencies between the different
equations. I.e., when some of the L equations are known to
be correct, it affects the number of possible values for the
remaining equations.

Take the c-th equation sections for example, where ¢ €
{1,---L}. We have

Wi,
Wi,c
- X We.e
Ui=F- W, .=F- 0’ —F[l,---,L]x[l,---,c]
. We e
0
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Note that sub-matrix F[i,.. 1]x[1,..,c] contains the first ¢
columns of matrix F. Also note that by the problem
assumption (in Theorem 20), any square sub-matrix of
Fpi,....L1x[1,-- ¢ 1s guaranteed to be of full rank. This implies
that:

o the number of values the equation sections Use may
take on is equal to the cardinality of the corresponding
message sections:

{0 = IH{IW] o+ s we AT
= QMPe . QNPe . ipe — pnlcpe). (44)
e given any c¢ rows of ﬁ*c, we can solve for
(Wi, o, Weel, 1€, W*c, and all the remaining L — ¢
rows of I~J*C as well. Thus, when ¢ or more rows of I~J*C
are known, ||{Usc}|| = 1, i.e. all rows are fixed;
e« when v rows where v < ¢, are known, (¢ — v)

rows of U, remain free to take any values. Thus,
O] < 27,

Proof of ||U1]] < 2" Yo = 2" i Ri. All elements in
this set have ﬁ*l #* ﬁgl (common message is incorrect, hence
one possibility must be removed from this column’s possible
values) but the remaining sections U, forc=2,---L may
take on any value. Hence, by (44) and the independence of
the different sections we see that

i1l = {0} - {02 - {0} (45)
<@ —1)- on2p2 . onlpr (46)
< Xaere — X R (47)

Proof of |lUhol] < 2"Xeacre = 2nRAXISR). A
elements in this set have fJ*1 = ﬁg] (common message is
correct, hence this section may take on only one possible
value) but the remaining sections Uy for ¢ = 2,--- L may
take on any value except the correct ones. Hence, by (44) we
may upper bound (we do not subtract the correct values as
these do not change the asymptotic rates) this cardinality as
follows

1L, 0ll = ({01 - {3 - - - {0} (48)
< 1.212p2 .. .pnlpL (49)
— Y cpe — pn2RAD S R) (50)

Proof of |[Up.l| < 2’1(25:“/\“.;.1(C*HAH)Pc) — 2”(Z/L=||AH+1 R).
All elements in this set have ﬁ*l = ﬁgl (common message
is correct, hence this column may take on only one possible
value) and ||A|| out of L equations, indexed by the set A, are
also correct. Consider the first ||A|| equation sections, say Use
where ¢ = 1,--- ,||A|]. Clearly, there are ||A|| known rows
in each of these Us.’s. Noting ||A]| > ¢ for such equation
sections, we know that all the remaining rows in each of these
equation sections are known. As shown in Figure 8, the first
||A]| message equation sections are fixed and only have 1
possible value.

Consider the remaining L — |[|A|| equation sections,
say ﬁ*c where ¢ = ||A|| + 1,---,L. We know that
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Opor o= [0 O] = F (Wt Wz W]

Wip Wil Wie oo

WiL-1 WiL

W22 0 W31 Wze oo Wzr-1 Wap
U a :
wrong ®  oee 0 Wie ©oWLp-1 WiL
right . 8
b 0 - 0 0 . 0wy
either uppcl“ bound f)n (27 — 1) (2vA2p2) (2neee)

577

Over -~ () R - ¥ W W

Uz =F.

\|ppel" bound fm 1 (@) (TLL,,,,)

Upxr = [0, Uz, U] = F - [Way, Wa, oo+ W]

u

2,A indices in A\ . _F.
Wie
IAl constraints |
m |
upper bound on 1 1 2n(ARI=1ADpA
# possibilities first | A] columns fixed

Fig. 8. Illustration of the different sets of equations Uj,Up o,Up 4 for
A C{1,2,---L},0 < |A| < L. The number of possibilities (# possibilities)
below each column indicates an upper bound on the number of different values
this column may take. This is useful for counting the number of elements in
each set, as given in Lemma 27 and used in the probability of error analysis
of Theorem 20.

0l = 201407, Thus,

1o, all = IHO ] x [{U}] x - -+ x [{Ur )] (51)
< 1x---x 1 x 20UAI+I=1AID A +1 (52)

x 2MUAIH2=IAID a2 o .. 5 (E=IIAIDPL - (53)

— 2’1(2(1-‘:||AH+1(C—HAH)Pc) — 2"(ZIL:HAII+1 R (54)

||

C. Proof of Lemma 28

Proof of Lemma 9: These probability items can be upper
bounded depending on the relationship between the observed
sequence Y" and the sequence tuple (¢", x7,---,x}).

1) Consider Pr (&)). U Lx L here has the property that U, #
Ugl (common message is incorrect). Note that U,
serves as the index for sequence g”(Uy;), on which
codewords X)) (u,,) are conditioned. Thus the incorrect-
ness of first equation section implies that the observed
y" is independent of the true (¢”, x{,-- -, x}). Thus,

Pr(&) < o—n-(1(Q, X1+, X3 Y)—€)

W y-n X1 XL¥)-6),

where (a) follows by the Markov chain Q9 —
(X1, - ,X1) = Y.

2) Consider Pr (52,0). ﬁLx 1 here has the property that
Uy = Ugl (common equation section is correct) but
the remaining equation sections are all wrong. This
correct first equation section serves as the index for
sequence ¢"(Uy1), on which codewords X (u,,) are
conditioned. Thus the correctness of the first section,
and incorrectness of the overall equations u, which
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determine codewords X/ (u,,) (for all m = 1,2,---L)
imply that the observed Y” is independent of the true
(xf,---,x}) given the correct ¢". Thus,

Pr (52 O) < p—n-(I(X1,, XL;Y]Q)—€)

3) Consider Pr (£,4) for a given subset A. Set A here is
one such that A C {1,2,---L},0 < ||A|| < L. Urxr
here has the property that: 1) its first equation section
which determines ¢"(Uy;) is correct; 2) for a € A, u,
are correct, thus Y is indeed dependent on X/ (u,) for
a € A; 3) the remaining u, for a’ € A€ are incorrect,
meaning the observed sequence Y" is independent of
X" (ug) fora’ € AC€. Thus,

Pr (52 A) < 9=n-(I(X 41 Y [Xa.0)—€)
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