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Abstract—The benefits afforded by feedback and/or causal
state information (SI) on the state-dependent discrete memory-
less multiple-access channel (SD-MAC) with cribbing encoder/s
are studied. Capacity regions are derived for communication
scenarios whose capacities without cribbing are still unknown.
It is shown that when the encoders can crib, the SD-MAC behaves
less like a MAC and more like a single-user channel: 1) feedback
does not help; 2) strictly causal SI does not help; and 3) causal
SI to both encoders is best utilized using Shannon strategies.
However, in asymmetric settings, the single-user-like behavior
may or may not occur. For example, the SD-MAC with only one
cribbing encoder is single-user-like when the state is revealed to
the cribbing encoder, but not if it is revealed to the noncribbing
encoder.

Index Terms— Conferencing, cribbing, feedback, multiple-
access channel, state information.

I. INTRODUCTION

CRIBBING encoder for the multiple-access channel

(MAQC) is an encoder that, in addition to its own message,
also gets to see the past channel inputs that were produced by
the other encoder. The symbol it produces at Time i is thus a
function of its message and of the symbols that were produced
by the other encoder before Time i .1 As we shall see, when the
encoders can crib, the state-dependent, discrete, memoryless
MAC (SD-MAC) behaves less like a MAC and more like a
single-user channel: feedback does not help, strictly-causal SI
does not help, and causal SI at both encoders is optimally
utilized using Shannon Strategies.”> The assumption that the
encoders can crib thus enables us to compute the capacity
regions for networks whose capacities without cribbing are
still unknown. And since cribbing cannot hurt, the cribbing
assumption can lead to useful outer bounds.
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In the terminology of Willems and Van der Meulen who intro-
duced cribbing [21], the cribbing encoders we study in this paper are
“strictly-causally cribbing encoders”.

2In this paper, we call every function from the support set of the channel
state to the alphabet of a channel input a ”Shannon Strategy”. We say that
Shannon Strategies are optimal if the coding scheme that achieves capacity in
the absence of SI also achieves capacity in the presence of causal SI provided
that each encoder with causal SI first produces a sequence of Shannon
Strategies, and then computes its Time-i channel input by evaluating the i-th
Shannon Strategy for the realization of the channel state at Time i. Shannon
showed that causal SI to the encoder of the discrete, memoryless single-user
channel is optimally utilized using Shannon Strategies [14], [7, Sec. 7.5].

For example, the capacity of a discrete memoryless
multiple-access channel with feedback is, in general, still
unknown. However, as we shall see (Theorem 5), if the
encoders are allowed to crib then the capacity with feedback
is the same as without it. The latter capacity, which was
computed by Willems and Van der Meulen [21], is thus an
outer bound on the feedback capacity of the MAC without
cribbing. In fact, feedback does not increase capacity even
if only one encoder is allowed to crib (Theorem 8), thus
leading to a tighter outer bound on the feedback capacity
(Corollary 9). This bound is tight whenever one of the
encoders can compute the symbol produced by the other from
the channel output and the symbol it produced itself. And it
leads to an operational meaning to the Dependence-Balance
bound [8].

The fact that when the encoders can crib feedback does
not increase capacity lends credence to the explanation that
feedback on the MAC can increase capacity because knowing
the output allows each encoder to learn something about the
symbols produced by the other and thus learn something about
the other’s message. But this explanation fails to explain why
feedback does not increase capacity also when only one of the
encoders can crib.

Another example is the SD-MAC with strictly-causal state
information (SI) at the encoders. This channel was studied by
Lapidoth and Steinberg, who obtained inner and outer bounds
on its capacity [11]. The exact capacity is to date unknown.
However, when the encoders can crib, strictly-causal SI does
not increase capacity (Theorem 5), so the cribbing capacity is
an outer bound.

Things get more interesting when, rather than strictly-
causally, the SI is revealed to the encoders causally. Here too
only inner and outer bounds on the capacity are known [11].
We do know that Shannon Strategies are suboptimal [11].
However, when the encoders can crib, Shannon Strategies
are optimal, and we can thus characterize the capacity region
(Theorem 11). This region is, of course, an outer bound on
the region without cribbing.

The SD-MAC with cribbing encoders need not behave like a
single-user channel if information is furnished to the encoders
in an asymmetric way. For example, if both encoders crib and
the channel state is provided causally to only one encoder,
then Shannon Strategies need not be optimal (Example 2).
By analyzing various communication scenarios where the
SD-MAC with cribbing encoders behaves more like a single-
user channel and less like a MAC, and by providing several
examples of communication scenarios where it does not,
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we identify two conditions, which seem to be pivotal to the
behavior of the SD-MAC with two cribbing encoders:

Condition 1: The Time-i channel output and each encoder’s
message are conditionally independent given the information
available to the other encoder in forming it’s Time-(i + 1)
channel input.

Condition 2: At every time i, the information that is avail-
able strictly-causally only to Encoder 1 (e.g., its message
and possibly past channel states) and the information that
is available strictly-causally only to Encoder 2 are condi-
tionally independent given the information that is available
strictly-causally to both encoders (e.g., cribbed inputs).

As we shall see, Conditions 1 and 2 hold for each commu-
nication scenario for which we show that the SD-MAC with
two cribbing encoders is single-user-like, and our counterex-
amples violate Condition 1 and/or Condition 2. For example,
Conditions 1 and 2 hold for the SD-MAC with causal SI to
both cribbing encoders, for which Shannon Strategies are
optimal, and our example of an SD-MAC with causal SI to
only one of the cribbing encoders, for which Shannon
Strategies are suboptimal, violates Condition 1.

Another setting where allowing the encoders to crib simpli-
fies the analysis is the MAC or SD-MAC with feedback and
conferencing encoders. Conferencing encoders are allowed to
communicate with each other before or during the transmission
via noise-free bit pipes of given capacities. In the absence of
states and feedback, this network was introduced and solved
by Willems [19]. He showed that there is no loss in optimality
in requiring that the encoders conduct their conference before
transmission begins and in replacing the sequential dialogue by
two monologues each of which depends solely on the message
of the soliloquising transmitter. Consequently, the resulting
capacity is essentially that of the setting considered by Slepian
and Wolf [15] where the encoders do not conference but trans-
mit a common message in addition to their private messages.

It is unknown whether requiring the encoders to confer
before transmission begins is also optimal in the presence of
feedback. But this can be answered when the encoders can
crib: we derive the capacity of the MAC with conferencing
cribbing encoders that may be furnished with strictly-causal
SI and/or feedback and show that it is not increased if the
encoders confer during rather than before the transmission
phase (Theorem 19). Also in the setting with conferencing
encoders, strictly-causal SI and feedback to the cribbing
encoders do not increase capacity.

If cribbing is not allowed, then the feedback capacity
of the MAC with conferencing encoders is still unknown.
We know that it is contained in the cribbing capacity. In fact,
we can say more: The feedback capacity of the MAC with
conferencing encoders is contained not only in the cribbing
capacity of the MAC with conferencing encoders but in any
Dependence-Balance outer bound on the feedback capacity
of the MAC with a common message (Theorem 22).3 This
implies that, also in the presence of feedback, conferencing

3Note that the outer bounds in [8] apply to the case with two private
messages. The extension to the setting considered by Slepian and Wolf [15]
where the encoders additionally observe a common message is however
straightforward.
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before transmission begins is optimal whenever a version of
the Dependence-Balance bound is tight.

Ours is, of course, not the only work that builds on the
original work of Willems and Van der Meulen [21], which
introduced the (stateless) MAC with cribbing encoders. Recent
work includes the work of Permuter and Asnani [1] on the
(stateless) MAC with “partial cribbing encoders” that observe
a deterministic function of each other’s channel input. Limiting
the cardinality of the co-domains of these functions leads to
models that are more conservative than the cribbing model,
especially when the cardinality of the input alphabets is very
large.

Cooperative encoding on the SD-MAC was studied by
Somekh-Baruch, Shamai, and Verdd [16] who computed the
capacity of the MAC under the assumption that both encoders
observe a common message and that Encoder 2 additionally
observes a private message and non-causal or causal SI.
Bross and Lapidoth [3] established the capacity of the
SD-MAC under the assumption that the encoders observe pri-
vate messages and that Encoder 2 cribs and observes the state
sequence in a non-causal fashion [3].* For a comprehensive
survey of the literature on state-dependent single-user and
multi-terminal networks, see [9].

The remainder of this paper is structured as follows. First,
we briefly describe our notation. The second section is dedi-
cated to the SD-MAC with cribbing encoders that are furnished
with strictly-causal SI and feedback. In the third section, we
study the SD-MAC with causal SI at the cribbing encoders.
The results on the MAC with conferencing encoders are
presented in the fourth section. We conclude the paper with a
brief summary.

A. Notation

We denote by & and X, the support sets of the channel
inputs produced by Encoder 1 and Encoder 2. The finite sup-
port set of the channel output is denoted by ) and that of the
channel state by S. We use || for the cardinality of a set, e.g.,
|| is the cardinality of the output alphabet ). We sometimes
write (X7 x A2, W(y|x1, x2), V) for a MAC of transition law
W(ylx1,x2) and (X x Xy x S, W(y|x1,x2,5),)) for an
SD-MAC of transition law W (y|x1, x2, s). We denote by Xl‘s
the set of all functions from S to X; and similarly for XZS .

Random variables are denoted by upper-case letters and
their realizations or the elements of their support sets by
lower-case letters, e.g., Y denotes the random channel output
and y € )Y a value it may take.

Codewords, information exchanged during a conference,
and sequences of Shannon Strategies are denoted by bold
face lower or upper case letters depending on whether they
are deterministic or random, e.g., x;(m) is the codeword
corresponding to Message m € [1 : 2" £ (1,2,..., 2"y,
The integer n stands for the block-length and unless otherwise
specified, sequences are assumed to be of length n.

Variables that occur at Time i are characterized by a
subscript i, and for k € {1, 2} we define k to be the element

4If the input alphabet of the less-informed encoder is continuous, then one-
sided cribbing is as good as (and no better than) a common message.
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Fig. 1. SD-MAC with strictly-causal SI to the cribbing encoders.

of {1,2} that is not k, e.g., for k = 1 we denote by X ; the
channel input of Encoder 1 at Time i and by X ; that of
Encoder 2. Sequences of variables that occur in the time-range
J to i bear a subscript j and a superscript i where the subscript
Jj = 1 may be dropped, e.g., X f 4 denotes the fourth and fifth
channel input produced by Encoder 1, and Y” denotes the
entire output sequence.

A joint probability mass function (PMF), its marginal PMF,
and its conditional PMF are all denoted by the same
function p(-), with the exact meaning specified by the sub-
scripts or arguments, €.g., px,,x, (0, 1) denotes the probability
of the event (X, X2) = (0,1) and p(x|x2) the probability
that X1 = x1 given X, = x».

We denote the set of e-weakly-typical sequences of length
n by AP, e.g., AW (X,Y) is the set of length-n sequences
(x",y") € X" x Y" that are jointly e-weakly-typical
wrt. px.y(, ).

B. Functional Representation Lemma

In some scenarios—particulary if an encoder cribs—it can
be shown that feedback is no better than strictly-causal SI, so if
the latter does not increase capacity, then nor does the former.
This is typically shown using the Functional Representation
Lemma:

Lemma 1 [21, Functional Representation Lemma]: Given
two discrete random variables X and Y, there exists a discrete
random variable §, which is independent of X, and a function
g: X xS — Ysuch that Y = g(X, S).

The lemma allows us to view a MAC W(y|x, x2) as an
SD-MAC W (y|x1, x2, s) whose output can be computed from
its inputs and state. If the state is revealed strictly-causally
to a cribbing encoder, then this encoder can compute the
past channel outputs from the past states, the past symbols
it produced, and the past symbols that the other encoder
produced (which it has learned by cribbing).

II. CRIBBING AND STRICTLY-CAUSAL
STATE INFORMATION

The SI discussed in this section is strictly-causal, and either
both encoders crib (Section II-A) or only one (Section II-B).

A. Both Encoders Crib

We consider an SD-MAC where both encoders crib and
both obtain the SI strictly-causally (see Figure 1). There is no
need to address the case where the SI is revealed to only one,
because even revealing it to both does not increase capacity
(Proposition 3).

Recall that for £ € {1, 2} we defined k£ to be the element
of {1, 2} that is not k.

Definition 1: For any two sets M1, My and positive inte-
gern € N, an (n, My, Ma, €) code for the SD-MAC (X x
Xy xS, W(y|x1, x2,5), ) with strictly-causal SI to the crib-
bing encoders consists of two sequences of encoder mappings

feit M x 51 x 87— &, (1)
where k € {1,2}, i €[l :n], and a decoding mapping
¢: V' —> My x My 2

such that the average probability of error P, does not exceed €,
where

n
11 pGsi) Wilxis x2,i, i)

i=1
2 o)
(mi,ma)eMixMas, [Mi] [Ma]

s"eS", yrép (my,my)

P, =

¢~V (my,my) C V" is the decoding set of the message pair
(m1,m2), and

Xii = fioi (mi, x5 s, “
The rate pair (Ry, Ry) of the code is

1 1
Ry 2210g|/\/11|, R2=;10g|/\/12|~ (5)

A rate pair (R}, Rp) is achievable if for every € > 0 and
sufficiently large n there exists an (n, M7, M>, €) code with
rate pair (ﬁl, Rz) satisfying R, > R, and Ry > Ry. The
capacity region is the closure of all achievable rate pairs.

We refer to this network as an SD-MAC W (y|x1, x2, s) with
encoders

i—1 . i—1 .
xl,l’(ml’xé’] ’Sl 1)’ -xz,i(mza-x;jl 9sl 1)'

If the encoders are also furnished with feedback, then we refer
to the network as an SD-MAC W (y|x1, x2, s) with encoders

i—-1 i—1 _i—1 i-1 i—1 _i—1
-xl,i(ml»-xz,l 5 S 5y )9 X2,i(m2,x1,1 5S 9y )
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The capacity of the stateless MAC with cribbing encoders
was found by Willems and Van der Meulen:
Theorem 2 [21, Th. 5]: The capacity region of the MAC
W (y|x1, x2) with cribbing encoders
xnilmi, x5, xai(ma, x(7h)

is the set of rate pairs (R, Ry) satisfying

Ry < H(X1|U) (6a)
Ry < H(X2|U) (6b)
Ri+ R < I(X1,X2;Y) (6¢)

for some joint PMF of the form

pu, x1,x2,y) = p(u) p(xilu) p(x2lu) W(ylx1, x2).  (7)

The capacity is achieved by the Block-Markov coding
scheme of [21, Sec. V, Situation 5], which can be roughly
described as follows: The encoders transmit their messages
in blocks and—using the cribbed information—decode each
other’s previous message blocks in order to establish
cooperation. During every transmission block, the encoders
cooperatively send resolution information on the previous mes-
sage blocks, which each encoder individually superimposes
with its next message block. The resolution information can
be associated with the random variable U in Theorem 2. Since
Encoder 1 selects its channel input X; based on the resolu-
tion information and on its fresh information, and similarly
Encoder 2, the channel inputs X; and X, are conditionally
independent given U.

We offer the following intuition why the above
Block-Markov coding scheme is optimal: One can check that
the Time-i channel output and each encoder’s message are
conditionally independent given the information available to
the other encoder in forming its Time-(i + 1) channel input,
i.e., Condition 1 holds. As a consequence, there is no loss in
optimality in requiring the encoders to decode each other’s
message (because if the decoder can decode a message,
then so can the other encoder). Since also Condition 2
holds, i.e., the messages of the encoders are conditionally
independent given the information that is available to both
encoders (namely, all previous channel inputs), the decoded
information is optimally utilized by the above Block-Markov
coding scheme, where the channel inputs are independent
conditional on the resolution information.

The capacity of the SD-MAC generally increases if the state
is revealed to the encoders in a strictly-causal fashion [11].
But this is not the case when the encoders are allowed to
crib. We state this as a proposition because this result will be
strengthened in Theorem 5, which also allows feedback.

Proposition 3: Revealing the channel state in a
strictly-causal fashion does not increase the capacity
region of the SD-MAC with cribbing encoders.

Proof: See Section A-A. (I

The following may offer some intuition for this result:
It can be shown that Conditions 1 and 2 continue to hold
when strictly-causal SI is provided to the cribbing encoders.
As before, this implies that Block-Markov coding is optimal,
and we can thus assume that it is used. In the presence
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of strictly-causal SI, we can view the cribbing link from
Encoder 1 to Encoder 2 as a point-to-point channel with input
X1 and output (X1, S). We know that the capacity of a point-
to-point channel does not increase if the encoder (in this case
Encoder 1) learns S strictly-causally. It is also clear that the
described channel is no better than a channel whose input and
output are both X 1. Hence, strictly-causal SI does not enhance
the cribbing link from Encoder 1 to Encoder 2, and similarly
for the cribbing link from Encoder 2 to Encoder 1. This
implies that strictly-causal SI does not increase the amount
of resolution information learned by cribbing and thus does
not allow for additional cooperation between the encoders.
We expect, moreover, that strictly-causal SI does not help
the (fully-cooperative) transmission of resolution information
because it does not help on the point-to-point channel.

Allowing the encoders to crib cannot hurt. And once they
can crib the proposition shows that strictly-causal SI does not
help. Thus:’

Corollary 4: The capacity
W(y|x1, x2,s) with encoders

region of the SD-MAC

i—1 i—1
x1i(my, s, xa,i(m2, ')
is contained in that of the same SD-MAC with encoders

X1,i(m1,xé,_11), xz,i(mz,xfll)-

Using the Functional Representation Lemma (Section I-B),
we can strengthen Proposition 3 and show that when the
encoders can crib the capacity is not increased even when
we allow both strictly-causal SI and feedback:

Theorem 5: The capacity region of the
W(y|x1, x2,8) with encoders

SD-MAC

1

i— [—1 i—1 i—1 i—1 i—1
xii(mu, xy 0,87 YT, xoi(mo, xy st YT

is that of the same SD-MAC with encoders

X1,i(Vn1,XQ]1), X2,i(m2,Xi]1)~
Proof: See Section A-B. O
Allowing the encoders to crib cannot hurt. And once they
can crib the theorem shows that feedback does not help. Thus:®
Corollary 6: The capacity region of the MAC W (y|x1, x2)
with encoders

i—1 i—1
x1i(my, '), x2i(ma2, y'7)
is contained in that of the same MAC with encoders
i—1 i—1
x1i(my, xy ), x2,i(m2, xy 7).

This outer bound is tight if each encoder can compute the
other encoder’s output from its own output and the channel
output.

5The outer bound of Corollary 4 is looser than that of [11, Proposition. 3],
but it is easier to evaluate. It is tighter than the full-cooperation bound
[11, Proposition. 1].

OThis result is also obtained if we view the channel inputs as the Parallel
Channel Extension to the Dependence-Balance bound and set Z = (X1, X»)
in [8, Th. 3]. We discuss the Dependence-Balance bound for the MAC
with conferencing encoders in Section IV-B ahead. If the encoders do
not conference, then the Dependence-Balance bound [8, Th. 3] is that of
Theorem 22 ahead with C1 2 = C 1 =0.
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Fig. 2. SD-MAC with strictly-causal SI to the cribbing Encoder 2.

Proof: Theorem 5 implies that the feedback capacity reg-
ion is contained in the cribbing capacity region. To see that
this outer bound is tight if each encoder can compute the other
encoder’s output based on its own output and the channel
output, observe that for such channels feedback is as good
as the combination of feedback and cribbing. (]

The outer bound of Corollary 6 will be strengthened in
Corollary 9 ahead, where we show that even one cribbing
encoder is better than feedback.

B. One Encoder Cribs

Suppose now that only one encoder cribs. One could then
consider a scenario as in Figure 2 where the strictly-causal
SI is furnished to the cribbing encoder or one where it is
furnished to the non-cribbing encoder. Likewise for feedback.
We shall see that in the former case the SI is useless but in
the latter case it can be beneficial. Feedback does not increase
capacity in either case.

An (n, M|, M>,¢€) code with strictly-causal SI to the
cribbing Encoder 2 consists of two sequences of encoder
mappings

M] —> Xl,
My x Xlifll x S 5 X,

Sfii s
fri:

(8a)
(8b)

where i € [1 : n], such that the average probability of error
does not exceed € and

(9a)
(9b)

x1,i = f1,i(m1),
o
x2,i = f2,i(m2,xi,1 5Sl 1)'

We refer to this network as an SD-MAC W (y|xy, x2,s) with
encoders

o
x,i(mu),  x,i(ma, xi7 5" h.

The capacity of this network when the state is null was found
by Willems and Van der Meulen:

Theorem 7 [21, Th. 2]: The capacity region of the MAC
W (y|x1, x2) with encoders

i1
x,i(mu),  x2,i(ma, xi;

is the set of rate pairs (R, Ry) satisfying

Ri < H(X,|U) (10a)
Ry < I(X2; Y|X1,U) (10b)
Ri+ Ry < (X1, X2:;Y) (10c)
for some joint PMF of the form
p(u, x1,x2, y) = p(u) p(xilu) p(e2lu) W(ylxi, x2).  (11)

The capacity is achieved by the Block-Markov coding
scheme of [21, Sec. V, Situation 2], which is similar to the one
for the case where both encoders crib: The encoders divide
their messages into blocks, and during every transmission
block, the encoders cooperatively send resolution information,
which each encoder individually superimposes with its next
message block. Here, only the cribbing Encoder 2 decodes
the previous message blocks of Encoder 1, and the encoders
thus only send resolution information on the previous message
blocks of Encoder 1. Since the decoder obtains no resolution
information about the message blocks of Encoder 2, the rate
at which Encoder 2 can transmit its message blocks is upper-
bounded by (10b).

To explain why this scheme is optimal, we offer a similar
intuition as in the case where both encoders crib: The Time-i
channel output and the message of Encoder 1 are conditionally
independent given the information available to Encoder 2 in
forming its Time-(i +1) channel input. As a consequence, there
is no loss in optimality in requiring Encoder 2 to decode the
message of Encoder 1. Since the messages of the encoders
are conditionally independent given the information that is
available to both encoders (namely, all previous channel inputs
of Encoder 1), the decoded information is optimally utilized
by the above Block-Markov scheme, where the channel inputs
are independent conditional on the resolution information.

Suppose now that the state is not null. If none of the
encoders cribs, then strictly-causal SI to even just one of the
encoders can increase capacity [10], [12]. This is still true
when one of the encoders cribs provided that it is the
non-cribbing encoder to whom the SI is furnished:

Remark 1: The capacity region of the
W(y|x1, x2,8) with encoders

SD-MAC

i—1 i1
xpi(my, '), xo,i(mo, X1
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can be strictly larger than that of the same SD-MAC with
encoders

x1i(m), x2i(ma, x{ 7).
This is illustrated by the following example:
Example 1: Consider an SD-MAC whose inputs X1, X2 and
state S ~ Ber(1/2) are binary, and whose output Y is

Y=(X1,X2809). (12)
Suppose that Encoder 2 cribs. In the absence of SI, the rate
pair (Ry, R2) = (0, 1) is not achievable. But it is achievable
if SI is provided to the non-cribbing encoder.

The example is formally analyzed in Appendix A-C. The
intuition is that the non-cribbing encoder can transmit the state
sequence to the decoder and thus help it decode the cribbing
encoder’s message.

The scenario where strictly-causal SI is provided only to
the cribbing encoder is different: in this case the SI is useless.
We present this result in a stronger form by also allowing
feedback:

Theorem 8: The capacity
W(y|x1, x2,8) with encoders

region of the SD-MAC

i—1 i—1 i—1 i1
Xl,i(ml, yl )9 X2,i(m2,xi51 5Sl 9yl )
is that of the same SD-MAC with encoders

x1i(m1), x2,i(ma, x{ 7).
Proof: See Section A-D. ([
It is perhaps surprising that feedback to the non-cribbing
encoder does not help. After all, it enables Encoder 1 to
decode the message blocks of Encoder 2 and therefore allows
for additional cooperation by allowing the encoders to also
send resolution information on the previous message blocks
of Encoder 2. It turns out that this additional cooperation does
not increase capacity. Perhaps this is because once the decoder
has retrieved the message of Encoder 1 it knows just as much
about the message of Encoder 2 as Encoder 1, and therefore
the resolution information that the encoders can offer on the
previous message blocks of Encoder 2 cannot help the decoder.
Allowing one encoder to crib cannot hurt. And once one
encoder cribs the theorem shows that strictly-causal SI to the
cribbing encoder and feedback to both encoders do not help.
Thus:”-8
Corollary 9: The capacity
W(y|x1, x2,8) with encoders

region of the SD-MAC

i—1 i—1 _i—1
x1i(my, y'70), xai(ma, s,y
is contained in that of the same SD-MAC with encoders

i—1
x1,i(m1), xz,i(mzaxb ).

TThe outer bound of Corollary 9 on the feedback capacity of the MAC is
also obtained if we view the cribbed channel input as the Parallel Channel
Extension to the Dependence-Balance bound: setting Z = X in [8, Th. 3]
results in the capacity region with a cribbing Encoder 2 and likewise Z = X»
in that with a cribbing Encoder 1 (see Footnote 6).

8The network without feedback is a special case of the double-state MAC
that was studied in [10] and [12].
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Since a null state can be viewed as being known to either
encoder; the capacity region of the stateless MAC W (y|x1, x2)
with encoders

xi,i(m1, y'™Y), x2i(ma2, y'Th)

is contained in the intersection of the capacity region of the
same MAC with encoders

i—1
x1,i(m1),  x2,i(m2,x71)
and that of the same MAC with encoders

xnimi, x5 1), x2,i(ma).

Remark 2: The outer bound in Corollary 9 is expressed in
terms of the capacity region of an enhanced network where one
of the encoders can crib and where capacity is known and is
not increased by feedback. It is reminiscent of the outer bound
on the feedback capacity of a broadcast channel (BC) in terms
of the capacity region of an enhanced network where one of
the receivers also sees the signal received by the other. The
enhanced network is a physically degraded BC whose capacity
is known and is not increased by feedback [6].

The outer bound of Corollary 9 on the capacity of the MAC
with feedback need not be tight. But for some channels it is:

Corollary 10: If (at least) one encoder can compute the
other encoder’s output from its own output and the channel
output, then the outer bound of Corollary 9 on the feedback
capacity of the stateless MAC is tight.® Moreover, one-sided
feedback to the encoder that can perform this computation is
as good as feedback to both.

Proof: Feedback to the encoder that can compute the other
encoder’s output based on its own output and the channel
output is at least as beneficial as allowing it to crib. Hence
the outer bound of Corollary 9 is achievable. 0

Remark 3 [17]: If Xi is computable from (X3,Y),
then (10) and (11) are equivalent to the Cover-Leung con-
straints

Ry < 1(X1;Y1X,,U) (13a)
Ry < I(X2;Y1X1,U) (13b)
Ri+ Ry < I(X1,X2;Y), (13¢)

where the joint PMF is of the form

pu, x1,x2,y) = p(u) p(xilu) p(x2fu) W(ylx1, x2). (14)
Since the Cover-Leung region is achievable by one-sided
feedback (no matter to which encoder) [4], [18], Remark 3
yields an alternative proof of Corollary 10 and allows us to
even strengthen it:

Remark 4: If (at least) one encoder can compute the other
encoder’s output from its own output and the channel output,
then one-sided feedback (no matter to which encoder) is as
good as feedback to both encoders.

9Note the analogy to Corollary 6, which states that the feedback capacity of
the MAC is contained in the capacity without feedback but with two cribbing
encoders and that the bound is tight if each encoder can compute the other
encoder’s output based on its own output and the channel output.



BRACHER AND LAPIDOTH: FEEDBACK, CRIBBING, AND CAUSAL STATE INFORMATION ON THE MAC

7633

M
T X1,
| Encoder 1 *—»>
1 —
A Y; (M, M)
(Xi_lle;,_ll)"—% W (ylz1,22,5) > Decoder ———»
A I
"| Encoder 2 *—>
" X
M, 2, A
S
Si
ps(s)

Fig. 3. SD-MAC with causal SI to the cribbing encoders.

III. CRIBBING AND CAUSAL STATE INFORMATION

The SI in this section is causal. In Section III-A both
encoders crib and both are cognizant of the SI. In Section III-B
both encoders crib but the SI presented to them differ. Finally,
in Section III-C only one encoder cribs and only the cribbing
encoder is presented with the SI.

A. Both Encoders Crib and Observe the State

Consider an SD-MAC where both encoders crib and both
obtain the SI causally (see Figure 3). For this setting an
(n, My, M>, €) code is defined as in Definition 1 except that
the inputs are allowed to depend also on the current channel
state. The cribbing, however, is still strictly-causal. The code
thus consists of two sequences of encoder mappings

feis M x 51 x 8" — X, (15)

where k € {1,2}, i € [1 : n], such that the average probability
of error does not exceed ¢ and

i = foimi, x|t 5. (16)

(Recall that for k € {1,2} we defined k to be the element
of {1,2} that is not k.) We refer to this network as an
SD-MAC W(y|x1, x2,s) with encoders

i—1 . i—1 .
-xl,i(mla-xéjl 9sl), -xz,i(mza-x;jl 9sl)'

On the single-user channel Shannon showed how to opti-
mally use causal state information [14]: Each message m
is mapped to a length-n sequence of functions hy 1, ...,
hmn € XS, and the Time-i channel input that the encoder
produces to convey Message m is hy,;(S;). The elements
of XS are called Shannon Strategies, and the mapping of
messages to n-tuples of Shannon Strategies is obtained using
random coding by choosing a capacity-achieving distribution
on XS. Once this mapping has been chosen, the Time-i
encoder output depends only on the message and the Time-i
state S;. Knowledge of the past states is unnecessary.

In the absence of cribbing, the capacity of the SD-MAC
with causal SI to the encoders is to date unknown. A naive
approach is to extend Shannon’s approach by choosing a
product distribution on Xl‘s X Xis , by using random coding
(and time-sharing) to produce n-tuples of Shannon Strategies
hmik € & S, and by having the Time-i output of Encoder &k be
hm,ik (Si) whenever it wishes to convey Message m. Unlike the

single-user channel, on the MAC this naive approach is not
optimal [11].

When the encoders can crib the MAC behaves more like
a single-user channel in the sense that combining Shannon
Strategies with the scheme that achieves capacity in the
absence of SI is optimal. The capacity of the SD-MAC with
causal SI to the cribbing encoders is achieved by a
Block-Markov coding scheme like that of
[21, Sec. V, Situation 5]: At the beginning of each transmission
block, the encoders use the past state information and the
past cribbed information pertaining to the previous block to
determine the resolution message to be transmitted in the
present block. They then transmit this common message and
their fresh information in the present block by applying the
Slepian-Wolf coding scheme for the MAC with a common
message but with input alphabets comprising the Shannon
Strategies A’ 15 and Xz‘s . In the following theorem the elements
of X,;S, k € {1,2} are indexed by # € [I : |X,§|], and the
Shannon Strategy indexed by # is denoted gi (t, -).

It is important to note that cribbing allows an encoder to
observe the previous channel inputs that were produced by the
other encoder but not the previous strategies that were used to
produce these inputs. If at Time i — 1 this other encoder uses
the Shannon Strategy #, then at Time i the cribbing encoder
will not learn #; but only the result of applying gk (%, -) to the
state S;_1.

Theorem 11: The capacity
W(y|x1, x2,8) with encoders

region of the SD-MAC

i—1 . i1 .
-xl,i(mla-xéjl 9sl), xz,i(m%xi’] ’Sl)

is the set of rate pairs (R, Ry) satisfying

Ry < H(X1]S,U) (17a)
Ry < H(X2|S,U) (17b)
Ri+ Ry <I(Th, T»;Y) (17¢)

Sfor some random variables U, Ty, and T»; functions g1: 1| X
S — Xy and g2: Ty x S — Xy; and a joint PMF of the form

pu,t1,t,x1,X2,8,)
= p(u) p(t1lu) p(t2lu) p(s)
X L =g (1,91 Ha=ga (2. W (Y 1x1, X2, 8). (18)
Proof: See Section A-E. O



7634

One can show that Conditions 1 and 2, which we believe to
be key to the single-user-like behavior of the MAC with two
cribbing encoders, also hold for the network of Theorem 11.

As we next show, in the setting of Theorem 11 providing
additional feedback and/or strictly-causal SI S*~! does not
increase capacity. Consider the SD-MAC (X} x A x
S x S, W(ylx1, x2, (5,5)),Y), which is governed by two
(possibly correlated) channel states S and S, with encoders

1 i

i— ~i—1 i—1 i—1 i =~i—1 i—1
xpi(my,xy, st 8T,y ), xoi(mo, Xy st ST Y ).

‘We know that in the absence of causal SI, i.e., if S is null, the
capacity region does not increase if the encoders are furnished
with strictly-causal SI and feedback (Theorem 5). A similar
result holds if S is not null:

Theorem 12: The capacity region of the SD-MAC
W(y|x1, x2, (s, 5)) with encoders
xni(my,xy s F YT o ilma, xS 5 Y

is that (of Theorem 11) of the same SD-MAC with encoders

X1,i(Vn1,x;]1,Si), X2,i(m2,Xi]1,Si)~
Proof: See Section A-F. U
Allowing the encoders to crib cannot hurt. And once they
can crib the theorem shows that strictly-causal SI and feedback
do not help. Thus:
Corollary 13: The capacity
W(y|x1, x2, (s,5)) with encoders

region of the SD-MAC

i mie1 -1 izl i1
xpi(my, s, 870,070, xoi(ma, s 570,y
is contained in that of the same SD-MAC with encoders
i-1 i i-1 i
xl,i(ml’xz,l > 8 )9 X2,i(m2,x1,1 > 8 )

B. Both Encoders Crib and Observe Distinct States

Consider the SD-MAC (X; x X x & x & x S,
W(ylx1, x2, (51, 52, 5)),)), which is governed by three
(possibly correlated) state sequences {Sy;}, {S2,;}, and {S;},
and assume that both encoders crib. The state S; is revealed to
Encoder 1 causally and likewise S> to Encoder 2. The state S is
revealed to both encoders but strictly-causally. For this setting
an (n, M1, My, €) code consists of two sequences of encoder
mappings

fiit Miex X3 x Sy x 87— A, (19)

where k € {1, 2}, i € [1 : n], such that the average probability
of error does not exceed ¢ and

L
Xi = fiei (M, X 15810 8"0).

We refer to this network as an SD-MAC W(y|xp, x2,
(s1, 52, 5)) with encoders

i—-1 i i—1 i-1 i i—1
-xl,i(ml’xz,l ,Sl’]’s ), xz,i(mza-xl,l 9s2519s )

An inner bound on the capacity region can be obtained by
considering a coding scheme that combines Shannon
Strategies with Block-Markov coding. The resulting scheme
is like the one of Theorem 11 except that the resolution
information is now computed by Encoder k not only based

IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 60, NO. 12, DECEMBER 2014

on its past cribbing and the past realizations of S but also
based on the past realizations of Sk.

Theorem 14: For the SD-MAC W (y|x1, x2, (s1, 52, 5)) with
encoders

i—

i—-1 i 1 i—-1 i i—1
xl,l’(ml’xz,l ,Sl’]’s ), x2,i(m2,x1,1 ,32’]’5 ),

all rate pairs (R1, R>) satisfying

Ry < I(T1; X118, $2,U) (20a)
Ry < I(T2; X»!S, $1,U) (20b)
Ri+ R <I(Th, T;Y) (20¢)

for some random variables U, Ty, and T»; functions g1: T} x
S — Xy and gr: Th x & — Xy, and a joint PMF of the
form

pu,t1,t,x1,x2,51,52,5,)
= p(u) p(t1lu) p(t2lu) p(s1, 52, 8) Lz =g (11.51))

X L =gr (5o W (X1, X2, (51, 52, 5)) 21

are achievable.
Proof: See Section A-G. O

When S; and S, are the same and S is denoted S the setting
reduces to that of Theorem 12 and the bound is tight. But it
need not be tight when S and S» differ:

Remark 5: The inner bound of Theorem 14 need not be
tight.

An example where the inner bound of Theorem 14 is loose
is the following:

Example 2: For the SD-MAC W(y|x1, x2, s2) with cribbing
encoders, binary inputs, a binary channel state Sy ~ Ber(1/2),
and a binary output Y = Xo @ S», for which S and S| are
null, any rate pair in the set

{(RI,R)) € (R{)*: Ri + Ry < 1} (22)

is achievable. The inner bound of Theorem 14 does not contain
the rate pair (R1, Ry) = (0, 1) and is thus loose.'°

The example is formally analyzed in Appendix A-H. Here,
we provide an informal description of the proof idea: The rate
pair (0, 1) is achievable by having Encoder 2 produce the XOR
of its data bit with the state S> so as to have the output be
the data bit. If, however, the encoders use the coding scheme
of Theorem 14, then R, = 1 is not achievable. The reason is
that this coding scheme requires the encoders to estimate each
other’s private message to establish the resolution message.
And it is impossible for Encoder 1 to decode the data bits that
are fed to Encoder 2 because the cribbing only allows it to
see the outputs of Encoder 2, which are the result of the XOR
of the data bits with S.

Our next result is an outer bound on the capacity region of
the network of Theorem 14.

Theorem 15: The capacity region of
W(y|x1, x2, (51, 52, 8)) with encoders

the SD-MAC

i—-1 i i—1 i—-1 i i—1
xl,l’(ml’xz,l ,Sl’]’s )9 x2,i(m2,x1,1 ,32’]’5 )
10The capacity region of this SD-MAC can be obtained from Theorem 18
ahead: since the output ¥ = X, @ §; is independent of the input X we can
w.l.g. assume that only Encoder 2 cribs.
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— X1
Encoder 1 *—>
i—1 % Y; (M17M2)
X1,1 W (ylz1,22,5) > Decoder ———
A
"| Encoder 2 >
M, X2,i A
S
Si,
ps(s)

Fig. 4. SD-MAC with causal SI to the cribbing Encoder 2.

is contained in the set of rate pairs (R, Ry) satisfying

R < H(X1|$1,0) (23a)
Ry < H(X3|$2,U) (23b)
Ri+R < I(T1,T»;Y) (23¢)

for some random variables U, Ty, and T»; functions g1: T} x
S — Xy and gr: T) x & — X, and a joint PMF of the
form

pu, 1,12, x1, X2, 51, 52, 5, y)
= p@) p(tilu) p(r2lu) p(s1,52,8) Lixi=g (11,51}
XL y=g> (12,50} W (1x1, X2, (51, 52, ). (24)
Proof: See Section A-L (I
The inner and outer bounds of Theorems 14 and 15
coincide when there exists a one-to-one relationship between
(S, S1) and (S, $).!! In this case Shannon Strategies and
Block-Markov coding is thus optimal.
Corollary 16: For an SD-MAC W (y|x1, x2, (s1, 52, 5)) with
encoders

i—1 i il i-1 i il
x1i(mi, x5 sy 1,8 0, Xo,i(ma, Xy, sy, 8"

and a one-to-one relationship between (S, S1) and (S, S>) the
capacity region coincides with the outer bound of Theorem 15.

Proof: We show that the achievable region of Theorem 14
coincides with the outer bound of Theorem 15. Fix sets 7] and
Ty; functions g1: 7Ty x S| — X and g3: T» x S — Xp; and
a joint PMF of the form (21). Theorem 15 implies that a rate
pair (R1, Ry) is achievable if it satisfies (20). Note that

[(Ty: X118, 8, U) 2 1(Ty: X418, $1,U)  (29)
D {5 (X118, 81,U) (26)
D H (X181, U), 27)

where @) holds because (S, S1) and (S, S2) are in a one-to-one
relationship, b) is true because X1 = g1(71, S1), and ¢) holds
because (21) implies that X, (S1, U), and S form a Markov
chain in that order. Similarly, one can show that

I(Ty; X2|S, 81, U) = H(X2152, U). (28)

'This scenario is not equivalent to a common causal SI because
S1 and S, are revealed here causally while S is only revealed strictly-causally.

Hence, the rate constraints in (20) are equivalent to those
in (23). Since (21) and (24) are identical, we conclude that
the regions of Theorems 14 and 15 coincide. d

The corollary implies that Shannon Strategies and
Block-Markov coding is optimal if the state S;, which is
available causally to Encoder 1, is available strictly-causally to
Encoder 2, and similarly for S. We next show that this also
holds if Encoder 2 observes S; strictly-causally and, rather
than observing S, strictly-causally, Encoder 1 is presented with
feedback.

Theorem 17: For an SD-MAC W (y|x1, x2, (s1, 52, 5)) with
encoders

i1 -1 i-l i—1 i il
xpi(mi,xy sy st YT, xoi(mo, Xy, 85,80,

and where S| is computable from (S, $7), the capacity region
is the set of rate pairs (R, Ry) satisfying

Ry < H(X1]51,U) (29a)
Ry < I(T»; X2,Y|X1, S, 81,U) (29b)
Ri+ R <I(Th, T»;Y) (29¢)

for some random variables U, Ty, and T»; functions g1: T} x
S — Xy and gr: Th x & — Xy, and a joint PMF of the
form

pu,t1,t2, X1, X2, 81,52, 5,¥)
= p(u) p(t1lu) p(t2lu) p(s1, 52, 8) Lz =g (r1.51))

X Ly =go (12,52} W (V1X1, X2, (51, 52, 5)). (30)

The capacity region does not increase if additional feedback
is furnished to Encoder 2, i.e., if the encoders are of the form
i=1yi=ly, xz,i(mz,x{jll, 55,1, sL iy,
Proof: See Section A-J. O
The networks in Corollary 16 and Theorem 17 behave
single-user-like in the sense that combining Shannon
Strategies with the coding scheme that achieves capacity in the
absence of SI is optimal, and one can check that they satisfy
Conditions 1 and 2.

i—1 i
xl,i(ml’xz’] ,Sl’]’s

C. One Encoder Cribs

Suppose now that only Encoder 2 cribs and that it is the
only encoder furnished with SI (causally) (see Figure 4).
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For this setting an (n, M1, M>,€) code consists of two
sequences of encoder mappings

fiir My — A,
fai s Max Xf,_ll xS = X,

where i € [1 : n], such that the average probability of error
does not exceed ¢ and

(31a)
(31b)

(32a)
(32b)

x1,i = f1,i(my),
L
x2,i = fa,i(ma, x|, s").

We refer to this network as an SD-MAC W(y|x1, x2,s) with
encoders

L
x1,i(m1),  x2,i(ma, x777, s").

We shall see that—as when both encoders crib and both
obtain SI—this network too is single-user-like. In fact, the
parallel to the single-user channel is even stronger: Define
T = [l : |X2‘S|], index the elements of XZ‘S by t € 7T,
and let g(¢,-) denote the Shannon Strategy indexed by t.
The capacity of this network is achieved by applying the
Block-Markov coding scheme of [21, Sec. V, Situation 2] to
the (stateless) MAC with input alphabets X; and 7, output
alphabet ), and transition law

W(ylxi, 1) = D ps(s) W(ylxi, g(t, ), 5).
seS

Such a simple scheme is optimal for this network because
in this network the encoder whose output is cribbed is not
furnished with SI and hence need not use Shannon Strategies.
Consequently, the situation where an encoder uses a Shannon
Strategy h(-) but only 4(S) is cribbed does not arise.

Theorem 18: The capacity region of the SD-MAC
W(y|x1, x2,s) with encoders
x1,i(m1), X2,i(M2,X{]l,Si)
is the set of rate pairs (R, Ry) satisfying
R < H(X1|U) (33a)
Ry < I(T; Y|X1,U) (33b)
R+ Ry < I(X1,T;Y) (33¢)

for some random variables U and T; a function g: 7T x
S — X, and a joint PMF of the form

p(u,t,x1,x2,5,y)
= p(u) p(x1lu) p(tlu) p(s)
X Ly=g (1,5 W (V1x1, X2, 5). (34)
Proof: See Section A-K. ([

IV. CONFERENCING ENCODERS

This section discusses the MAC with conferencing
encoders, which sequentially exchange information via
noise-free bit pipes of given capacities. Throughout, we denote
by Ci the capacity of the bit pipe from Encoder 1 to
Encoder 2 and by C;,; that of the bit pipe from Encoder 2 to
Encoder 1. Section IV-A studies the MAC with conferencing
encoders under the assumption that at least one encoder

IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 60, NO. 12, DECEMBER 2014

cribs. It discusses strictly-causal SI to the cribbing encoder(s)
and feedback to both encoders. In Section IV-B cribbing
is not allowed and we discuss feedback on the MAC with
conferencing encoders.

A. Cribbing

We assume that either both encoders crib (Section IV-Al)
or only one (Section IV-A2).

1) Both Encoders Crib: Consider an SD-MAC where both
encoders conference and crib. Recall that for k € {1,2} we
defined k to be the element of {1, 2} that is not k.

Definition 2: For any two sets M1, My and any pos-
itive integer n € N, an (n, M1, Ma,€) code for
the MAC with a cribbing Encoder 1 that conferences
at rate Cip and a cribbing Encoder 2 that confer-
ences at rate Ca| consists of four sequences of encoder

mappings

hei t Micx X3 < Gl = G, (352)
fei s Mix X0 X Gy — A, (35b)

where k € {1,2}, i € [1:n], and a decoding mapping
$: V" —> M x My (36)

such that the alphabets of the conferred information packets

satisfy

n
Zlogzlgk,il < nCry,
i=1

(37)

and such that the average probability of error P, does not
exceed €, where

[Tz Wilxti, x2,i)
M| |Ma]

P, = >

(my,ma)eMixMy,
y'ép my,my)

, (38)

¢V (my,my) C V" is the decoding set of the message pair
(m1,m2), and

g = heilmi, x g7, (39a)
i = frilmi,xg ' gh ) (39b)

The rate pair (Ry, Ry) of the code is
Ri = logMil, Ry = log [ Mal. (40)

We refer to this network as a MAC W(y|xi, x2) with
encoders

L L
xii(mi, x5 1, 80), X2,i(m2, X171, 81 1)

If, in addition, strictly-causal SI and feedback are furnished
to the cribbing encoders, then an (n, M, M>, €¢) code con-
sists of four sequences of encoder mappings

hk,i .
S

M x X' x G x ST x YT Gy, (4la)
M x X' x Gy x ST x YT > A, (d1b)
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where k € {1, 2}, i € [1 : n], such that the average probability
of error P, does not exceed ¢, where

z T2 pGsi) W(yilx,i, x2,i, 8i)

(my,mp)eMxMa, M| IMz]
s"eS", yep~ (my,my)

P, =

. (42)

¢~V (my,my) C V" is the decoding set of the message pair
(m1, my), and

(43a)
(43b)

i-1 _i=1 -1 _i-1

gk,i = hk,i(mk’ xk,l s gk’] > 8 >y )5
i-1 i i—1 -1

Xi = fri(me, xp s 8k 1s 8 Y ).

We refer to this network as an SD-MAC W(y|x1, x2, s) with
encoders

i—1

i—1 i i—1 i—1 i i—1 _i—1
xri(mi,xy 585058 Ly ), xoi(ma, xy L 81 1,8 LY ).

Theorem 19: The capacity region of the MAC W (y|xy, x2)
with encoders

-1 i—1 i
x1i = x1i(mi, x5, 85), X2, = x2,i(m2, x{77, 81 1)

is the set of rate pairs (R, Ry) satisfying

Ry < HX1|lU)+Cy2 (44a)
Ry < H(X2|U) + Co 3 (44b)
Ri+ Ry < I1(X1,X2:Y) (44¢)

for some joint PMF of the form

pu,x1,x2,y) = p(u) p(xilu) p(x2lu) W(ylxi, x2). (45)

It is achievable also if the conference is restricted to take place
before transmission begins. Moreover; strictly-causal SI and/or
feedback do not increase the capacity region, i.e., the capacity
region of the SD-MAC W (y|x1, x2, s) with encoders

i—1 i—1 i—1 i i—-1 [i—1
>y )5 x2,i(m2,x1j1,81,1,s >y )

xl,i(ml,xé,_ll, 81,8
is the set of rate pairs (Ry, R2) satisfying (44) for some joint
PMF of the form (45).

Proof: See Section B-A. U

That conferencing prior to transmission is optimal in the
absence of cribbing, SI, and feedback was shown in [19]. It is
perhaps surprising that this is also optimal for the network of
Theorem 19, where during the transmission the encoders are
presented with additional information (such as cribbed inputs,
SI, and feedback).

2) One Encoder Cribs: Consider an SD-MAC with
conferencing encoders where only Encoder 2 cribs.
An (n, M|, M>,€) code for this network consists of
four sequences of encoder mappings

hii @ Mix Gl = G, (462)
hai : Max X7 x G = G, (46b)
fri s Mix Gy — X, (46¢)
fri s Max X' x Gl — A, (46d)
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where i € [1 : n], such that the average probability of error
does not exceed € and

gri = hii(mi, g5 "), (47a)
g2 = hai(ma. x{ ' g1, (47b)
XL = frilmi, g ), (47¢)
x2i = frilma, x{7' gl ). (47d)

We refer to this network as a MAC W (y|x1, xp) with encoders
) 1
x1,i(mu, 851),  x2,i(ma, X7, 81 1)

If, in addition, Encoder 2 observes the state sequence
strictly-causally and feedback is furnished to both encoders,
then an (n, M1, Ma, €) code consists of four sequences of
encoder mappings

hii s Mix Gl x V== G, (48a)
hyi s Max X7 x G x ST x VT > Gy, (48D)
fri s Mix Gy x Y > A, (48c¢)
fri 1 My x X{;l X Gl x ST x YT 5 A, (48d)

where i € [1 : n], such that the average probability of error
does not exceed € and

gri = hiimi, g5y, (49a)
g2i =hai(ma, x el s" Ly, (@9b)
xii = frilmi, ghy, ¥y "), (49¢)
X2 = failma, xi gl sy . (49d)

We refer to this network as an SD-MAC W(y|x1, x2, s) with
encoders

i i—1 i—1 i i—1 i—1
ximi, 54,57, xoi(ma,xy 1,81 4,8 Ly' ).

Theorem 20: The capacity region of the MAC W (y|xy, x2)
with encoders

. L
x1,i(mi, 8.1)s x2,i(m2, x{ 1,81 1)

is the set of rate pairs (R, Ry) satisfying

Ri < HX1|U)+ Ci2 (50a)
Ry < I(X2; Y[X1,U) + Cay (50b)
Ri+ Ry < I(X1,X2:Y) (50¢)
for some joint PMF of the form
pu, x1,x2,y) = p(u) p(xilu) p(xalu) W(ylxi, x2).  (51)

It is achievable also if the conference is restricted to take place
before transmission begins. Moreover, strictly-causal SI to
Encoder 2 and feedback to both encoders do not increase
the capacity region, i.e., the capacity region of the SD-MAC
W(y|x1, x2,8) with encoders

i—

i 1 i—1 i i—1 i—1
xrimi, 851, 7). x2,i(ma, xy 7, 81 1,8, y")

is the set of rate pairs (Ry, R2) satisfying (50) for some joint
PMF of the form (51).
Proof: See Section B-B. O



7638

Suppose now that cribbing is not allowed but feedback is
available to both encoders. An (n, M1, Ma, €) code for the
MAC with conferencing encoders and feedback is defined as
in Definition 2 except that it consists of four sequences of
encoder mappings

hk,i N
S

where k € {1, 2}, i € [1 : n], such that the average probability
of error does not exceed ¢ and

i—1 i—1
My x Gy x V70— Gri,
My x gé’l x V=l x,

(52)
(53)

(54a)
(54b)

—1 i1

8ki = hii(mi, g1, y'"),
o

xl,i - fl,i(mk9 glk,lﬂ yl )

We refer to this network as a MAC W(y|x1, x3) with encoders

i o
x1,i(mi, 851,y ),  x2,i(m2, 814,97 ).

Since cribbing cannot hurt we can use Theorem 20 to obtain
the following outer bound:

Corollary 21: The capacity region of the MAC W (y|x1, x2)
with encoders

. i—1 . i1
-xl,i(ml»glz,lﬂ yl )9 x2,i(m2, gll,lﬂ yl )

is contained in that of the same MAC with encoders

. L
x1i(mu, g5),  x2,i(m2, x171, 81 1)

This outer bound is tight and conferencing prior to trans-
mission is optimal if Encoder 2 can compute the output of
Encoder 1 based on its own output and the channel output.
Proof: The outer bound follows from Theorem 20 and
the fact that cribbing cannot hurt. If Encoder 2 can compute
the output of Encoder 1 based on its own output and the
channel output, then feedback allows Encoder 2 to crib. But
since feedback does not increase capacity if one encoder cribs
(Theorem 20), the feedback capacity of such a MAC is that
of Theorem 20. U

B. Feedback and Conferencing on MACs in the Class D>

Consider the MAC W(y|x1, x») with feedback and confer-
encing, i.e., with encoders

o o
x1,i(mi, 851,y ), x2,i(m2, g1 4,9 ).

In this section, we strengthen the result of Corollary 21:
we derive tighter outer bounds on the capacity region
(Theorem 22) and exhibit a larger class of MACs for which
conferencing prior to transmission is optimal (Corollary 23).

By choosing to hold their conference before transmis-
sion begins, conferencing encoders can establish a common
message by exchanging fixed bit-portions of their private
messages. (The common message can comprise nCj > bits
of Encoder 1’s private message M| and nCj,; bits of M>.)
This is also true in the presence of feedback. Hence, the
feedback capacity of a MAC with conferencing encoders
contains the feedback capacity of the MAC with a common
message of rate C 1,2+C2,1.12 Since it is in general not known

12More precisely, the common message is of rate min{Ry,Cj2} +
min{R, C3 1}.
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whether conferencing before transmission begins is optimal,
it is unknown whether this inclusion can be strict. Moreover,
this bound is not explicit because the feedback capacity of
a MAC with a common message is unknown. But any inner
bound to it would also yield an inner bound on the feedback
capacity of the MAC with conferencing.

An interesting question is whether this also holds for outer
bouds: Is every (known) outer bound on the feedback capacity
of the MAC with a common message also an outer bound
on the feedback capacity of the MAC with conferencing?
Here, we answer this question in the affirmative for the
different versions of the Dependence-Balance outer bound.
In [8, Th. 3] Hekstra and Willems established Dependence-
Balance outer bounds on the feedback capacity of the MAC
(without common message or conferencing). The different
versions can be readily extended to the setting with a common
message (in [13] this is done for the vanilla-version without
Adaptive Parallel Channel Extension). If we assume that the
common message comprises nCj > bits of Encoder 1’s private
message M and nC; bits of M>, then—as we next show—
each of these versions also outer-bounds the feedback capacity
of the MAC with conferencing:

Theorem 22: The capacity region of the MAC W (y|xy, x2)
with encoders

i—

. 1 o
x1,i(mi, 851,97 ), x2,i(m2, 811,97 )

is contained in the set of rate pairs (R, Ry) satisfying

Ry <= I(X1;Y,Z|X2,U) + C12 (55a)
Ry < I(X1; Y|X2) + Ci12 (55b)
Ry < I1(X2; Y, Z| X1, U) + Ca,1 (55¢)
Ry < I(X2; Y|X1) + C2pn (55d)
R+ Ry < I(X1,X2; Y, ZIU) + Ci12+ Ca1 (55e)
Ri+ Ry < (X1, X2;Y) (551)

for some joint PMF having the form

p(u,x1,x2,y,2)=p(u, x1,x2) W(ylx1, x2) p(zlx1, x2, y, u)
(56)

and satisfying the Dependence-Balance constraint
0<I1(X1i; X2lY,Z,U) — I(X1; X2|U). (57)

Proof: See Section B-C. O
Remark 6: Hekstra and Willems refer to the random
variable Z in Theorem 22 as an Adaptive Parallel
Channel Extension [8]. The term alludes to the fact
that (55a), (55c), (55e), and (55f) would still hold if the
encoders were additionally furnished with feedback from a
channel with output Z, i.e., if they were to observe Z
strictly-causally. (A channel with output Z is adaptive in the
sense that its transition law may depend also on the auxiliary
random variable U.)

One possibility is to choose (nonadaptive) Parallel Channel
Extensions that allow for cribbing: If Z = (X1, X2), then
observing Z strictly-causally allows each encoder to crib,
and (55a) amounts to (44a) while (55¢) amounts to (44b).
Similarly, if Z = X1, then observing Z strictly-causally allows
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Encoder 2 to crib, and (55a) amounts to (50a) while (55¢)
amounts to (50b).

We have seen that (in the presence of feedback) conferenc-
ing is at least as good as a common message. Suppose now the
MAC is such that a version of the Dependence-Balance bound
is tight for its feedback capacity with a common message.
Then the theorem implies that also the converse holds, i.e.,
conferencing is no better than a common message. Thus:

Corollary 23: Suppose the MAC W (y|x1,x2) is such that
a version of the Dependence-Balance bound is tight for its
feedback capacity with a common message. Then this version
is also tight for the MAC with encoders

o S
x1,i(m1, 851,97 ), x2,i(m2, 811,97 ),

and conferencing prior to transmission is optimal.

We next exhibit a class of such MACs: the class D, for
which Hekstra and Willems [8] exhibited the existence
of an Adaptive Parallel Channel Extension for which the
Dependence-Balance outer bound coincides with the Cover-
Leung inner bound.

Definition 3: A MAC is said to be in the class D; if there
exist a finite alphabet A and two functions

Ji: Y x X — A, ke{l,2},

such that W(y|x1,x2) = 0 whenever fi(y,x1) # fo(y,x2)
and such that for A = fi(Y,X1) (or, equivalently,
A 2 £V, Xy) I(X1;X2]Y,A) = 0 whenever
I1(X1; X2)=0.

The following may offer some intuition on why for
every MAC in the class D, there exists a version of the
Dependence-Balance bound that coincides with the
Cover-Leung inner bound: If the MAC is in the class D,
and feedback is presented to the encoders, then the
Parallel Channel Extension Z = A is physically present
because each encoder can compute A from its own output
and the channel output. Consequently, the assumption
that each encoder observes Z strictly-causally does not
make the Dependence-Balance bound loose. If, moreover,
I(X1; X2|Y, A) = 0 whenever I(X1; X») = 0, then one can
show that Condition 2 holds, i.e., the encoder’s messages
are conditionally independent given the past channel outputs
and the past outputs of the Parallel Channel Extension,
which are available to both encoders. Since the encoders
are presented with feedback, Condition 1 trivially holds.
This suggests that the Cover-Leung inner bound, which is
based on Block-Markov coding, is tight.

As the next remark shows, the MACs that we encountered
in Corollaries 6, 10, and 21 are in the class D;:

Remark 7 [8]: If at least one encoder, say Encoder 2,
can compute the other encoder’s output from its own output
and the channel output, then the MAC is in the class D>
(choose A = X1).

Suppose now that the MAC is in the class D,. One can
readily extend the argument of Hekstra and Willems to the
setting with a common message and show that also in this
setting there exists a tight version of the Dependence-Balance
bound that coincides with the Cover-Leung inner bound.
Corollary 23 thus implies:
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Theorem 24: Suppose the MAC W(y|x1,x2) is in the
class D,. Then its capacity region with encoders

i i1 i i1

xi(mi, g5, 7)), x2,i(m2, 811, 5"7)

is the set of rate pairs (R, Ry) satisfying

R <= 1(X1;Y[X2,U)+Cy2 (58)
Ry < 1(X2;Y|X1,U)+ Cy (59)
Ri+ Ry < I(X1,X2;Y) (60)
for some joint PMF of the form
p(u,x1,x2,y) = p(u) p(xilu) p(xalu) W(ylxi, x2).  (61)

Moreover, conferencing prior to transmission is optimal.
Proof: See Section B-D. O

Remark 8: If Encoder 2 can compute Encoder 1’s output
from its own output and the channel output, then feedback
allows it to crib, and the feedback capacity of Theorem 24 is
that of Theorem 20 with a cribbing Encoder 2. If both encoders
can compute the other encoder’s output from their own output
and the channel output, then feedback allows them both to crib
and the feedback capacity of Theorem 24 is that of Theorem 19
with two cribbing encoders.

In the presence of feedback and conferencing
Conditions 1 and 2 are again key: all the networks
with conferencing and feedback that we solved satisfy these
conditions.

V. CONCLUSION

If at least one encoder cribs, then the SD-MAC behaves less
like a MAC and more like a single-user channel: providing
output feedback to both encoders and strictly-causal SI to the
cribbing encoder(s) does not increase capacity, and causal SI to
the cribbing encoder(s) is optimally utilized using Shannon
Strategies. In asymmetric communication scenarios the
SD-MAC with cribbing need not behave single-user-like. For
example, the capacity of the SD-MAC with one cribbing
encoder typically increases if strictly-causal SI is presented to
the encoder that does not crib. Moreover, Shannon Strategies
need not be optimal if both encoders crib but the causal SI is
provided to only one encoder. It remains an open problem to
characterize the capacity of the SD-MAC for scenarios where
it does not behave like a single-user channel. For the SD-MAC
with two cribbing encoders, we have argued that the following
two conditions are pivotal to the single-user-like behavior:

Condition 1: The Time-i channel output and each encoder’s
message are conditionally independent given the information
available to the other encoder in forming it’s Time-(i + 1)
channel input.

Condition 2: At every time i, the information that is avail-
able strictly-causally only to Encoder 1 and the information
that is available strictly-causally only to Encoder 2 are con-
ditionally independent given the information that is available
strictly-causally to both encoders.

131n the absence of conferencing, i.e., when Cj > = Cp 1 = 0, we made
similar observations in Footnotes 6 and 7.
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As to the feedback capacity when the encoders can confer-
ence, we characterized the capacity in two cases: when the
channel is in the class D, and when at least one encoder
can crib. In both cases there is no loss of optimality in
having the encoders hold the conference prior to transmission.
Incidentally, in both cases Conditions 1 and 2 hold.

APPENDIX A
PROOFS RELATED TO CRIBBING

The following lemma is well-known. We prove it for the
sake of completeness.

Lemma 25: Two random variables X and Y are condition-
ally independent given Z if and only if the joint PMF of
(X,Y, Z) is of the form

px,y,2) = g1(x,2)82(y, 2). (62)

Proof: To see that (62) is necessary, assume the random
variables X, Z, and Y form a Markov chain in that order.
Then, their joint PMF can be written as

p(x,y,2)=px,2) pOlx,2) = p(x,2) p(ylz)  (63)

and is therefore of the form (62).

We next argue that (62) is sufficient. Indeed, if the joint PMF
of the random variables X, Y, and Z is of the form (62), then
the conditional PMF of X given Y and Z is

plxly,z) = P, 2) (64)
p(y(, 2) (
g1(x,2)g2(y,2)
= 65
S 0002 (63
g1(x,2)
=== 66
Zi gl(i’ Z) ( )
>y 81(x,2)82(y, 2)
= 67
> 1 92200, 2) 7
= p(x|2). (68)

Hence, X and Y are conditionally independent given Z. [l

A. Proof of Proposition 3

Proof: The claim is established by means of a converse,
which is similar to the one in [21, Sec. V, Situation 5] but
accounts for the SI. Let QO ~ Unif[1 : n] be independent of
(M, M3, S™), and denote

Ui &S xS XD, (69a)
U=2(Ug,Q), X1 £X1,0, X2 £ X2,0,Y2Yg. (69b)
The rate of Encoder 1 satisfies

n(R1 = &) 2 1(My; Y, $", My) (70)
2 1(My; Y"IS", M) (71)
LI My YIS, M) (72)

D 1(x7 5 Y1S", My)
+HI(My; YPIS™, XL M) (73)
D 1(X} 5 YIS, M) (74)
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N < i
< D HX I8 X M)
i=1

(75)

g)zH(XulSl LXL XL Mo, ST (76)
i=1

n

> H(X1,|Ui)
i=1
nH(X1|U),

INE

7

=

(78)

where a) follows from Fano’s inequality, b) holds since
My, S", and M, are independent, c¢) is true because condi-
tioning cannot increase entropy, d) is due to the chain-rule,
e) holds since X2 . = f2 (Mo, X? 11, N 1) and since
(Ml, M3) and Y" are condltlonally 1ndependent given (X% 11

2 1 S™), f) is due to the non- negat1v1ty of entropy and to the
chain-rule, g) is true because X2 = (M, X1 2,8572),
h) is a consequence of (69a) and of the fact that condltlomng
cannot increase entropy, and i) is due to (69b). By symmetry,

n(Ry — €n) < nH(X>|U). (79)
The sum-rate satisfies
(R + Ro — &) 2 I(My, Ma; ¥") (80)
n
23 1My, My: Y|y (81)
i=1
1My, My YY2, Q) (82)

d)
< nl(X1, X2, M1, M2, Y971, 0; V) (83)
D ni(Xy, X2: V), (84)

where a) follows from Fano’s inequality, ) is due to the
chain-rule, ¢) is a consequence of (69b), d) holds since
conditioning cannot increase entropy, and e) is true because
(Ml, M,, Y21, Q) and Y are conditionally independent
given (X1, X2).

As we argue next, the joint PMF satisfies (7). Clearly, Y,
(X1, X2), and U form a Markov chain in that order. It thus
remains to verify that X; and X» are conditionally independent
given U. Similarly as in [21, Egs. (58)-(60)] we can write

p(ui,my, my)
= pm)p(m2)p(s'™")
i—1
<[] P(m,;lml,%,}l,srl
j=1
Since the joint PMF is of the form (62), Lemma 25 implies
that M and M, are conditionally independent given U;. As a
consequence, also X ; and X5 ;, which are obtained via the
encoding functions (1) and hence computable from (My, U;)
and (M>, U;), are conditionally independent given U;. Since
Q is deterministic given U, it follows that X, U, and X» form
a Markov chain in that order. O

S
)p(xz jlma, x{ 1,771,

B. A Proof of Theorem 5

Proof: If we denote X = (X1, X2, S), then Lemma 1
implies that any SD-MAC of transition law W (y|x1, x2, §) can
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also be viewed as an SD-MAC whose output is a deterministic
function of the channel inputs, the state S, and a second
channel state V, which is independent of X, X5, and S. Put
differently, the Time-i channel output is

Y = g(x1,i,x2,i, Si, Vi), (85)

where g: X1 x X, x § xV — Y is a function and {V;} is an
IID state sequence. For i in [1 : n], define the super-state

Ei £ (S, Vi), (86)

and note that {E;} is also an IID state sequence. Providing
feedback and revealing the state S; strictly-causally to the
cribbing encoders is no better than revealing the super-state Z;
strictly-causally (since S; is computable from Z; and Y; is
deterministic given Xi;, X2,, and &;). According to
Proposition 3, revealing the super-state strictly-causally to the
cribbing encoders does not increase the capacity region. [l

C. Analysis of Example 1

To see that in the absence of SI the rate pair
(R1, R2) = (0,1) lies outside the capacity region of the
MAC with a cribbing Encoder 2, note that Y = X, & S
is independent of (X, X»). Since U, (X1, X»), and Y form a
Markov chain in that order, Y> is also independent of the tuple
(X1, X3, U). The claim now follows from (10b) of Theorem 7:

Ry < I(X2: YIX1, U) 2 I(X2: X11X1,U) =0,  (87)

where a) holds since Y, is independent of (X1, X», U).

If the state S is revealed to Encoder 1 in a strictly-causal
fashion, then the rate pair (Ry, Ry) = (0, 1) is achievable.
To see this, assume that Encoder 2 sends the uncoded binary
representation of its message (and a zero at Time n) and that
Encoder 1 transmits the random state sequence by choosing
X1,i = Si—1. Then, the receiver can decode the message of
Encoder 2 since it can recover X, ; = Y2; @ Y1 i41.

D. A Proof of Theorem 8

Proof: The claim is established by means of a converse,
which is similar to the one in [21, Sec. V, Situation 2]
but accounts for the SI and the feedback. If we denote
X = (X1, X2, S), then Lemma 1 implies that any SD-MAC
of transition law W (y|xi, x2,s) can also be viewed as an
SD-MAC whose output is a deterministic function of the
channel inputs, the state S, and a second channel state V,
which is independent of X, X», and S. Hence, the Time-i

channel output is
Yi = g(x1,i, x2,i, Si, Vi), (88)

where g: X1 x X, x 8§ xV — ) is a function and {V;} is an
IID state sequence. Let Q ~ Unif[1 : n] and denote

Ui & (xihyh, (892)
U2 (Ug, Q), X1 £X1,0, X222 X209, (89b)
Y £Yp, S£Sg, V2V (89¢)
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The rate of Encoder 1 satisfies
n(Ry —€,)
)
< 1(X YIS, VY, M)
I (My; YIS,V XL Ma) (90)
DXy 5 YIS,V M) 1)
)
< H(X{IS", V", M) 92)
n
d i—
D> HX IS, V" X1 M) (93)
i=1
n . .
> HX IS VL X X My, SV
i=1
DS Hxs vl xi, xi L vt vy, s7L v
i=1
g)
< ZH(xmx1 LYh 94)
D oHX ), (95)
where a) follows from (73), b) 1is true because

Xpi = fri(My, XY 11, yi=!, §7=1) and (88) imply that X3 | =
f2 | (M3, X’f 11 , ST v 1) and because Y” is deterministic
given (X1 1 2 1> S” V™), ¢) is due to the non-negativity of
entropy, d) is an appllcation of the chain-rule, e) holds since
X’2 11 = f2’ 11(M2,X1 e §i=2 Vi=2) (by the arguments that
led to b)), f ) is true because (88) guarantees that Y'~! can be
computed from (lel ,X’2 ll,S’ ,Vi=ly via g(-), g) holds
since conditioning cannot increase entropy, and h) follows
from (89).
The rate of the Encoder 2 satisfies

n(Ry — €,)

)

< (M3 Y™, My) (96)
n

2> 1M YY) 97)
i=1

) n

c [ — [ —

=D 1My Y| X, X4 Y My (98)
i=1

d) & . .

< D (X0, My Vil X, XL Y7L M) (99)
i=1

e) " .

< D (X Yil X XL Y (100)
i=1

D1 (x2: ¥1X1, U), (101)

where a) follows from Fano’s inequality, b) is due to
the chain-rule and to the independence of M; and M>,
c) is true because X’i,l fli,l(Ml,Yi_l), d) follows
from the fact that conditioning cannot increase entropy,

e) holds since (Xl1 II,Y’ ,Mi,My) and Y; are
conditionally independent given (Xi,,X»,;) and since
conditioning cannot increase entropy, and f) follows
from (89).
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The bound on the sum-rate follows from (84).

As we argue next, the joint PMF satisfies (11). Clearly, Y,
(X1, X2), and U form a Markov chain in that order. It thus
remains to verify that X; and X; are conditionally inde-
pendent given U. Similarly as in [21, Eqgs. (58)—(60)] we
can write

pQui,my, may, s~ 1)

=D pm)p(ma)p(s'™)

1 1
p(xi jlmy, y/ )p(ijlmz,xH,y’ L5071

=F

X W(yj|x1,j,xzjj,sj)]

= p(my)p(m2)p(s'™h)
i—1

x H[P(xl,jlm,y]
j=1

X W(yj|x1,j,xzjj,s]')].

-1 i—1 _j—1 _j—1
) D plaajlma, x{ 7,y 5T

X2,j

Since the joint PMF is of the form (62), Lemma 25
implies that M and (M>, S'~!) are conditionally independent
given U;. As a consequence, also Xi; and X;, which
are computable from (Mi,U;) and (M, U;, S'=!) via the
encoding functions, are conditionally independent given Uj;.
Since Q is deterministic given U, it follows that X, U, and
X, form a Markov chain in that order. U

E. A Proof of Theorem 11

Proof: The proof is accomplished by means of a converse
and a direct part.

1) Converse: The converse is similar to that of Section A-A.

Let Q ~ Unif[1 : n] be independent of (M}, M;) and denote

Ui & (s XL XD, (102a)
Tii & (M1, Up), Tri = (M, Uy, (102b)
U= Ug,0), T £(Th,0, Q), T» = (Tr,0, 0), (102c)
X1 £ X1,0, XzéXQjQ, Y 2 Yo, SéSQ. (102d)
The rate of Encoder 1 satisfies
n(Rl - fn)
a) " . .
< D HXLIS, ST XL XL S My) (103)
i=1
b) -
=D H(X1ilSi, Uy) (104)
i=1
2 nH(X,S, U), (105)

where a) follows from (76) (note that ¢) and g) also hold
if causal SI is available and X b1 = f2 1(Mz,X’1 11,S’))
b) holds because of (102a) and since condltlomng cannot
increase entropy, and c) is due to (102). By symmetry,

n(Ry —€,) <nH(X3|S, U). (106)
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The sum-rate satisfies

n(R1 + Ry — €,)
a) _
< nl(Mi, My, Y27 897 xPT XET 01 )

= nl(My, My, S0 x 2T X201, 01Y) (107)

nl(T\,T>;Y), (108)
where a) follows from (82) and the fact that con-
ditioning cannot increase entropy, b) holds since VY,
(0.x27". x2/", 527, My, My), and Y2~ form a Markov
chain in that order, and c) is due to (102).

As we argue next, the joint PMF satisfies (18). Clearly,
S and (U, Ty, T») are independent, and (U, Ty, T>) and Y are
(by Lemma 25) conditionally independent given (X1, X», S).
Furthermore, the encoding scheme (15) guarantees that there
exist functions g1: 71 x S — A and g3: 7o x S — A, such
that
X1 = gu(T1, 9),

X2 = g2(12, 5). (109)

The joint distribution of (U;, My, M») can be written as

p(ui,my, ma)
= p(m)p(m)p(s'™")
i—1
L L
XHP(Xl,jlml,Xil ,SJ)P(xz,jlmz,lejl ,87).
j=1

Since the PMF is of the form (62), Lemma 25 implies that
M and M; and therefore also the auxiliary random variables
T,; and T,; are conditionally independent given U;. Since
Q is deterministic given U, it follows that 71, U, and 7> form
a Markov chain in that order.

2) Direct Part: We prove that combining Shannon
Strategies [14] with the Block-Markov coding scheme
of [21, Sec. V, Situation 5] is optimal.14 Assume that the
encoding is done in B blocks. Define 71 = [1 : |X15|] and
T = [l |XS ], index the elements of XS by t; € 71 and
those of X by t» € 75, and define the functlons g1: 71 X
S = X and gz Ty x § — X, so that gi(t1, -) denotes the
element of XS > indexed by #; and g>(#2, -) denotes the element
of XS indexed by . Fix a sufficiently small ¢ > 0 and a
joint PMF

plu,ti,12) = p(u) p(tr |u) p(e2|u). (110)

a) Codebook generation: For b in [1 : B], draw 2n(Ri+Ry)

length-n sequences u from the PMF []/_, p(u;). Index them

mo = (mg,mg”), mg” in [1: 2%, m® in [1: 2R,

For k in {1,2}, mq 1n {(1 1),...,(2an 2”R2)} and my

in [1 : 2"R] draw a length-n sequences t; from the PMF
[T7=, p(ix,ilui(mo)) and label it t(mo, my).

14Gince the encoders crib each other’s channel inputs and not the Shannon
Strategies, we cannot prove the direct part by simply evaluating the capacity
region of Theorem 2 for the SD-MAC into which the original channel is
transformed when the Shannon Strategies are viewed as channel inputs.
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b) Encoding: Split the messages m; of Encoder 1 and
my of Encoder 2 into B — 1 blocks » in [1 B — 1]
of equal length: m; =my1,...,my p—1 and my =ma1,...,
my g—1. In the first block, Encoder 1 chooses the
sequences t|; = tl((l, 1),m1,1), and Encoder 2 chooses
t21 = t((1,1),mz1). For b in [2 B], cribbing and
strictly-causal SI allow Encoder 1 to form the estimate
myp—1 of my p—1 and Encoder 2 to form the estimate 71 p—|
of mj,—1. The estimates are used to send resolution infor-
mation, which each encoder individually superimposes with
its next message block. Denote mop = (myp—1,M2,5—1)
and mop = (Mm1p—1,m2,p—1). Let b be an element of
[2 : B—1]. In Block b, Encoder 1 chooses the sequence t| , =
t1(mo,p, m1,p), and Encoder 2 chooses t , = t2 (10,5, m2,p).
In the last block B, only resolution information is sent,
ie., ti,p = t1(Mo,B, 1), ta,p = ta(po, B, 1). Let b be an
element of [1 : B] and i an element of [1 : n]. At Time
(b — )n + i, Encoder 1 forms the channel input x1 (5—1)n+i
by evaluating the function gi(-,-) for the index [t;,]; and
the realization sp_1),4; of the channel state S¢-—1),4; and
likewise Encoder 2 forms x2 (,—1)n; by evaluating g>(:, -) for
[t2,5)i and Sp—1yn+is 1. X1,0—1ynti = &1([t1,6]05 SB—1)n+i)s
X2, (b—yn+i = 82([t2,61is S—1ynti)-

¢) Handling cribbed information: To enable cooperation
after Block b in [1 : B — 1], Encoder 1 chooses i 5 such that

(w(ro,p), t2(ho,6, M2,p), Sf’;f,l)nﬁ ) xg,n(b—l)nJrl)
€ AU, T2, S, X2).

Likewise, Encoder 2 chooses n11 such that

(u(’ﬁo,b), t (7710,17, mi,p), 5€£_1)n+1 > xf,n(b_l)n_;_l)
€ AU, Ty, S, X1).

Note that the estimates o, and moyp are formed after
Block b — 1 and that the previous channel inputs x2 (b—Dnt1
and x1 b—lyn41 Ar€ cribbed. Naturally, o1 = o1 =
mo,1 = El, 1)

d) Decoding: The receiver retrieves the transmitted infor-
mation through backward decoding, i.e., it waits until the last

block B was transmitted and then looks for g g such that

(u(mo,B), t1 (o, 8, 1), t2(i20, 5, 1), y(Bgnfl)nJrl)
e AU, T\, T, Y).

Fix b in [2 : B — 1] and assume that the decoder has already
found

(1120,b+1, M1 b1 M2, b11).-
To decode Block b, the receiver first sets niyp = m(()ll)J e

map = méfl), i and then looks for mg; such that

mo, B, (Mo, B—1, M1,B—1, M2,B1), - - -,

(w(mo,p), t1(Mo,p, i1 p), t2 (o p, M2p), yé’;fil)ng)
€ AU, T, T2, 7).
With the knowledge of nig 5, the information in Block b — 1

can be decoded next. The procedure stops after Block 2 since
mo,1 = (1, 1).
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e) Analysis of the error probability: The error event is

B-1

€= J({Mp # My} U{Map # M)
b1

(111)

Define the critical events
51},m1 = {(“(MQb)’ t1(Mo,p, m1), S?l:lfl)nJrl’Xll;,n(bfl)nJrl)
e AW, T, S, Xl)},
= [ 0OM00). 00 ma). S X5 1)
e AW, Ty, S, Xg)},
Ef o = { (0m0), tr(mo, M1.p), t2mo, Moo, YG1),11)
e AW, Ty, Ts, Y)},

and note that
B—1

ggU(nglbU bMZbU U gbml
b=1 m1#EMyp
Sy 5bm2)UU(5bMo,,U U El?m(> (112)

ma#Ma,p mo#Mo,p

Because of the union bound, since on average over the
realization of the message pair (M, M3) the probability of
each critical event is independent of the transmission block,
and since the codebook generation is symmetrical in the index
sequences, the error probability averaged over the ensemble of
codes satisfies

P, < (B — 1)(P(£21f1) + P(£22f1) + z P& )
ml#l

+ D PELL)+P(EG)
mo#1

+ > P(sg,mo)),
mo#(1,1)

where (Mo, M12,M22) =
typicality Lemma

(113)

(1,1),1,1). By the weak-

P(£5), P(£39), P(EY0) = 0 (n — 00).  (114)
The properties of weakly-typical sequences also imply
1
Z P(€2,m1)
mi1#l
<2 T p(ts" ) () (115)
AP WU, T,8.X1)
< 2nR12n(H(U,T1,S,X1)+e)
X2—n(H(U,S,X1)—€)2—n(H(T1|U)—2E) (116)
< 2—n(I(T1;S,X1\U)—4€—R1) (117)
a) 2-n(H(X11S,U)—4e=R1) (118)
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2 P&

my#1
bf) 2_n(H(X2\S,U)—4€_R2), Z P(ggmo)
mo#(1,1) j
< pn(Ri+R) Z p(un,fﬁl»t;,l)p(yn)

AP W T.Y)
< (R1+R2)pn(H (U, T1,T2,Y)+€)

2—n(H(U,T1,T2)—€)p—n(H(Y)—e) (119)
< 2—n(I(U,T1,Tz;Y)—3E—(R1+R2)) (120)
9 o=n((T1,T5;¥) =3¢~ (Ri+R2)) (121)

where a) holds since (U, T;) and S are independent and
since X is deterministic given (77, S), b) is due to symmetry,
and c¢) holds since U, (T1, T»), and Y form a Markov chain
in that order.

Equations (113)-(121) imply that P, — 0(n — o0)
provided that B grows sufficiently slowly with n and that the
rate pair satisfies

Ry < H(X|S,U) —4e (122)
Ry < H(X3|S,U) — 4e (123)
Ri+ Ry < I(T1, T5;Y) — 3e. (124)
To conclude the proof, note that for k in {1, 2}
1
— logy [ My = BlRe — R (B — o0).  (125)
O

F. A Proof of Theorem 12

Proof: To establish the claim, we slightly adapt the
converse in Section A-E. Assume the encoders observe the
channel state S causally and the channel state S strictly-
causally. For X = (X1, X»2, S, S’), Lemma 1 implies that there
exists a random variable L, which is independent of X, and a

function g: X} x Ay x S x S x £ — Y such that

Y = g(X1, X2, 8,8, L). (126)
If we replace (102a) by
U; 2 (s, 51 Lifl,Xtijllj Xéjll) (127)

and S, 71 and s/70 by  (SL, S LD,
(s'=1, 51 171, and (s/7%, 5771, 1771, then the converse
in Section A-E still applies. (Note that S;, s;, and s; remain

unchanged.) O

G. A Proof of Theorem 14

Proof: Since the proof is essentially that of the direct
part in Section A-E, we only highlight the differences. Fix
a sufficiently small ¢ > 0, functions g;: 71 x & — A1,
g2: T xS — A, and a joint PMF

pu, 11, 12) = p(u) p(t1|u) p(t2|u) . (128)

1) Codebook Generation: Proceed as in Section A-E.
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2) Encoding: Let b be an element of [1 : B] and i an
element of [1 : n]. At Time (b — 1)n+i, Encoder 1 forms the
channel input x1,(5—1),+; by evaluating the function g;(-, -) for
the index [t; 5]; and the realization s (,—1),4; of the channel
state S1,(p—1)u+i> and likewise Encoder 2 forms x3 51y by
evaluating g (-, -) for the realization 52 (5—1)n+i of S2,(b—1)n+ti>
ie, Xt p-tmti = &i([tip)is SLp—1nti)s X2(—Dnti =
g ([t2,6is 52, (b—1ynti)-

3) Handling of Cribbed Information: To enable cooperation
after block b in [1 : B — 1], Encoder 1 chooses i, such
that

. . . b b b
(uGito,p), 2(1it0,p, i2,p), ST (b= yn+15 Sb—1ynt1> x2,n(b—1)n+1)
e AU, Ty, $1, S, X2). (129)

Likewise, Encoder 2 choose ni1,, such that

- 5 b b b
(WR0,6), t1 (70,62 111.5): 83 (b~ 1yn41> Sh—1yn+1> X1 (b= 1)
€ AU, T1, 82, 8, X1). (130)

4) Decoding: Proceed as in Section A-E.

5) Analysis of the Error Probability: Let Eg m, and 513 -
denote the events

511,ml = {(“(MO,b)’ ti(Mo,p, m1), Slzq,n(b—l)n+1’ qul:l—l)n+1’

X?j1(h71)n+l) € AE”)(U’ Tl) Sza Sa Xl)}a
Sz = {(u(MO”’)’ 2 (Mo.0, m2), 1 1ys 1> Sty
XS p-tyns1) € AU, T2, 81, S, Xz)}.

The properties of weakly-typical sequences imply

Z P& )

m|;é1
< 2nR|

2

ALWU,T, 2,8, X1)
< gnRion(H(U,T1,52,8,X1)+€)

(550" ) p(ey |u")

2~ N(H(U,52,5,X1)~€) 9 —n(H(T1|U)—2¢) (131)
< p—I(T1:8,8, X1|U)—4€—Ry) (132)
az) 2—n(I(T1;X1|S,SZ,U)—4€—R1), (133)

b) .

my#1

where a) holds since (U, T1) and (S, S») are independent, and
b) is due to symmetry. With (133) and (134) at hand, the claim
follows as in Section A-E. O

H. Analysis of Example 2

To see that any rate pair

{(R1,Ry) € (R{)*: Ri + Ry < 1} (135)

is achievable, let X ~ Ber(1/2) and X, = X & S>. Then,
Y = X. Since Encoder 2 learns the input symbols of Encoder 1
through cribbing, X can carry one bit of information about
M or M>.
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In contrast, Theorem 14 allows rate pairs (R1, R>) € (R{)?
satisfying

Ry < I(Ty; X118, U) = H(X1]5,U)  (136)
Ry < I(T»; X2|U) (137)
Ri+R < I(T1,T»;Y) (138)

for some random variables U, Ti, and T»; functions gi:
71 — X and gp: To x So — X»; and a joint PMF of the
form
pu,ti, 2, X1, X2, 52, )
= p(u) p(t1lu) p(t2|u) p(s2)
X]l{xlzgl(tl)}]1{X2:gz(12,52)}W()’|x19x2’52)~ (139)

The rate of Encoder 2 can only be one if I(T2; X»|U) = 1,
which in turn implies that X, is deterministic given 7>. But
in this case

R +R, < I(Th, T»;Y) (140)

= H(X,® $) — H(S:|1X1, X2, T1, o) (141)

=0, (142)

where the last equality holds since the tuple (X1, X2, T1, 1)
is independent of S, if X, = g»(7%). This proves that the

inner bound of Theorem 14 is strictly smaller than the capacity
region.

1. A Proof of Theorem 15
Proof: To prove the claim, we adapt the converse
of Section A-E to the new setting. In definition (102)
replace (102a) by
Ui & (s s st xh xi).
If we replace S; by (S;, S1.i, S2.;) for every i in [1 : n], then
the converse of Section A-E implies

(143)

n(R1 — &) < nH(X1|S, S1, $», U) (144)
9D W H(X,|S1,U), (145)
n(Ry — &) < nH(Xa|S, 1, $», U) (146)
D wH (X215, U), (147)
n(Ry + R2) < nl(Ti, T; ), (148)

where a) holds since X1, (S1, U), and (S, S») form a Markov
chain in that order, and b) follows similarly.

As we argue next, the joint PMF satisfies (24). Indeed,
(S1, 82, 8) and (U, Ty, T7) are independent, and (U, Ty, T»)
and Y are (by Lemma 25) conditionally independent given
(X1, X2, S1, S2, S). Since the encoding mappings are of the
form (19), there exist functions g;: 77 x & — A and
g2: T x & — A such that

X1 =g1(T1, 81), X2 =g2Tr, $).
The joint PMF of (U;, M|, M3) can be written as

(149)

i—1 -1 i1
p(ui,my,my) = p(m)p(ma)p(sy ', s5,,5")
i—1
L
<[[lpGrjlmixd . sis/7h
j=1

- N
x p(xa,jlma, x{ 831,87 ], (150)
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and is therefore of the form (62). Hence, Lemma 25 implies
that M| and M> and hence also the auxiliary random variables
Ty, and T ; are conditionally independent given U;. Because
Q is deterministic given U, we conclude that 77, U, and T»
form a Markov chain in that order. O

J. A Proof of Theorem 17

Proof: The proof has a converse and a direct part.
We establish the converse for the case where feedback is
available to both encoders and the direct part for the case
where feedback is only available to Encoder 1.

1) Converse: Let Q ~ Unif[1 : n] and denote

lI>

Ui & (s s xh xs Ly, (151a)
Tii 2 (MU, Toi 2 (Mo, S5, Us), (151b)
U2 (Ug, 0), i £(T1,0,0), T» £ (Tr,0,0), (15lc)
X1 £ X1,0, X225 X209, Y £ Y, (151d)
S; £ S0, 2% S0 (151e)

> >

As we argue next, the joint PMF satisfies (30). It is
clear that (S, S2,S) and (U, Ty, T») are independent, and
that (U, T1, T>) and Y are conditionally independent given
(X1, X2, S1, $2, S). Moreover, the encoding functions

Xii= fiiM, X5, 8], 87 v,
Xoi = fri(My, X1, 85,87 v'h

(152)
(153)

and definition (151) guarantee that there exist functions
g1: 71 x 8 — X and g2: Tp x S — A, such that

X2 = g2(T2, $1).
The joint PMF of (U;, My, M2, i) satisfies

X1 =g1(T1, 1), (154)

i—1
P(ui,ml,mbsé,l )
i—1 -1 i1
= pm)pm2)p(sy ;51,5
i—1
i1 j -1 -1
XH[p(-xl,jlml»-xi] ’S]jjlﬂsj 9yj )
j=1
. =1 j o j-1 j—1
x p(xo,jlma,xi .5 .87, y/70)
x W(yjlxi,j, x2,j, (51,7, 52,7, 5)))]-

Since the PMF is of the form (62), Lemma 25 implies that
M and (Mz, Sé_l) and therefore also the auxiliary random
variables T7 ; and 7> ; are conditionally independent given U;.
Because Q is deterministic given U, we conclude that 77, U,
and 7> form a Markov chain in that order.

The rate of Encoder 1 satisfies

(155)

n(Ry — €)
D (M Y X0, X5 Mo, S™, S, S8 ) (156)
D wI(T1; Y, X1, X2, S, S1, 21U, T) (157)
D wI(T1; Y, X11X2, S, S1, 2, U, T) (158)
D H(X1|X2, S, S1, S2, U, T») (159)
9 wH(X1|S1, U), (160)
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where a) follows from Fano’s inequality, b) is true because
of the chain-rule, the independence of M and M, and (151),
(¢) holds since (U, Ty, T») and (S, S, S»2) are independent and
since Xo = g2(7T7, $2), (d) is true because (U, T1, T») and
Y are conditionally independent given (Xi, X», S, S1,S2)
and because X| = g1(T1, S1), and (e) holds since X and
(X2, S, 82, T») are conditionally independent given (S, U).
The rate of Encoder 2 satisfies

n(Ry — €,)

D [ (My; Y", XT ), XA 1, My, 8", S} ) (161)
n

b

4 D I(My: Yi, X1, X2, Si, S1i\ Ui, T i) (162)
i=1

c) ! .

< D I(My, S5 Y X, Xa, i S1ilUi T )
i=1

D wI(T2; Y, X1, X2, S, 11U, T1) (163)

L wI(T2; Y, X21X1, S, S1, U, 1) (164)

Dy I(Ty; ¥, X21X1, S, S1, U), (165)

where a) follows from Fano’s inequality, b) is true because
of the chain-rule, the independence of M; and M,, and
(151a)—(151b), (¢) holds since conditioning cannot increase
entropy, (d) is due to (151), (e) is true because (U, Ty, T») and
(S, S1) are independent and since X| = g1(71, S1), and (f)
holds since 77 and (Y, X3, T») are conditionally independent
given (X1, S, S1, U). The sum-rate satisfies

n(R1+ Ry —€;) <nl(T1,T2;Y), (166)

where we used (82), the fact that conditioning cannot increase
entropy, and (151).

2) Direct Part: Since the proof is essentially that of the
direct part in Section A-E, we only highlight the differences.
Fix a sufficiently small € > 0, functions g1: 7] x S| — X7,
g2: T xS — A, and a joint PMF

pu,t, ) = p(u) p(tilu) p(t2|u) . (167)

a) Codebook generation: Proceed as in Section A-E.
Encoding: Let b be an element of [1 B] and i an
element of [1 n]. At Time (b — 1)n + i, Encoder 1
forms the channel input xi (,—1),4; by evaluating the
function gi(-,-) for the index [t;;]; and the realization
51,(b—1)n+i of the channel state Sy (p—1)s4i, and likewise
Encoder 2 forms x,(5—1)s+; by evaluating the function g>(-, -)
for [t5]; and the realization s (p—1)nti Of S2,(b—1)n+is
ie, Xt p-tmti = &I([tplis SL—1nti)s X2(—Dnti =
g2 ([t2,p1is 82, (b—1yn+i)-
b) Handling cribbed information: To enable cooperation
after block b in [1 : B — 1], Encoder 1 chooses 2 5 such that

~ ~ ~ bn bn bn
(u(mO,b), t2(’710,17, m2.p), Sb—n+1>51,(b—Dn+1> Y(b—n+1>
bn bn (n)
xl,(b—l)}’l-Fl’ -xz,(b_l)n_Fl) € A€ (U5 T29 S» Sl; Y» Xl’ X2)
By assumption, Encoder 2 can compute slf”(b_l)nH. It thus
chooses ni1,;, such that
~ - - b b
(u(mO,b), t (Mo, M1,p), S]jn(bfl)nJrl > x]jn(bfl)nJrl)

e AW, T, 81, X)). (168)
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c) Decoding: Proceed as in Section A-E.
d) Analysis of the error probability: Let El} m
denote the events

and &2

b,my

| b b
Epmy = {(“(MO,h)» t1(Mo,b, m1), S 1yns 1> X1 (0—1ynt1)

EAE")(U,Tl,Sl,Xl)},

513,m2 = {(U(Mo,b), t2(M0,b, mZ)a S?I?fl)n+l ) S{)jn(bfl)nJr] )

(169)

b b b
Y(bnfl)nJrl’ Xl?(bfl)nJrl’ X2,n(b71)n+l)

€ AP, T3, 8,51, Y, X1, X2). (170)
The properties of weakly-typical sequences imply
2 PEw)
my#1
< 2R p@ st L )pGl ) (171)
AP(U.T1,S1,X1)
< 2nR12n(H(U,T1,S|,X1)+E)
x 2~ M(HU,S1,X1)—€)y—n(H(T1|U)—2¢) (172)
< 9 (T1;X1,511U)—4e—Ry) (173)
(%) o n(HX\[S1,U)—4e—Ry) (174)

where a) holds since S; is independent of (U, T;) and
since X is deterministic given (77, S1). Similarly, we find
that

Z P& )
mo#1

R
<2 > [P 5™ s, Y XX D 1)

A (U, T2,5,51,Y,X1,X2)
< pnR2yn(H(U,T2,S,51,Y,X1,X2)+€)

x 27n(H(U,S,S|,Y,X1,Xz)fe)zfn(H(Tle)fZE) (175)
<27n(I(T2;Y,X],Xz,S,S|\U)74€7R2) (176)
a:)2—n(I(Tz;Y,Xg\Xl,S,Sl,U)—4e—R2), (177)

where a) holds since 7> and (X, S,S;) are conditionally
independent given U. With (174) and (177) at hand, we
conclude as in Section A-E. O

K. A Proof of Theorem 18

Proof: The proof has a converse and a direct part.
1) Converse: The converse is similar as the one in
Section A-D. Let Q ~ Unif[1 : n] and denote

Ui & (xiL Y, (178a)
T 2 (My, S, Uy), (178b)
U= (Ug,Q), T = (Tg, Q). (178¢)
X1 £ X1,0, X22 X209, YE Yo, S£Sgp.  (178d)

The constraint on the rate of Encoder 1 is due to (95)
(note that b) and e) also hold if causal SI is available and
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2 = f2 | (M3, X’1 11 s S’)) The rate of Encoder 2 satisfies
n(Ry — €)

) < . .
<> 1My vilX XL Y M) (179)

i=1

<ZI(M2,Sl LYiX XL YT My (180)
i=1

) — . . .

=S 1(Ma, ST VX XL Y (181)
=1

Dyr(r; vix,,0), (182)

where a) follows from (98), b) holds since conditioning
cannot increase entropy, c) is true because M, (X 1i» M2,
Xt vi=1,s'=1), and ¥; form a Markov chain in that order
and since conditioning cannot increase entropy, and d) is due
to (178).

The sum-rate satisfies

n(Ri + Ry — €,)

) _
< nl(X1, My Mo, $97, X2 Y2 0iy) (183)

b)

= nl (X1, M2, S X2, v 0 y) (184)

D ni(X1,T; Y), (185)
where a) follows from (82) and the fact that condition-
ing cannot increase entropy, b) holds since Y, (Xl,Mz,
§o-1 XQ ! YQ 1), and M; form a Markov chain in that
order, and c) is due to (178).

As we argue next, the joint PMF is of the form (34).
It is clear that S and (U, X1, T) are independent and that
U and Y are conditionally independent given (X1, T, S).
Moreover, the encoding function (31a) and the independence
of My, M>, and S'~! imply that 7; and X ; are conditionally
independent given U;. Since Q is deterministic given U, it
follows that X;, U, and T form a Markov chain in that
order. Because of (178) and (31b) there exists a function
g: 7T xS — X, such that

X, =g(T,S). (186)

2) Direct Part: To prove that the rate region is also
achievable, we use Shannon Strategies [14] to transform the
given channel with causal SI to the cribbing encoder into a
(stateless) MAC with a cribbing encoder. For the latter channel
we can invoke Theorem 7.

Define 7 = [l : |X‘9 ] index the elements of XZS by
t € T, and let g(z,-) denote the Shannon Strategy indexed
by ¢. If Encoder 2 computes its Time-i input as X;; =
¢(T;, S;), where T; = fzji(Mz,Xlljll), then we can view
the SD-MAC W(y|x1, x2,s) with causal SI to the cribbing
Encoder 2 as a (stateless) MAC with a cribbing Encoder 2,
input alphabets X] and 7, output alphabet ), and transition
law

W(ylxi, 1) = D ps(s) W(ylxi, g(t,5), ).
seS

(187)
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For such a network Theorem 7 implies that a rate pair (R1, R2)
is achievable if

Ri < H(X,1|U) (188)
Ry < I(T; Y|X1,U) (189)
Ri+ Ry < I(X,T;Y) (190)
hold for some joint PMF of the form
Pl x1,t,y) = p) perlu) pltlu) W(ylxr, 1) (191)

To conclude the proof, note that the relations X, = g(7, S)
and (187) imply (34). O

APPENDIX B
PROOFS RELATED TO CONFERENCING

A. A Proof of Theorem 19

Proof: The proof has a converse and a direct part.

1) Converse: The claim can be established with
similar arguments as in Sections A-A and A-B
(see [2, Proof of Th. 4.1] that applies to the case where
only Encoder 2 cribs). Here, we give a proof based on the
proof of Theorem 22. To this end, we view the cribbed input
symbols and the SI as a Parallel Channel Extension and let
Z;i = (X1,i, X2,i, Si). Then (272), (279), and (293) imply

R < I(Xl;Y,Xl,Xz,S|X2,U)+C1,2 (192)

= H(X|X2,U) + Cy 2, (193)

Ry < I(X2; Y, X1, X2, 81X1,U) +Co1 (194)

= H(X21X1,U) + Cy 1, (195)
Ry + Ry < I(X1, X2; Y). (196)

Moreover, the Dependence-Balance constraint (300) reads

0

IA

I(X1; X2lY, X1, X2, 8,U) — I(X1; X2|U) (197)
—1(X1; X2|U). (198)

It is satisfied iff X, U, and X, form a Markov-chain in that
order. But in this case (193) and (195) simplify to

Ry
R

(199)
(200)

H(X1|U) + C1,2,
H(X2|U) + Cy,1.

=
S
To conclude the proof, note that U, (X1, X2), and Y form a
Markov chain in that order.

2) Direct Part: To see that the rate region is also achievable,
assume that the encoders conference prior to transmission.
If Encoder 1 sends the last nCy 7 bits of its message M during
the conference and likewise Encoder 2 the last nC, 1 bits of
M, then all rate pairs in the capacity region of the MAC with
cribbing encoders that observe private messages of rates

(201a)
(201b)

R = max{R; — Ci,2,0},
Ry = max{R, — C2,1, 0}

and a common message of rate Ry = min{Ry, Ci2} +
min{R>, C>,1} are achievable. Suppose the capacity region of



7648

the MAC with a common message and cribbing encoders
contains the set of rate triples (Rg, R1, R2) satisfying

Ry < H(X1|U) (202a)
Ry < H(X2|U) (202b)
Ro+ R+ Ry < I(X1,X2;Y) (202¢)

for some joint PMF of the form

pu,x1,x2,y) = p(u) p(xilu) p(xzlu) p(ylx1, x2). (203)

Then, (201) implies that the set of rate pairs (Rp, R2)
satisfying

Ry < H(X1|U) + Ci2 (204)
Ry < H(X»2|U) + C2y (205)
Ri+ Ry < I(X1,X2;Y) (206)
for some joint PMF of the form
pu,x1,x2,y) = pu) p(xilu) p(x2lu) p(ylxi, x2)  (207)

is achievable. To conclude the proof, we show that the
capacity region of the MAC with a common message and
cribbing encoders contains any rate triple that satisfies (202)
for some joint PMF of the form (203). To this end, we use
a random coding argument that combines the ideas of [15]
and [21]: As in [21, Sec. V, Situation 2], the encoding is done
in B blocks during each of which both encoders superimpose
private message blocks over a common part. In contrast to
the scheme of [21], the common part not only comprises
resolution information on the previous transmission block but
also information on the common message (see [15]).
Fix a sufficiently small ¢ > 0 and a joint PMF

pu, x1,x2) = p(u) p(x1lu) p(x2lu). (208)

a) Codebook generation: For b in [1 B], draw
21(Ro+R1+R2) Jength-n sequences u from the PMF ['_; p(u;).
Index them m_; = (m(of,m(lz, (2)) m(o) in [1: 2™Ro], mQ{
in [1: 2R, m@ in (1 : 2"R]. For k in (1,2}, m_; in
{(1,1,1),..., 2R 20k 2nR)L “and my in [1: 27R6] draw
a length-n codeword x; from the PMF []7_; p (xxilui(m—1))
and label it xx(m—_1, mg).

b) Encoding: Split the common message mg, the pri-
vate message mj] of Encoder 1, and the private message
my of Encoder 2 into B — 1 blocks of equal length:
moy = mop2,...,myp, M = mii,...,my p—1, and mp, =
ma.1,...,m2 p—1. In the first block, Encoder 1 chooses the
codeword X1,1 = xl((l, 1, l),ml,l), and Encoder 2 chooses
X2 = xz((l, 1, 1),m2,1). For b in [2 : B], cribbing
allows Encoder 1 to form the estimate 2 p—1 of mop—1
and Encoder 2 to form the estimate 1,1 of mi,—1. The
estimates are used to send resolution information, which each
encoder individually superimposes with its next private mes-
sage block. Denote m_1 , = (mo,p, m1,p—1, M2,p—1), Hi—1,p =
(mo,p, myp—1,m2p—1), and m_1p = (mop, M1p—1,M2p—1).
Let » be an element of [2 B — 1]. In Block b,
Encoder 1 chooses the codeword X1, = X1 (/_1,p, m1,p), and
Encoder 2 chooses X2, = X2(m—1,5, m2,p). In the last block
B, only resolution and common information are sent, i.e.,

X1, =X1(Mm_1,B, 1), X2, = X2(_1,B, 1).
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c) Handling cribbed information: To enable cooperation
after block b in [1 : B — 1], Encoder 1 chooses 12 5 such that

- - - b
(u(m—l,b), X2(m—1,b, m2,b), xzjn(bq)nﬂ)

€ AU, X2, X2). (209)
Likewise, Encoder 2 chooses 11 such that
(u(”;’lfl,b), X1 (m—1,p, M1p), x?’n(bfl),H,l)
e AW, X1, X)). (210)

Note that the estimates m_;; and m_;p are formed after

Block b — 1 and that the previous channel inputs x2 (b—Dnt1
and xl -1yt are cribbed. Naturally, m_j,1 = m_11 =
m_i1=(1,1,

d) Decoding: The receiver retrieves the transmitted infor-
mation through backward decoding, i.e., it waits until the last

block B was transmitted and then looks for #2_; p such that

(u(—1,8), x1(m—1,8, 1), X2(M_1,B, 1),y5;”_1)n+1)
e AV, X1, X5, Y). 211)

Fix b in [2 : B — 1] and assume the decoder has already found

m_1,g, (M_1,B—1,M1,B—1,M2B—1), - .-,
(M—1,b41, M1 11, W12 py1).

To decode Block b, the receiver first sets miy,, = rh(j% bl

myp = nﬁ(_zi,bﬂ and then looks for m_j 5 such that

(w(m_1,p), X1 (7 —1,p, M1p), X2 (1, M2 ), yﬁ,",l)nﬂ)
e AD(U, X1, X2, 7). (212)

With the knowledge of mi_1p, the information in
Block b — 1 can be decoded next. The procedure stops
after Block 2 since m_1,1 = (1,1,1). For b in [2 : B] the
receiver sets mo,p = m O{ b

e) Analysis of the error probability: The error event is

B
€= JIMoy # Mo}

b=2
B—-1

U (1M1 # Mipy UMy # May)).  (213)
b=1

Define the critical events

81;m1 = {(u(Mfl,b)a x1(M_1p,my), Xll’j/l(hfl)n+])

e AP, X1, X0}, (214)

513,;112 = {(u(M—l,b), x2(M_yp, m2), X1277(b,1)n+1)

e AP, X2, X2)}, (215)

51,,1,1 = {(U(mfl),m(mfl,Ml,h),Xz(mfl,Mz,b),

YO i) € ADW. X1, X2, 1)) (216)
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and note that

B—-1

ggU(nglbU bMZbU U gbml

b=1 m1#EMip

"y Ebmz)UU(Eb‘}WC”U U &t )

ma#EMy.p m_1#M_yp

Because of the union bound, since on average over the
realization of the message triple (Mo, M, M3) the probability
of each critical event is independent of the transmission block,
and since the codebook generation is symmetrical in the index
sequences, the error probability averaged over the ensemble of
codes satisfies

P, < (B - 1)(P(821f1) + P(Ezzfl) + Z P(&,)
mi1#l

+ Z P(E ) + P( 2(111))
mp#1

o2

m_1#(1,1,1)

P&y 1)) (217)

where (M_12, M12, M>2) = ((1, 1,1),1, l). By the weak-
typicality Lemma

P(&9), P(E39), P(Ex(f11) = 0 (n —> 00).  (218)
The properties of weakly-typical sequences also imply
> PEL)
m|;é1
<oh Z P(“n»x?,l) P(i?,ﬂ“n)
x5 )eAN (U, X1, X 1)
< 2nR12n(H(U,X|,X|)+E)
w2~ (HU,X1)=€)y—n(H(X|U)—2¢) (219)
< 2—n(H(X1|U)—4E—R1), (220)
Z P(522,m2) 2 2 n(H(Xa|U)—4e—Ry) (221)
my#1
—1
Z P(£2Jﬂ0)
m_1#(1,1,1)

< (Ro+Ri1+R2)

>

(w2 37 ) € ALV, X1, X0, Y)
< zn(RoJrRl+R2)2n(H(U,X1,X2,Y)+E)

p(u",x7 1, x5 ,) p(y")

x 2~ MH U, X1,X2)—€)n—n(H(Y)—€) (222)
< 2—n(1(U,X1,Xz;Y)—3€—(R0+R1+R2)) (223)
D p=n (X1, X2:¥) =3¢~ (Ro+Ri+R2)) (224)

where a) is due to symmetry, and b) is true because U,
(X1,X3), and Y form a Markov chain in that order.
Equations (217)—-(224) imply that P, — 0 (n — o0) provided
that B grows sufficiently slowly with n and that the rate triple
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satisfies

Ry < H(X1|U) — (225)
Ry < H(X3|U) — (226)
Ro+ R+ Ry < I(X1,X2;Y) — 3e. (227)

To conclude the proof, note that for k in {0, 1, 2}

1 B -1
n

O

B. A Proof of Theorem 20

Proof: The proof has a converse and a direct part.

1) Converse: The claim can be established with
similar arguments as in Section A-D (see the proof
of [2, Th. 4.1]). For the case where no SI is available to
Encoder 2, we give a proof based on the proof of Theorem 22.
To this end, we view the cribbed input symbols as a Parallel
Channel Extension and let Z; = X ;. Then (272), (279),
and (293) imply

Ry < I(X1; Y, X1|1X2,U) + C12 (229)

= H(X1|X2,U) + Cy2, (230)

Ry < I(X2; Y, X11X1,U) + Co 3 (231)

= I1(X2:Y[X,U) + Ca1, (232)

Ry + Ry < I(X1, X2; 7). (233)

Moreover, the Dependence-Balance constraint (300) reads

0

IA

I(X1; X21Y, X1, U) — I(X1; X2|U)
—I1(X1; X2|U).

(234)

It is satisfied iff X, U, and X, form a Markov chain in that
order. But in this case (230) simplifies to

Ry < H(Xy|U)+ Ci 2. (235)
To conclude the proof, note that U, (X1, X2), and Y form a
Markov chain in that order.

If strictly-causal SI is available to Encoder 2, then the
converse no longer is a direct consequence of the arguments in
Section B-C. If we let Z; = X ;, replace Z; by Z,- £ (Z;, Si)
in the derivation of (272), and define V; = Zi~! as well
as V = Vg, then (272), (279), and (293) imply

Ry < I(X1;Y,X1,81X2, U, V)+Ci1p  (236)

< H(X1|X2,U) + C12, (237)

Ry < I(X2; Y, X11X1,U) + Ca 3 (238)

= 1(X2; Y|X1,U) + Ca 1, (239)

Ri+ Ry < I(X1,X2;Y). (240)

As we argue next, the joint PMF satisfies (51). Indeed, U,
(X1, X3), and Y form a Markov chain in that order. It thus
remains to verify that X; and X» are conditionally independent
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given U. Observe that

i—1
a L
=D pHpm)pma) [[[p(erjlmi, g3,y ™H

i1 i=1
2,1 J

i—1 i—1 i1 i1 . i1
xp(ga.jlma, x{ gl s’ 7Ly T p e jimi, g5,y
-1 j -1 j-1
xp(xa,jlma, x{ gl 187 Ly T p(jlx g xa,4.5))]

xpgrilmi, gy Y D p(gailma, x{ 7 gl s Ly
i—1
- i—1  i_
= pG" Hpm)pma) [[[p(erjlmi. g3 1.y ™H
j=1

j—=1 _j-1 _j—-1 _j-1 J j—1
Xp(g2,j|m29x15198151,5j , ¥’ )P(xl,j|m1,g251,yj )

s
x> plajlima,x{ gl 1 s7 Ly T p ()l g x0,.5))]

Xz’j
i—1 i—1 i—1 _i—1 _i—1 _i—1
x p(g1ilmi, g5 1,y ") p(gailma, xi 1, 81 158 Ly ).

Since the joint PMF is of the form (62), Lemma 25
implies that M and (M3, ') are conditionally independent
given U;. The encoding functions (48c) and (48d) and the
definition (266a) of the auxiliary random variable U; imply
that Xy; is computable from (M1, U;) and similarly X ;
from (M;, U;, Sifl). Hence, X1 ; and X, ; are conditionally
independent given U;. Since the auxiliary random variable U
comprises O, we conclude that X, U, and X, form a Markov
chain in that order.

2) Direct Part: Achievability is established similarly as in
Section B-A. Observe that all rate pairs in the capacity region
of the MAC with a cribbing Encoder 2 and where the senders
observe private messages of rates

Ry = max{R; — C1,0},

Ry = max{Ry — C3,1, 0}

(241a)
(241b)

and a common message of rate Ry = min{R,Ci2} +
min{R;, C> 1} are achievable. Hence, it is enough to show that
the capacity region of the MAC with a common message and a
cribbing Encoder 2 contains the set of rate triples (R, Ri, Iéz)
satisfying

Ri < H(X1|U) (242a)
Ry < I(X2;Y|X1,U) (242b)
Ro+ Ri+ Ry < I(X1,X2;Y) (242¢)
for some joint PMF of the form
p(u, x1,x2,y) = p(u) p(xi|u) p(xalu) p(ylx1, x2). (243)

To this end, we employ a random coding argument. The
encoding is done in B blocks during each of which both
encoders superimpose private message blocks over a common
part, which comprises resolution information for the previous
transmission block and information about the common
message.

Fix a sufficiently small ¢ > 0 and a joint PMF

p(u, x1,x2) = p(u) p(xi|u) p(xzlu). (244)
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a) Codebook generation: For b in [1 : B], draw 2n(Ro+R1)
length-n sequences u from the PMF []/_, p(u;). Index them
m_| = (m(i)%,mg%), m(f)z in [1 : 2"Roy, mg% in [1 : 2"R17,
For k in {1,2}, m_; in {(1,1),...,(2"%,2"R)}, and
my € [1:2"R] draw a length-n codeword x; from the PMF
[T, p(xk,,-|u,-(m_1)) and label it x;(m_1, my).

b) Encoding: Split the common message my, the private
message m1 of Encoder 1, and the private message my of
Encoder 2 into B — 1 blocks b in [1 : B — 1] of equal
length: mg = mop2,...,mo,p, M1 = mi1,...,M B—1,
and my = myp,...,mp p. In the first block, Encoder 1
chooses the codeword x| = Xj ((1, 1), ml,l), and Encoder 2
chooses x31 = x2((1,1),1). For b in [2 : B], cribbing
allows Encoder 2 to form the estimate ni1,—1 of m1p—1.
The estimate is used to send resolution information, which
each encoder individually superimposes with its next private
message block. Denote m_j 5 = (mo,p, m1,p—1) and m_y p =
(mo,p, m1,p—1). Let b be an element of [2 : B—1]. In Block b,
Encoder 1 chooses the codeword X1, = Xi(m—_1.4,m1,p),
and Encoder 2 chooses X3, = X2(—1,,m2). In the last
block B, Encoder 1 does not transmit any private information,
ie., X|,p =x1(m_1,p,1), X2, p = X201, 5, m2 B).

¢) Handling cribbed information: To enable cooperation
after block b in [1 : B — 1], Encoder 2 chooses 11, such that

(W0 —1,6), X1 G115, 701,6), X1y 1)1) €A (U, X1, X1),

Note that the estimate m_j is formed after Block b — 1
and that the previous channel inputs x{’j”(bfl) 141 are cribbed.
Naturally, m_1,1 =m_1,1 = (1, 1).

d) Decoding: The receiver retrieves the transmitted infor-
mation through backward decoding, i.e., it waits until the last
block B was transmitted and then looks for m_; g, m2 p such
that

(u(m—1,B), x1(m—1,8, 1), X2 (11,8, M2,B), y(Bgnfl),,H)
€ AU, X1, X2,Y). (245)

Fix b in [2 : B — 1] and assume the decoder has already found

(m_1,p,ma,g), (M_1,B—1,M1 B—1,M2.B1), ...,
(M —1,b+1, M1 41, M2 b4 1) (246)
To decode Block b, the receiver first sets ni] p = rh(j% py1 and

then looks for m_1 p, My such that

(w(m—1p), X1 (i1, 121 p), X2 (11 1, 12 ), Yé’;f_l)nﬂ)
e AW, X1, X5, Y). (247)

With the knowledge of n1_1 3, the information in Block b — 1
can be decoded next. The procedure stops after Block 2 since
m_y,1 = (1,1), my; = 1. For b in [2 : B] the receiver sets
mop = m" %,b-

e) Analysis of the error probability: The error event is

B
&= U (IMo,p # Moy} U (Mo # Map))
b=2
B

-1

U J{M1p # My} (248)
b=1
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Define the critical events
Epmy = {(U(M—l,b),X1(M—1,b,M1),lef’(b_l)n+1)
e AW, X1, X}, (249)

Epmy = {(“(Mfl,b),xl(Mfl,baMl),XZ(Mfl,bamZ)a

YO 1) € AP U, X1, Xa, Y)}, (250)
5;;,1,,71,,,,2 = {(ll(mfl),m(mfl,Ml,b),Xz(mflamz),
YO 1) € AP U, X1, Xa, Y)}, 251)
and note that
B—1 B
1 1 -1
€ c U (gb,CMl,b U U gb:ml) U U (gb,/\;—l,h,Mz,h
b=1 my#EMy b=2
—1 2
U U S U Sb,mz).
m_1#M_y p,my my#My
(252)

Because of the union bound, since on average over the
realization of the message triple (Mg, M, M>) the probability
of each critical event is independent of the transmission block,
and since the codebook generation is symmetrical in the index
sequences, the error probability averaged over the ensemble of
codes satisfies

—1 —1
P, < (B-— 1)(P(€2’(f’1)’1) + Z P& im)
m_1#(1,1),my

+ D PE )+ PED+ D P(E%,ml)),
ma#1 m1#1
(253)

where (M_12, M2, M22) = ((1, 1,1, 1). By the weak-
typicality Lemma

P(£9), P(55,(1ﬁ1),1) — 0 (n — 00). (254)
The properties of weakly-typical sequences also imply
)
Z P(gzl’ml) ai 2—n(H(X1\U)—4€—R1), (255)
m1#l
> PE,,)
my#1
>
(u”,x’llyl,xé’yl,y")e.AE’l)(U,Xl,Xg,Y)
Xp(unﬂ x?gl» yn) p(xgjl |un)
< 2nR22n(H(U,X|,X2,Y)+E)
Xzfn(H(U,X|,Y)fe)zfn(H(Xz\U)fze) (256)
< 2—n(I(X2:X1,Y|U)—4e—R2) (257)

D =n( (XY 1X1,U)—4e=Rs) (258)
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>

m—17#(1,1),my
< 2n(R0+R1+Rz)

P(Ezjjno)

Z P(“n’xipxé’,l) P(yn)

(g 37 ) € ALV, X1 Xa,Y)

< 2 (Ro+R1+R2) pn(H(U, X1,X2,Y)+€)

x 2~ (H(U.X1,X2)—€)p—n(H(¥)—e€) (259)
< 9~ (I (U,X1,X2:Y)=3e—(Ro+R1+R2)) (260)
[9) 21U (X1, X23¥) =3~ (Ro+Ri+R2)) (261)

where a) is (220), b) holds since X; and X, are condi-
tionally independent given U, and c¢) is true because U,
(X1,X3), and Y form a Markov chain in that order.
Equations (253)—(261) imply that P, — 0 (n — 00) provided
that B grows sufficiently slowly with »n and that the rate triple
satisfies

Ry < H(X1|U) —4e (262)
Ry < I(X;Y|X1,U) — 4e (263)
Ro+ R+ Ry < I(X1,X2;Y) — 3e. (264)
To conclude the proof, note that for k£ in {0, 1, 2}
1 —
—y log, M| = Ry — Ry (B — o). (265)
O

C. A Proof of Theorem 22

Proof: For i in [1 : n], let Z; denote the Time-i output
of the parallel channel. We assume that it only depends on
(Xl,i,xz,i,Yi,zifl,Gil’l,G;’l). Let Q ~ Unif[l : n] and
denote

U & (Y zZ G GhY). (266a)
U2 (Ug, Q) X1 = X190, Xo2 X2, (266b)
Y £ Yy, Z2Zp. (266¢)
The rate of Encoder 1 satisfies
n(Ry — €,)
L1y Y, 2, Gl Gy M) (267)
1My Y", 2", G}y, Gy | |Ma) (268)

n
QZ[I(MI’ Gl’i’ GzaiIYi71 5 Ziil 5 Glljl1 s Glell 5 MZ)
i=1
+I(My; Y, Zil X2, Y, 207 G, GYy L M)

d) . . . .
<D I(My: Yy, ZilXo, Y, 20 GY L GY L M)
i=1

+nCi2 (269)

n

e) . . . .

<D I(X1, MY, Zil X0, YL 2L GG M)
i=1

+nCi2 (270)

P . . . )
<D (X1 Y, ZilXo, YT, 200, G, Gh )

i=1
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+nCip
D wI(X1: Y, ZIX2, U) +nCi 2,

(271)
(272)

where a) follows from Fano’s inequality, b) holds since
M; and M» are independent, c) is true because of the chain-
rule and since X5, is deterministic given (M, Gli,l’ Yi_l),
d) is a consequence of (276) below, e) is true because con-
ditioning cannot increase entropy, f) holds since (M, M>),
(X1, X2,0, Y"*I,Z"*I,G"Ll,Gé,l), and (Y;, Z;) form a
Markov chain in that order and since conditioning can-
not increase entropy (recall that Z; solely depends on
(Xl,,-, X, yi, zi-1, Gil,l’ Gé,l)), and g) is due to (266).
The following computation proves inequality d)

n
D 1My G, GoglY' ™, 27 G G M)
i=1

n

a) . . . .

< > H(Gi;, GolY™, 27!, G GYL M)
i=1

n
= Z H(Gl,,‘|Yi_1, Zi_l, Gil,_ll, Gé,l, M>)

(273)
i=1

c) "

< > H(G1,) (274)
i=1

d) <

< > log,|Gu il (275)
i=1

e_<) nCi 2, (276)

where a) is due to the non-negativity of entropy, b) follows
from the chain-rule and the fact that G»,; is deterministic given
(M3, G’l,_ll, Y=1), ¢) is true because conditioning cannot
increase entropy, d) holds since entropy is maximized by the
uniform distribution, and e) is due to (37).

The rate of Encoder 1 also satisfies

n(R1 — €,)

n

4 _ v, Cyiel i i

< D I(X1i Mi: Yi| X2, Y7L Gy, GY 1 Mo)+nC
i=1

b) <
< D I(X1i: YilX2,) +nCiz
i=1

277)

c

2 nl(Xy; Y1X2) +nCyp, (278)

where a) is (270) evaluated for a deterministic Z;, b) holds
since conditioning cannot increase entropy and since Y;,
(X1,i, X2,i), and (Ml, My, Yi—1, G’i,l, ’21) form a Markov
chain in that order, and c) is due to (266).

By symmetry, the rate of Encoder 2 satisfies the constraints,

n(Ry —€,) < nl(X2;Y,Z|X1,U) +nCy 1,
n(Ry —€,) < nl(X2; Y|X1) +nCy .

(279)
(280)
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The sum-rate satisfies
n(Ri + Ry — €,)

< I(M\,My; Y", 2", G 1, G} ) (281)

n
2 > [1(My, Ma: G, Gog Y1, 2171 G Gy

i=1

HI(My, Mo Y, ZiY', 20, G GY )] (282)
C_<) iI(MI, My Y, Zi|Y' T, 72 Gi1,1a G§,1)

:;(Cl,z +C2.1) (283)
2 il(xl,i,xz,i: Y, Zi|\y' =tz Gil,p G§,1)

:;(Cl,z +C21) (284)
2 nI(Xy, X2: Y, ZIU) +n (Cra + Ca.1) » (285)

where a) follows from Fano’s inequality, ) is due to the
chain-rule, ¢) is a consequence of (288) below, d) is true
because conditioning cannot increase entropy and because
(M, M), (X1, X2, Y"1, 271, G |, GYy ), and (Y5, Z))
form a Markov chain in that order ’(recal’l that Z; solely
depends on (X1, X2,;, Y=, 21—, G’i,l, Gé,1))7 and e) is due
to (266).
The following computation proves inequality c)

n
> 1My, My Gy, GoalY' !, 20 G Y
i=1

a) "
< D H(G1:. Ga)

(286)
i=1
b) <
< > log, (1G1.il1G2.i) (287)
i=1
)
< n(Cip+Cai), (288)

where a) is due to the non-negativity of entropy and the
fact that conditioning cannot increase entropy, b) holds since
entropy is maximized by the uniform distribution, and c) is
due to (37).

The sum-rate also satisfies

n(R1 + Ry —€,)

) n
<> 1My, M YT

(289)
i=1
b " ;
23 1My, My ViV (290)
i=1
D 1My, My; YY2), Q) (291)
d
Ll (X1, X0, My, M2, YO, 0:7) (292)
2 ni(Xy, X2: Y), (293)

where a) follows from Fano’s inequality, ) is obtained when
applying the chain-rule, c¢) is due to (266) and the uniform
distribution of Q, d) holds since conditioning cannot increase
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entropy, and e) is true because (M, M»,Y2~!, Q) and Y are
conditionally independent given (X1, X2).

The Dependence-Balance constraint is due to
a)
< I(My; Ma|Y", Z7, GY , Gy ) — 1L(M1; M>)
’5,1 |M>)

2.1)

n

L3 [1M1: G, GoilY' ™, 27 G GE L M)
i=1

o
A

=I(M1;Ynazn, liljl,

—I(Ml,Yn’Zn’ rll’]a (294)

+I(My; Yy, ZilY' T 2 Gil,p Gé,l» M)
—I(My; Gy, Goyg Yt 21, Gl1,_11> Glz,_ll

—IM Y ZY L 2 6L Gh ] 299)
d) & i .
= > [1My Y, iYL 27 G G M)
i=1

—IM YL ZIYL 776G )] 296)

=

2 [I(Xl,i,MUYi,Zi|X2,i,Yiil,Ziil,Glijl,Géjl,MZ)
i=1
—I(X10, My Y, Z Y71, 271, G LG ) (297)
N < o ,
SO I X Y, Zil X, YL, Z 1,G11,1, 2.1)

i—1

—I(Xi: Y,z YL 27 G Gh D) (299)
n
D S 1K1 Xoil¥i, 26, Y, 207, Gy, G )
i=1
—I(X1i: X241, 271, G, Gh )] (299)
2 n[1(X1: XalY, Z,U) — I(X1: X2 V)], (300)

where a) holds since mutual information is non-negative
and since M; and M; are independent, b) is obtained
when we regroup the entropy terms, c) is a consequence
of the chain-rule, d) follows from (302) below, e) is
true because X;, is deterministic given (Ml,Géjl,Y"_l)
and likewise X, given (MQ,G"U,Y"*l), f) holds since
(M1, M) and (Y;, Z;) are conditionally independent given
(Xl,i,Xz,i,Y"*I,Z"*I,G’ijl,Géjl) and since conditioning
cannot increase entropy, g) is obtained when we regroup the
entropy terms, and k) is due to (266).
The following computation proves inequality d)

I(My: G, GoglY!, 27 6 6y
—I(My; G1, GoalY™!, 271 G G M)
D 1(My; GoaY ™),z GG
+H(G1,i|Yl_1, Zl_l, Gllj_ll, Glz,l)
—H(GilY'™, 27, G Gh M) (301)

b)

= 0, (302)

where @) holds because of the chain-rule and since Gy, is
deterministic given (M 1 G’z_l1 ,Y ’_1) and likewise G, ; given
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(M2, G171, Yi=1), and b) is true because conditioning cannot
increase entropy. O

D. A Proof of Theorem 24

Proof: Let A = fi1(Y,X) be the random variable of
Definition 3 and recall that A = f>(Y, X») almost surely.
As in [8, Sec. VI, e)], there exists a random variable C with
H(C|A,Y,U) = 0 such that

Z2(A,0) (303)

is an admissible Parallel Channel Extension (in the sense that
(M, Mp), (X1, X»,U), and (Y, Z) form a Markov chain in
that order) and such that 7(Xy; X3|Y, Z,U) = 0. Because
of (57), this implies that /(X1; X»|U) = 0, and thus

p(u,x1,x2,,2)
= p(u) p(x1lu) p(x2lu)

xW(ylx1, x2) p(zlxr, x2, y, u). (304)

For the above Parallel Channel Extension Z, the rate of
Encoder 1 satisfies

R 2 1(X1: Y, 21X, U) + C1 5 (305)
D 1(X1: Y|Xa, U) + I(X; AlY, X2, U)

+1(X1;C|A,Y,X2,U)+C1,2 (306)

2 [(X1; Y|X2, U) + Ci 2, (307)

where a) is (55a), b) is a consequence of (303) and the
chain-rule, and c) is true because A is deterministic given
(Y, X2) and H(C|A,Y,U) =0.

Similarly, (55¢) implies

Ry < 1(X2;Y|X(,U)+ Cy. (308)

Consequently, the capacity region is contained in the set of rate
pairs (Ry, R») satisfying (307), (308), and (55f) for some joint
PMF of the form (304). To conclude, observe that the derived
outer bound coincides with the Cover-Leung inner bound [4]
for the setting with a common message, which can comprise
nCj bits of Message 1 and nC,, bits of Message 215 O
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15The Cover-Leung inner bound on the feedback capacity of the MAC
applies to the setting without common message [4]. We can readily
extend it to the setting with a common message by letting the common
information comprise not only resolution information but also a fresh
common message block. Put differently, one can establish the Cover-
Leung inner bound on the feedback capacity of the MAC with a com-
mon message by using the random coding argument of Section B-A
but by letting each encoder estimate the other encoder’s private message
based on feedback (instead of cribbing), i.e., Encoder 1 chooses nﬁg,b

such that (instead of (209)) (u(n%,l,b),xz(n%,l,b,n%z,b),y(bl?_l)n_'_]) €
.AE")(U, X3,Y) holds, and Encoder 2 chooses iy, such that (instead
of (210) (W 1p), X1 (71 b, 1.5, M1y, 01) € AL (U, X1, ¥) holds.
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