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Abstract

The problem of multicasting two nested message sets is studied over a class of wireline networks known as combination
networks. A source multicasts two messages, a common and a private message, to several receivers. A subset of the receivers
(called the public receivers) only demand the common message and the rest of the receivers (called the private receivers) demand
both the common and the private message. Three encoding schemes are discussed which are based on linear superposition schemes.

The standard linear superposition scheme is shown to be optimal for networks with two public receivers and any number of
private receivers. When the number of public receivers increases, however, this scheme stops being optimal. Two improvements
are discussed: one using a pre-encoding at the source followed by a linear superposition scheme, and one using a block Markov
encoding scheme. The rate-regions that are achieved by the two schemes are characterized in terms of feasibility problems. Both
inner-bounds are shown to be the capacity region for networks with three (or fewer) public and any number of private receivers.
Although the inner bounds are not comparable in general, it is shown through an example that the region achieved by the block
Markov encoding scheme may strictly include the region achieved by the pre-encoding/linear superposition scheme.

The block Markov encoding scheme is further generalized and a new achievable scheme is derived for broadcast channels
with two nested message sets. The rate-region that is obtained includes the previously known rate-regions. It remains open whether
this inclusion is strict.
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I. INTRODUCTION

The problem of communicating common and individual messages over general networks has been unresolved over the past
several decades, even in the two extreme cases of single-hop broadcast channels and multi-hop wireline networks. Nevertheless,
several special cases have been studied where the capacity region is fully characterized (see [1] and the references therein, and
[21, [3], [4], [5]). These studies have given rise to lower and upper bounds on the optimal rates of communication [6], [7],
[81, [9], [10], [11], [12]. More importantly, new encoding and decoding techniques have been developed (e.g., superposition
coding [13], [14], Marton’s coding [15], [16], [17], network coding [2], [18], [19], joint unique and non-unique decoding [20],
[21], [22], [23], etc).

Surprisingly, the problem of broadcasting nested (degraded) message sets has been completely resolved for two users. The
problem was introduced and investigated for two-user broadcast channels in [17], where the capacity region was characterized
and it was shown that superposition coding was optimal. The problem has also been investigated for wired networks with two
users [24], [25], [26] where a scheme consisting of routing and random network coding turns out to be rate-optimal. This might
suggest that the nested structure of the messages makes the problem easier in nature. Unfortunately, however, the problem has
remained open for networks with more than two receivers and only some special cases are understood [22], [27], [28], [29],
[30]. The state of the art is not favourable for wired networks either. Although extensions of the joint routing and network
coding scheme in [24] are optimal for special classes of three-receiver networks (e.g., in [31]), they are suboptimal in general
depending on the structure of the network [32, Chapter 5], [33]. It was recently shown in [34] that the problem of multicasting
two nested message sets over general wired networks is as hard as the general network coding problem.

In this paper, we study nested message set broadcasting over a class of wired networks known as combination networks
[35]. These networks also form a resource-based model for broadcast channels and are a special class of linear deterministic
broadcast channels that were introduced in [29]. Lying at the intersection of multi-hop wired networks and single-hop broadcast
channels, combination networks are an interesting class of networks to build up intuition and understanding, and develop new
encoding schemes applicable to both sets of problems. We address the scenario of multicasting two nested message sets (a
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Fig. 1: A combination network with two public receivers indexed by Iy = {1,2} and two private receivers indexed by
I, = {3,4}. All edges are of unit capacity.

common message and a private message) towards multiple users. The demands of the users are as follows: a subset of the
users, which we call the public receivers, only demand the common message and the rest of the users, which we call the
private receivers, demand both the common message and the private message (the term private does not imply any security
criteria in this paper).

Combination networks turn out to be an interesting class of networks that allows us to discuss new encoding schemes and
obtain new capacity results. We discuss three encoding schemes and prove optimality of our schemes in several cases (depending
on the number of public receivers, irrespective of the number of private receivers). In particular, we propose a block Markov
encoding scheme which outperforms the previous schemes that are based on rate splitting and linear superposition coding.
Furthermore, for combination networks with three (or fewer) public and any number of private receivers, we characterize the
capacity region in terms of a feasibility problem. Combination networks are not only a class of wired networks, but they are
also a class of broadcast channels. To illustrate the implications of our study over broadcast channels, we generlize our results
to propose a block Markov encoding scheme for broadcasting two nested message sets over general broadcast channels (with
multiple public and private receivers). The rate-region that is obtained includes the previously known rate-regions.

A. Communication Setup

Before setting up the problem formally, we define combination networks as follows. A combination network is a three-layer
directed network with one source and multiple destinations. It consists of a source node in the first layer, d intermediate nodes
in the second layer and K destination nodes in the third layer. The source is connected to all intermediate nodes, and each
intermediate node is connected to a subset of the destinations. We refer to the outgoing edges of the source as the resources
of the combination network. See Fig. 1. We assume that each edge in this network carries one symbol from a finite field IF,.
We express all rates in symbols per channel use (log, g bits per channel use) and thus all edges are of unit capacity.

The communication setup is shown in Fig. 1. The source multicasts a common message W) and an a private message Ws
towards K destinations over a combination network. W; and W5 are assumed to be independent. The common message is
to be reliably decoded at all destinations, and the private message is to be reliably decoded at a subset of the destinations.
Recall that we refer to those destinations who demand both messages as the private receivers and to those who demand only
the common message as the public receivers. We denote the number of public receivers by m and, without loss of generality,
we assume that they are indexed as 1,...,m. The set of all public receivers is denoted by Z; = {1,2,...,m} and the set of
all private receivers is denoted by Zo = {m +1,...,K}.

We consider encoding over blocks of length n. The source encodes messages W1 (of nR; bits) and Ws (of nRy bits) into
sequences of symbols that are sent over the resources of the combination network (over n uses of the network). Based on the
structure of the network, each received sequence Y;" consists of a certain collection of sequences that were sent by the source.
From their received sequences, the public receivers ¢ = 1,...,m decode W, and the private receivers p = m + 1,..., K
decode Wl, Wg. A rate pair (Ry, Ro) is said to be achievable if there is an encoding scheme at the source and decoding
schemes at the receivers that allow the error probability Pr[W1 # Wy, W, # Wh)] approach zero (as n — oc). We call the



closure of all achievable rate-pairs the capacity region of the problem. The question of main interest in this work is to find the
capacity region by finding tight inner and outer bounds on the set of all achievable rates.

B. A Brief Summary of the Main Results

Our primary results are in the form of coding theorems for multicasting two nested message sets over combination networks.
We characterize two inner-bounds on the capacity region and show their tightness for networks with three (or fewer) public
and any number of private receivers, by proving converse theorems. We then generalize our results to propose a novel block
Markov encoding scheme for broadcasting two nested message sets over general broadcast channels.

The first inner-bound is formulated in Theorem 1 (see Section IV). This inner-bound is achieved by a scheme based on
pre-encoding, rate-splitting, and linear superposition coding and is characterized in terms of a feasibility problem. We show in
Theorem 4 that this feasibility problem characterizes the capacity region of combination networks with three (or fewer) public
and any number of private receivers. The converse proof uses sub modularity of the entropy (see Section VI). Furthermore,
we show through an example that the aforementioned scheme is sub-optimal for combination networks with more than three
public receivers (see Example 5).

In Section V, we propose an optimal encoding scheme for the aforementioned example (Example 5) based on a block Markov
encoding scheme. Motivated by this example, we prove a second inner-bound on the capacity region which is formulated in
Theorem 2. The achievability is by a block Markov encoding scheme and uses tools from the rate-splitting and superposition
encoding techniques. We show that this second inner-bound is also optimal for combination networks with three (or fewer)
public and any number of private receivers in Theorem 5 (see Section VI). We present an example for which the rate-region
of Theorem 2 strictly includes the rate-region of Theorem 1 (see Fig. 9). Theorems 1 and 2 are not comparable in general,
however, and it remains open whether this inclusion holds in general or not. We conjecture that it is true.

In Section VII, we generalize our results and propose a block Markov encoding scheme for the general broadcast channel
with two nested message sets. This scheme achieves a rate-region which includes all known rate-regions (see Theorem 6). We
do not know if this inclusion is strict.

C. Organization of the Paper

The paper is organized in eight sections. In Section II, we give an overview of the underlying challenges and our main
ideas through several examples. Our notation is introduced in Section III. We study linear encoding schemes which are based
on rate splitting, linear superposition coding, and pre-encoding in Section IV. Section V proposes a block Markov encoding
scheme for multicasting nested message sets, Section VI discusses our optimality results, and Section VII generalizes the block
Markov encoding scheme of Section V to general broadcast channels. We conclude in Section VIII.

II. MAIN IDEAS AT A GLANCE

The problem of multicasting messages to receivers which have (two) different demands over a shared medium (such as the
combination network) is, in a sense, finding an optimal solution to a trade-off. This trade-off arises because, on the one hand,
public receivers (which presumably have access to fewer resources) need enough information about the common message only
so that each can decode the common message and, on the other hand, private receivers require complete information of both
messages. It is, therefore, desirable from private receivers’ point of view to have these messages jointly encoded (when there
are multiple private receivers) and this may be in contrast with the public receivers’ decodability requirement. This tension is
best seen through an example.

Example 1. Consider the combination network shown in Fig. 2 where the source communicates a common message W7 =
[wi,1] and a private message Wo = [ws 1, w2 2] to four receivers. Receivers 1 and 2 are public receivers and receivers 3 and
4 are private receivers. In this example, it is not difficult to verify the following facts.
e Randomly and linearly combining all information symbols and sending them out on the resources of the combination
network does not gaurantee decodability of W7 at the public receivers.
e In order to achieve the rate pair (R = 1, Rs = 2), it is necessary that some partial information about the private
message is revealed to public receiver 2. More precisely, rate pair (1, 2) is feasible only if receiver 2 decodes some partial
information about W5 in addition to its desired message W7.

A

Example 1 suggests that an optimal encoding scheme should allow mixing of the common message with the private message,
but in a restricted and controlled manner so that it reveals partial private information to the public receivers and allows
decodability of the common message.

One standard approach for revealing partial (private) information to the public receivers is through the rate splitting technique.
Our first encoding scheme splits the private rate into 2" rate-split parameters as > 0, S C 7y, such that ZsCIl as = Rs, and
performs a linear superposition coding. In other words, it breaks the private information into independent pieces and reveals
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Fig. 2: In order to multicast messages W1 = [ws 1] and Wy = [ws, 1, we 2] (of rates Ry = 1 and R = 2), the source needs to
reveal partial information about the private message to public receiver 2. In this example, this partial information is ws ;.

Fig. 3: The Inner-bound of Proposition 1 is not tight for m > 2 public receivers: while the rate pair (0,2) is not within the
rate-region of Proposition 1, a multicast code such as X (1} = w21, X {2} = W22, X {3} = Wa,1+ w22 ensures its achievability.

each piece to a subset of the public receivers. This scheme achieves the rate-region that is formulated in Proposition 1 in terms
of a feasibility problem (see Section IV) and we show that it is optimal for combination networks with two public and any
number of private receivers.

For networks with three or more public and any number of private receivers, the above scheme may perform sub-optimally.
It turns out that one may, depending on the structure of the resources, gain by introducing some dependency among the partial
(private) information that is revealed to different subsets of public receivers. This can be seen through the following example.

Example 2. Consider the combination network of Fig. 3 where destinations 1, 2, 3 are public receivers and destinations 4,
5, 6 are private receivers. The source wants to communicate a common message of rate R; = 0 (i.e., W1 = []) and a private
message Wy = [wa1,ws 2] of rate Ry = 2. One can verify that the discussed rate-splitting and linear superposition coding
does not attain the desired rate pair (0, 2). However, it is clear that this rate pair is achievable using the multicast code shown
in Fig. 3 (or simply through a random linear network code). In order to see the insufficiency of the previous scheme, note that
although the optimal scheme above reveals partial (private) information to the different subsets of the public receivers, this
is not done by splitting the private message into independent pieces and there is a certain dependency structure between the
symbols that are revealed to the receivers 1, 2, and 3.

A

In our second approach, we allow this dependency by an appropriate pre-encoder which encodes the private message into a
pseudo private message of a larger rate, followed by a linear superposition encoding scheme. This scheme achieves a strictly
larger rate-region which is formally stated in Theorem 1 in terms of a feasibility problem (see Section IV). We further prove
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Fig. 4: The extended combination network of Example 3. A block Markov encoding scheme allows achievability of rate pair
(0,2) over the original combination network. At time ¢+ 1, information symbol w} 5[t + 1] contains the information of symbol

Xpplt]-

that this rate-region is tight for m = 3 (or fewer) public receivers and any number of private receivers (as opposed to 2 public
receivers for Proposition 1). To prove the converse, we first write an outer-bound on the rate-region which looks similar to the
inner-bound feasibility problem and is in terms of some entropy functions. Next, we use sub-modularity of entropy to write a
converse for every inequality of the innerbound. In this process, we do not need to explicitly solve the feasibility problem.

Generalizing the pre/encoding scheme to networks with more than three public receivers is difficult because of the more
involved dependency structure that might be needed, in an optimal code design, among the partial (private) information pieces
that are to be revealed to the subsets of public receivers. Therefore, we propose an alternative encoding scheme that captures
these dependencies over sequential blocks, rather than the structure of the one-time (one-block) code. This is done by devising
a simple block Markov encoding scheme. Below, we illustrate the main idea of the block Markov scheme by revisiting the
combination network of Fig. 3.

Example 3. Consider the combination network in Fig. 3 over which we want to achieve the rate pair (R; = 0, Ry = 2).
Our first code design using rate splitting and linear superposition coding (with no pre-encoding) was not capable of achieving
this rate pair. Let us add one resource to this combination network and connect it to all the private receivers. This gives an
extended combination network, as shown in Fig. 4, which differs from the original network only in one edge. This “virtual”
resource is shown in Fig. 4 by a bold edge. One can verify that the larger rate pair (R; = 0, R} = 3) is achievable over this
extended network, using a basic linear superposition scheme!

Let the message W3 = [wy 1, w5 o, w5 3] be a pseudo private message of larger rate (R = 3) which is to be communicated
over the extended combination network, and let X {1} X{Q}, X{g}, X, be the symbols that are sent over the extended
combination network. One code design is given below. We will use this code to achieve our desired rate pair (0,2) over the
original network.

Xy = w:z,l
X2} = wy 9

» 1
X3y = wyg M

_ / / /
Xg =wy 1 +wy o+ wy3.

Since the resource edge that carried X is a virtual resource, we aim to emulate it through a block Markov encoding scheme.
Using the code design of (1), all information symbols (w5 |, wy 5, wh 3) are decodable at all private receivers. One way to
emulate the bold virtual resource, for example, is to send its information (the symbol carried over it) in the next time slot
using one of the information symbols wy 1, wh 5, wh 4 that are to be communicated in the next time slot.

More precisely, consider communication over n transmission blocks, and let (W [t], W3 [t]) be the message pair that is being
encoded in block t € {1,...,n}. In the t™ block, encoding is done as suggested by the code in (1). Nevertheless, to provide
the private receivers with the information of X4[t] (as promised by the virtual resource), we use information symbol w4 5[t + 1]
in the next block, to convey X[t]. Since this symbol is ensured to be decoded at the private receivers, it indeed emulates the
virtual resource. In the n™ block, we simply encode X [n — 1] and directly communicate it with the private receivers. Upon
receiving all the n blocks at the receivers, we perform backward decoding [36].

So in n transmissions, we send n — 1 symbols of W; and 2(n — 1) 4+ 1 new symbols of W5 over the original combination
network; i.e., for n — oo, we achieve the rate-pair (0, 2). A



Fig. 5: A combination network with two public receivers indexed by Iy = {1,2} and two private receivers indexed by
I, = {3,4}.

In Section V, we describe our block Markov encoding scheme and characterize its achievable rate region (see Theorem
2). We show, for three (or fewer) public and any number of private receivers, that this rate-region is equal to the capacity
region and, therefore, coincides with the rate-region of Theorem 1. Furthermore, we show through an example that the block
Markov encoding scheme could outperform the previously discussed linear encoding schemes when there are more than 3
public receivers.

In Section VII, we further adapt this scheme to general broadcast channels with two nested message sets and obtain a rate
region that includes the previously known rate-regions. We do not know if this inclusion is strict.

III. NOTATION

We denote the set of outgoing edges from the source by £ with cardiality || = d, and we refer to those edges as the
resources of the combination network. The resources are labeled according to the public receivers they are connected to; i.e.,
we denote the set of all resources that are connected to every public receiver in S, S C 7, and not connected to any other
public receiver by £s C £. Note that the edges in £s may or may not be connected to the private receivers. We identify the
subset of edges in £g that are also connected to a private receiver p by Es . Fig. 1 shows this notation over a combination
network with four receivers. In this example, d = 5, £ = {(s,v1), (5,v2), (8,v3), (8,v4), (5,v5)}, Es = {(s,v4), (5,05)},
Eny = {(s;v)}, €y = {} Eay = {(s,02), (s,v3)}, Ep3 = {(s,v4), (5,05)}, €0 = {}, Ey s = Eya = {(s,0)},
Ery3 = Era =11 Enays = {(s5,v3) ), Eoya = {(s,02)

Throughout this paper, we denote random variables by capital letters (e.g., X, Y), the sets {1,...,m} and {m+1,..., K}
by Z; and Z,, respectively, and subsets of Z; by script capital letters (e.g., S = {1,2,3} and T = {1,3,4}). We denote
the set of all subsets of Z; by 27t and in addition denote its subsets by Greek capital letters (e.g., I' = {{1},{1,2}} and
A= {{1},{2},{1,2}}).

All rates are expressed in log, |Fy| in this work. The symbol carried over a resource of the combination network, e € £,
is denoted by x. which is a scalar from F,. Similarly, its corresponding random variable is denoted by X.. We denote by
Xs, S C I, the vector of symbols carried over resource edges in s, and by Xs ,, S C I;, p € Iy, the vector of symbols
carried over resource edges in Es ;. To simplify notation, we sometimes abbreviate the union sets (Jgcp €5, Ugep €s,p and
U Sea Xs, by Ep, E,p and Xy, respectively, where A is a subset of 271 The vector of all received symbols at receiver i is
denoted by Y;, i € {1,..., K'}. When communication takes place over blocks of length n, all vectors above take a superscript
n; e.g., X Xg, Xg ,, X§, Xy ,. Y/

We define superset saturated subsets of 271 as follows. A subset A C 271 is superset saturated if inclusion of any set S in
A implies the inclusion of all its supersets; e.g., over subsets of 211:23} A = {{1},{1,2}, {1,3},{2,3},{1,2,3}} is superset
saturated, but not A = {{1},{1,3},{1,2,3}}.

Definition 1 (Superset saturated subsets). The subset A C 271 is superset saturated if it is such that S is an element of A only
if every T € 211, where T O S, is an element of A.

For notational matters, we sometimes abbreviate a superset saturated subset A by the few sets that are not implied by the other
sets in A. For example, {{1},{1,2},{1,3},{1,2,3}} is denoted by {{1}*}, and similarly {{1}, {1,2},{1,3},{2,3},{1,2,3}}
is denoted by {{1}*, {2,3}x}.



IV. RATE SPLITTING AND LINEAR ENCODING SCHEMES

Throughout this section, we confine ourselves to linear encoding at the source. For simplicity of the presentation, we describe
our encoding schemes for block length n = 1, and we highlight cases where we need to code over longer blocks.

We assume rates R and Rs to be non-negative integer values'. Let wy 1, ..., w1 g, and wa1,...,ws g, be variables in F,
for messages W, and Ws, respectively. We call them the information symbols of the common and the private message. Also,
let vector W € FqR1+R2 be defined as the vector with coordinates in the standard basis W = [w1,1 ... w1, g,W21 - - .wg,Rz}T.
The symbol carried by each resource is a linear combination of the information symbols wy 1,...,w1,R,, W21, .., W2, R,, and
after properly rearranging all vectors Xs, S C Z;, we have

X2 =AW

where A € qux (F1+12) §g the encoding matrix. At each public receiver ¢, ¢ € 7y, the received signal Y; is given by Y; = A; W,
where A; is a submatrix of A corresponding to Xs, S 3 4. Similarly, the received signal at each private receiver p, p € Z,
is given by Y, = A, W, where A, is the submatrix of the rows A corresponding to Xs,, S C Z;.

The aim of this section is to design A in a manner that allows the public receivers to decode W1 and the private receivers
to decode Wy, W5. We then characterize the rate pairs achievable by our code design.

The challenge in the optimal code design in this problem stems from the fact that destinations receive different subsets of
the symbols that are sent out of the source and they have two different decodability requirements. On the one hand, private
receivers require their received signal to bring information about all information symbols of the common and the private
message. On the other hand, public receivers might not be able to decode the common message if their received symbols
depend on “too many” private message variables. We make this statement precise in Lemma 1. In the following, we find
conditions for decodability of the messages.

A. Decodability Lemmas
Lemma 1. Let vector Y be given by (2), below, where B € F,”* T ¢ F,"* "2 W, € F,"* and W, € F,2*1,
Wi }

Y:[B|T]-[W2 @

Message W is recoverable from Y if and only if rank (B) = Ry and the column space of B is disjoint from that of T.
Corollary 1. Message W is recoverable from Y in equation (2), only if
rank(T) <r — R;.

We defer the proof of Lemma 1 to Appendix A and instead discuss the high-level implication of the result. Let r1 = rank(T)
where rr < r — Rq. Matrix T can thus be written as L;Ls, where L; is a full-rank matrix of dimension r X rt and Lo is a
full-rank matrix of dimension 1 X Ra. L; is essentially just a set of linearly independent columns of B spanning its column
space. In other words, we can write

[B|T|W = [B|LLy |W 3)
W
= [BILl][LQJVQ}- 4)

Now since r¢ + Ry < r, Wi, Wy are decodable if [ B | Ly | is full-rank. So if 7p <7 — Ry, then [ B | Ly | being full
rank guarantees decodability of W;.

Defining [ B | T ] as a new B’ of dimension r X (R; + R2) and defining a null matrix T’ in Lemma 1, we get back the
trivial result of the following corollary.

Corollary 2. Messages W1, Wy are recoverable from Y in equation (2), if and only if
rank([ B | T ]) =Ri+ R,.

Since every receiver sees a different subset of the sent symbols, it becomes clear from Corollary 1 and 2 that an admissible
linear code needs to satisfy many rank constraints on its different submatrices. In this section, our primary approach to the
design of such codes is through zero-structured matrices, discussed next.

IThere is no loss of generality in this assumption. One can deal with rational values of R; and Ra by coding over blocks of large enough length n and
working with integer rates nR1 and nRa. Also, one can attain real valued rates through sequences of rational numbers that approach them.



B. Zero-structured matrices

As mentioned earlier, the goal of this section is the design of an encoding matrix A which allows decodability of W7 at
the public receivers and Wi, W5 at the private receivers. This matrix is indeterminate a priori. We find conditions so that there
exists an assignment of it that allows decodability of each message at its intended receivers. From Lemma 1, several rank
constraints are required at different submatrices of the encoding matrix. In our first approach, we respect these requirements
by setting certain entries of the encoding matrix to zero. The rest remain variables to be designed. Zero-structured matrices
are a class of matrices that turn out to be useful in our code design.

Definition 2. A zero-structured matrix T is an r X ¢ matrix with entries either zero or indeterminate® (from a finite field F ) in
a specific structure, as follows. This matrix consists of 2¢ x 2% blocks, where each block is indexed on rows and columns by the
subsets of {1,--- ,t}. Block b(s, s,), S1,82 € {1,--- ,t}, is an rs, X cs, matrix. Matrix T is structured so that all entries
in block b(sl"gz) are set to zero if S1 € So, and remain indeterminate otherwise. Note that ¢ = ZS cs and r = Zs rs.

Equation (5), below, demonstrates this definition for ¢t = 2.

C{1,2}C{1}¢{2} ¢
{1,2}C{1} }

==

&8 8
0(0]0 Jrone
T— 010 | Tr . (5)
0 0| Tre
I

The idea behind using zero-structred encoding matrices is the following: the zeros are inserted in the encoding matrix such
that the linear combinations that are formed for the public receivers do not depend on “too many” private information symbols
(see Corollary 1).

In the rest of this subsection, we find conditions on zero-structured matrices so that they can be made full column rank. We
will prove the following result.

Lemma 2. There exists an assignment of the indeterminates in the zero-structured matrix T € F,"*¢ (as specified in Definition
2) that makes it full column rank, provided that

c< Z cs + Z rs, VA C o1t} superset saturated. (6)
SeA S€EAe
To illustrate the set of conditions in (6), we expand them for ¢ = 2 in the following:

c < i1y Ty oy Ty, @)
c < g1y {1y T2y T, ®)
¢ <cqry teqray ey 1y, ©))
¢ =< cqzytey oy e, (10)
c< ey teqpy ey e, (11
¢ < ¢y + ey +eqay +equ2)- (12)

We briefly outline the proof of Lemma 2, because this line of argument is used again later in Section IV-D. For simplicity
of notation and clarity of the proof, we give details of the proof for ¢ = 2. The same proof technique proves the general case.

Let matrix T € F,"*¢ be a zero-structured matrix given by equation (5). We first reduce the problem of matrix T being
full column rank to an information flow problem over an equivalent unicast network (which is given in Fig. 6), and then find
conditions for feasibility of the equivalent unicast problem. The former is stated in Lemma 3 and the latter is formulated in
Lemma 4, both to follow.

The equivalent unicast network of Fig. 6 is formed as follows. The network is a four-layer directed network with a source
node A in the first layer, four (in general 2) nodes ns, S C {1,...,t}, in the second layer, another four (in general 2') nodes
ns, S C {1,...,t}, in the third layer, and finally a sink node B in the fourth layer. Over this network, the source wants to
communicate a message of rate ¢ to the sink. From the source A to each node ng, we have cs (unit capacity) edges. Also,
from each node n/s to the sink B, we have rs (unit capacity) edges. The edges from the second layer to the third layer of
this equivalent unicast network are all of infinite capacity and they connect each node ngs to all nodes n’s, where S’ C S.
The equivalent unicast network is tailored so that the mixing of the information which happens at each node ns (at the third
layer) mimics the same mixing of the information that is present in the rows of matrix T.

The aforementioned equivalence is discussed formally in Lemma 3 and its proof is deferred to Appendix B.

Lemma 3. Given the zero-structured matrix T € F,"* of equation (5), the following two statements are equivalent.

2 Although zero-structured matrices are defined in Definition 2 with zero or indeterminate variables, we also refer to the assignments of such matrices as
zero-structured matrices.



source

Fig. 6: The source A communicates a message of rate ¢ = ) _ ¢ ¢s to the sink B over a unicast network. The capacity of each
edge is marked beside it. The bold edges are of infinite capacity. The network is tailored so that the mixing of the information
which happens at the third layer mimics the same mixing of the information that is present in the rows of matrix T.

(i) There exists an assignment of variables in T that makes it full column rank.
(ii) A message of rate ¢ could be sent over its equivalent unicast network (the network in Fig. 6).

Using Lemma 3, we see that the conditions under which T could be made full-rank is given by the min-cut between nodes
A and B over the equivalent unicast network. These conditions are given by Lemma 4 and the proof is delegated to Appendix
C.

Lemma 4. The min-cut separating nodes A and B over the network of Fig. 6 is given by the following expression:

min des+ > s (13)

AC2T1 ,
A superset saturated SeA Seac

So Lemma 3 and Lemma 4, together, find conditions for matrix T to become full rank. The proof for ¢ > 2 is along the
same lines.

C. Zero-structured linear codes: an achievable rate-region

We saw in Example 1 that in order to allow the common message be decoded at a public receiver, the resource symbols
available to that receiver should not depend on “too many” private message variables. In our initial approach, we resolve this
by a zero-structured encoding matrix. Equation (14) below shows such an encoding matrix for two public and any number of
private receivers. The non-zero entries are all indeterminate and to be designed appropriately. Also, parameters ay; 21, @2y,
aqqy and a are non-negative structural parameters, and they satisfy ayq 9y + a2y + a1y + ag = Ra.

PEL TN AGEL U A S Ui
01007 glEaa
A= 00 | Jle . (14)
0 0 | Jiepy
i\%\

w2 A2

In effect, matrix A splits message W, into four independent messages, W, , W™, Wyl Wf , of rates Qq1,2}, O2}s

aq1}, g, respectively. The zero structure of A ensures that only messages W1, W2{1’2} and W2{1} are involved in the linear
combinations that are received at public receiver 1 and that only messages W1, W2{1’2} and W2{2} are involved in the linear
combinations that are received at public receiver 2. In general, matrix A splits message W, into independent messages Wy’

of rates avg, S C 77, such that

Y as=R,. (15)

SCT,



Note that the zero structure allows messages Wy to be involved (only) in the linear combinations that are sent over resources
in £s» where 8’ C S. When referring to a zero-structured encoding matrix A, we also specify the rate-split parameters ag,
SC1;.

Remark 1. As defined above, parameters as, S C I, are assumed to be integer-valued. Nonetheless, one can let these
parameters be real and approximately attain them by encoding over blocks of large enough length.

In the following, we find conditions under which all receivers can decode their messages of interest from their received
signals.

o Public receiver i € 7;: The received signal Y; is the vector of all the symbols carried by the resources available to
receiver 4. Using the zero-structured encoding matrix in (14), we have Y5 as follows:

_ | Xpy
2= [ X2y (10

| |o] 1'5{1,2}'.[ Wi } (17)
| 100 | e Wy |-
Generally, the received signal Y; is given by Y; = A; W, where A; is a submatrix of the rows of the zero-structured
matrix A corresponding to Xs, S 3 4. It has at most Ry + > SCT, S3i (‘S NON-Zero columns.
In what follows, we relate decodability of message W1 at receiver ¢ to a particular submatrix of A; being full column
rank. Let A; = [B(i) \T(i)] . Choose Lf) to be a largest submatrix of the columns of T(*) that could be made full column

rank (over all possible assignments). Define G(*) to be G(*) = [ B® ‘ L(li) } . We have the following two lemmas.

Lemma 5. Each public receiver i can decode Wy from (17) if G, as defined above, is full column rank.

Proof: Conditions for decodability of W, are given in Lemma 1 (and its following argument). By the manner L{"
and G are defined, whenever G is full column rank, not only B® is full column rank, but also the columns of Lii)
span all the column space of T() (for all possible assignments— otherwise a larger L(Y) would have been chosen) and
the span of the column space of T() is thus disjoint from that of B(®), [

Lemma 6. For each public receiver i, there exists an assignment of A (specific to i) such that G is full column rank,

provided that
Ri+ ) as< ) |&s]. (18)

SCI, SCZy
EED S31

Proof: The proof is deferred to Appendix D. [ ]
o Private receiver p € 7,: The received signal Y}, is the vector of all the symbols carried by the resources in the sets £s 5,
S C 7. Using the zero-structured encoding matrix in (14), we have Y}, as follows:

Xgm}
X
v, = | 2@ (19)
X;{gl}
X¢
PRI ERE U S L e
0[{0]0 JlE@ersl
— 010 | $1Emsl [ Wy (20)
0 0 | Treqysl | Wy |
i'gaﬁ:p‘

Generally, the received signal Y, is given by Y, = A, W, where A,, is the submatrix of the rows of the zero-structured
matrix A corresponding to Xs ,, S € Z;. Note that A, is a zero-structured matrix. Messages W1, W, are decodable at
private receiver p, if and only if matrix A, is full column rank. From Lemma 2, an assignment of A, exists that makes
it full column rank provided that the following inequalities hold:

Ry < Z as + Z |Es.pls VA C 271 superset saturated, 21
SeA SeAc
Ri+Ry< > [Esyl- (22)
SCT,

Inequalities (18), (21) anAd (22) provide constraints on parameters as, S C 73, under which W is decodable at the public
receivers (i.e., matrices GO e 71, could be made full rank), and W, W5 are decodable at private receivers (i.e., matrices



A,, p € Iy, could be made full rank). It remains to argue that there exists a universal assignment of A such that all receivers
can decode their messages of interest. We do this by directly applying the sparse zeros lemma [37, Lemma 2.3].

Lemma 7. If [F,| > K, a universal assignment of A exists such that all GO, i e Iy, and all A,, p € Iy, become
simultaneously full column rank.

Remark 2. Note that operation over smaller fields is also possible by coding over blocks of larger lengths. Coding over blocks
of length n is effectively done over the field ¥ . Therefore, we require q" > K i.e., we need n > log, K.

The rate-region achievable by this scheme can be posed as a feasibility problem in terms of parameters as, S C Z;. We
summarize this region in the following proposition.

Proposition 1. The rate pair (R1, R2) is achievable if there exists a set of real valued variables as, S C 14, that satisfies
the following inequalities:

Structural constraints:

as>0, VYSCI (23)
Ry= ) as (24)
SCTy

Decoding constraints at public receivers:

Ri+ ) as< ) |6l Viel (25)
SCI, SCT
REY S3i

Decoding constraints at private receivers:

Ry < Z as + Z |Es.pls VA C 25 superset saturated, Vp € T, (26)
SeA SeA®
Ri+Ry< > sy, Ve 27)
SCTy

Remark 3. Note that inequality (25) ensures decodability of only the common message (and not the superposed messages
W5, i €8 C I,) at the public receivers. To have public receiver i decode all superposed messages Wy ,i € S C Ty, as well,
one needs further constraints on as, as given below:

Z as < Z as + Z I€s], A C {{i}x} superset saturated. (28)
SCIT, SeA SeA’
KEY CEY

More precisely, define A; to be the submatrix of A; which does not contain the all-zero columns. One observes that messages
W3, i €S C Iy, are all decodable if and only if A; is full column rank. Since A; is zero-structured, Lemma 2 gives the
required constraints.

Remark 4. In a similar manner, a general multicast code could be designed for the scenario where 2% message sets are
communicated and each message set is destined for a subset of the K receivers.

Remark 5. What the zero-structure encoding matrix does, in effect, is implement the standard techniques of rate splitting and
linear superposition coding. We prove in Subsection VI-A that this encoding scheme is rate-optimal for combination networks
with two public and any number of private receivers. However, this encoding scheme is not in general optimal. We discuss
this sub-optimality next and modify the encoding scheme to attain a strictly larger rate region.

D. An achievable rate-region from pre-encoding and structured linear codes

For combination networks with three or more public receivers (and any number of private receivers), the scheme outlined
above turns out to be sub-optimal in general. We discussed one such example in Section II. We now elaborate on that example.

Example 4. Consider the combination network of Fig. 3 where destinations 1, 2, 3 are public receivers and destinations 4, 5,
6 are private receivers. The source wants to communicate a common message Wy = [] of rate R; = 0 and a private message
Wy = [wa,1,we 2] of rate Ry = 2. It is clear that the rate pair (R; = 0, R2 = 2) is achievable (just multicast the private
message towards the private receivers using, say, random linear network coding). However, one can verify that there is no
choice of g > 0, S C {1, 2,3}, which satisfies inequalities (23)-(27) for this rate pair. A

If we were to relax the non-negativity condition on a4 in Example 4, we would obtain (R, R2) = (0, 2) for the following
set of parameters as: gy = —1, ay;y = agoy = a3y = 1, and ayq 9y = aq1.3) = aq2,33 = aqy,2,33 = 0. Obviously, there is
no longer a “structural” meaning to this set of parameters. Nonetheless, it still has a peculiar meaning that we try to investigate



in this example. As suggested by the positive parameters g1y, agay, g3y, we would like, in an optimal code design, to reveal
a subspace of dimension one of the private message space to each public receiver (and only that public receiver). The subtlety
lies in the fact that such partial (private) information sets that are revealed to the public receiverss {1}, {2} and {3} are not
mutually independent, as message W5 is of rate 2. The previous scheme does not allow such dependency.

We use this observation to modify the encoding scheme and achieve the rate pair (0,2). First, pre-encode message Wa,
through a pre-encoding matrix P € IFq3X2, into a pseudo private message W,. Then, encode W, using a zero-structured
encoding matrix. This is shown in the following:

X{l} 1(01]0 w’z’l
Xy | =]0[1]0 why | . (29)
X{g} O 0 1 u/2_’3

Notice that this zero-structured encoding matrix does reveal a subspace of dimension one (of the pseudo-private message space)
to each public receiver. Furthermore, using such a pre-encoding/encoding scheme, each private receiver gets to decode two
symbols out of the three symbols of WJ. If the pseudo-private message is obtained from a random matrix P, for instance,
each private receiver gets to decode the (original) private message Wy with a positive probability. Therefore, there exists such
a pre-encoding/encoding scheme that achieves the rate pair (0, 2).

Inspired by Example 2, we modify the encoding scheme, using an appropriate pre-encoder, to obtain a strictly larger
achievable region as expressed in Theorem 1.

Theorem 1. The rate pair (R1, R2) is achievable if there exists a set of real valued variables ag, S C I, that satisfy the
following inequalities:

Structural constraints:

as >0, VS C I, S#¢ (30)
Ry= > as, (31)
SCT,

Decoding constraints at public receivers:

Ry + E as < E ‘53‘, Vie T, (32)
SgIl SQL
e S31

Decoding constraints at private receivers:

Ry < Z as + Z |Es.pls VA C 25 superset saturated, Vp € T, (33)
SeA SeA®
Ri+Ry< Y |€s,l,  Vpeln. (34)
SCTy

Remark 6. Note that compared to Proposition 1, the non-negativity constraint on oy is relaxed in Theorem 1.

Proof: Let (Ry, R2) be in the rate region of Theorem 1; i.e., there exist parameters as, S C Z;, that satisfy inequalities
(30)-(34). In the following, let (ay)” = min(0, cy) and ()™ = max(0, ovg). Furthermore, without loss of generality, we
assume that parameters R, Ro, as, S C Z;, are integer valued (see Remark 1).

First of all, pre-encode message W5 into a message vector W, of dimension Ry — (a)~, through a pre-encoding matrix
Pc FQ[RT(%)_]XR% i.e., we have

W) = PWs. (35)

Then, encode messages Wi and W) using a zero-structured matrix with rate split parameters s, S C 7, omitting the columns
corresponding to S = ¢ if ay < 0. The encoding matrix is, therefore, given as follows:

0[0]07 e
A = 010 ilfu}\ P (36)
0 0 | Jigpy
Tiegl




where

P = ; (37)

and all indeterminates are to be assigned from the finite field IF,.

The conditions for decodability of W; at each public receiver ¢ € Z; are given by (32), and the conditions for decodability
of Wi, Wy at each private receiver p € Zy is given by (33), (34). The proof is similar to the basic zero structured encoding
scheme and is sketched in the following.

Let A; be the submatrix of A that constitutes Y; at receiver i. We have A; = [B®|T®] P’ = [BO)|TWP]. As before,
define ng) to be the largest submatrix of the columns of TP that could be made full column rank (over all possible
assignments). Define GV to be G(Y) = [B“HL@}. From Lemma 5, each receiver 4 can decode W; from (17) if G(9, as
defined above, is full column rank.

Lemma 8. For each public receiver i, there exists an assignment of A such that G is full column rank, provided that

Ri+ > as< Y [&s]. (38)

SCTy SCT,
831 S3i
Proof: The proof is the same as Lemma 6. One should note that the rank of T()P is bounded from above by the rank
of T and thus by Y scz, |Es| — Ri. ]
S3i

Decodability of T, at the private receiver p € T, is similarly guaranteed by (34). In the following, we prove that T(P)P
could itself be full rank under (33) and conclude decodability of W (in addition to W) at the private receivers. Since the
variables involved in B®) and T®)P are independent, we in effect show that G could be made full column rank.

Lemma 9. For each p € Iy, the matrix TWP could be made full column rank provided that the conditions in (33) are
satisfied.

The proof is similar to the proof of Lemma 2 and we defer it to Appendix E. It remains to argue that for |F,| > K, and
under (32)-(34), all matrices G, i € Z, could be made full rank simultaneously. The proof is based on the sparse zeros
lemma and is deferred to Appendix F.

|

Remark 7. It turns out that the inner-bound of Theorem 1 is tight for combination networks with m = 3 (or fewer) public
and any number of private receivers. This is discussed in Section VI-B.

We close this section with an example which shows that the inner-bound of Theorem 1 is not tight, in general, when the
number of public receivers exceeds 3.

Example 5. Consider the combination network depicted in Fig. 7 over which a source communicates messages Wi = [w 1]
and Wy = [U)Q‘rl,wzz,wz’g] (of rates R1 = 1 and Ry = 3, respectively) to four public and three private receivers. In this
example, destinations 1,2, 3,4 are public and destinations 5,6, 7 are private receivers. The encoding scheme shown in Fig. 7
proves the achievability of rate pair (1,3). However, for this rate pair, there is no set of parameters as, S C I} = {1,...,4},
for which inequalities (30)-(34) hold, unless the non-negativity constraints in (30) are relaxed. A

Let us look at this example (see Fig. 7) more closely. Each public receiver has three resources available and needs to decode
(only) the common message which is of rate R; = 1. So no more than two dimensions of the private message space could
be revealed to any public receiver. For example, look at the resources that are available to public receiver 4. These three
resources mimic the same structure of Fig. 3 and demand a certain dependency among their (superposed) private information
symbols. More precisely, the superposed private information symbols carried over these resources come from a message space of
dimension two (a condition imposed by public receiver 1), and every two out of three of these resources should carry mutually
independent private information symbols (a condition imposed by the private receivers). A similar dependency structure is
needed among the information symbols on Xy; 2y, Xy13), X{1,4}, and similarly among X 2y, X(23}, X{2.4) and Xyq 33,
X{2,3y> X{3,43- This shows a more involved dependency structure among the revealed partial private information symbols, and
explains why our modified encoding scheme of Theorem 1 cannot be optimal for this example. Let us look at the scheme in
Fig. 7 which achieves rate (1,3). We assume |F,| > 2.

X{1,2)y = w11 + w21 (39)



Wi = [wi,1]

Wa = [wa,1, wa,2, w2 3]

Fig. 7: The innerbound of Theorem 1 is not tight for m > 3 public receivers: while the rate pair (1, 3) is not in the rate-region
of Theorem 1, assigning Xy 0y = w11 + w21, X{1,3) = w11 + wa2, X{14) = w11 + w21 + w22, X(23) = w11 + w23,
Xi24y = w11 +wa1 +woz and X34y = w11 + wa 2 — wo 3 achieves the rate pair (1,3).

X{1,3y = wi,1 +wap (40)
Xi1,4) = w11 +we1 + wap 41)
X233y = w11+ was (42)
X244y = w11+ w21+ w23 (43)
X(3,4} = w11 + w22 — w2 3. 44)

This code ensures decodability of Wi, ws 1, w22 at public receiver 1, decodability of Wi, ws 1, wo 3 at public receiver 2,
decodability of Wi, ws 2, we 3 at public receiver 3, decodability of Wi, w1 4 wa 2, w21 4+ we 3 at public receiver 4 and
decodability of Wy, W5 at private receivers 5,6, 7. The (partial) private information that is revealed to the different subsets of
the public receivers is also as follows: no private information is revealed to subsets {1,2,3,4}, {1,2,3}, {1,2,4}, {1, 3,4},
{2, 3,4}, the private information revealed to {1,2} is wa 1, to {1,3} is we 2, to {2,3} is wa 3, to {1,4} is we1 + w22, to
{2,4} is w1 + wa 3, to {3,4} is we 2 — wo 3, and finally no private information is revealed to {1}, {2}, {3}, {4}. Now, it
becomes clearer that the dependency structure that is needed among the partial private information may, in general, be more
involved than is allowed by our simple pre-encoding technique.

In the next section, we develop a simple block Markov encoding scheme to tackle Example 5, and derive a new achievable
scheme for the general problem.

V. A BLOCK MARKOV ENCODING SCHEME
A. Main idea

We saw that the difficulty in the code design stems mainly from the following tradeoff: On one hand, private receivers
require all the public and private information symbols and therefore prefer to receive mutually independent information over
their resources. On the other hand, each public receiver requires that its received encoded symbols do not depend on “too
many” private information symbols. This imposes certain dependencies among the encoded symbols of the public receivers’
resources .

The main idea in this section is to capture these dependencies over sequential blocks, rather than capturing it through the
structure of the one-time (one-block) code. For this, we use a block Markov encoding scheme. We start with an examples
where both previous schemes were sub-optimal and we show the optimality of the block Markov encoding scheme for it.

Example 6. Consider the combination network in Fig. 7. We saw in Example 5 that the rate pair (Rq = 1, R2 = 3) was not
achievable by the zero-structured linear code, even after employing the random pre-encoder in the the modified scheme. In this
example, we achieve the rate pair (R; = 1, Ry = 3) through a block Markov encoding scheme, and hence, show that block
Markov encoding could perform strictly better. Let us first extend the combination network by adding one extra resource to the
set €4y, and connecting it to all the private receivers (see Fig. 8). One can verify that a larger rate pair (R; = 1, Ry = 4) is
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Wl[t—Fl} = [wl,l[t—i-l}] Pie Sa
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Wilt + 1] = [w [t + 1], wh o[t + 1], wh 5[t + 1], wh 1 [t + 1] '

Fig. 8: The extended combination network of Example 6. A block Markov encoding scheme allows achievability of the rate
pair (1,3) over the original combination network. At time ¢ + 1, information symbol wy 4[t 4 1] contains the information of
symbol X4y [t].

achievable over this extended combination network, using a basic zero-structured linear code. One such code design is given
in the following. Let message W5 = [wh 1, w5 o, w5 3, w5 4] be the private message of the larger rate (R = 4) which is to
be communicated over the extended combination network, and let X2y, X113y, Xi1,41> Xq2.31> Xq2.4)> Xq3,4), Xq4) be
the symbols that are sent over the extended combination network. The encoding is described below (we assume that I, has a
characteristic larger than 2):

X192y = w11 +wh g X{2,3) = w11 +2wh 3
X133 =2w1,1 + Wy 3 X4y = w11 +why 45)
X = ! X — /

{14y = w11t Wy (3.4) = W11+ Wy

! / !
X{ay = wi1 +whg + wh 5 + w3 4.

Since the resource edge in 4 is a virtual resource, we aim to emulate it through a block Markov encoding scheme. Using
the code design of (45), receiver 4 may also decode, besides the common message, three private information symbols (wj 4,
wh 5, wh 4). Since all these three symbols are decodable at receiver 4 and all the private receivers, any of them could be used
to emulate the virtual resource in Eray-

More precisely, consider communication over n transmission blocks, and let (W1 [t], W3 [t]) be the message pair that is being
encoded in block ¢ € {1,...,n}. In the t™ block, encoding is done as suggested by the code in (45). Nevertheless, to provide
receiver 4 and the private receivers with the information of Xy4y[t] (as promised by the virtual resource in Eg43), we use
information symbol wy 4 [t + 1] in the next block, to convey X 43[t]. Since this symbol is ensured to be decoded at receiver 4
and the private receivers, it indeed emulates £g4y. In the n'™ block, we simply encode X {43[n — 1] and directly communicate
it with receiver 4 and the private receivers. Upon receiving all the n blocks, the receivers perform backward decoding [36].

So in n transmissions, we may send n— 1 symbols of W; and 3(n— 1)+ 1 new symbols of W over the original combination
network; i.e., for n — oo, we can achieve the rate-pair (1, 3).

Note that public receivers each have four resources available and therefore rate pair (1,3) is an optimal sum-rate point.

A

B. Block Markov encoding scheme: an achievable region

In both examples 3 and 6, the achievability is through a block Markov encoding scheme, and the construction of it is
explained with the help of an extended combination network. Before further explaining this construction, let us clarify what
we mean by an extended combination network.

Definition 3 (Extended combination network). An extended combination network is formed from the original combination
network by adding some extra nodes, called virtual nodes, to the intermediate layer. The source is connected to all of the



virtual nodes through edges that we call virtual resources. Each virtual resource is connected to a subset of the receivers which
we refer to as the end-destinations of that virtual resource. This subset is chosen, depending on the structure of the original
combination network and the target rate pair, through an optimization problem that we will address later in this section.

The idea behind extending the combination network is as follows. The encoding is such that in order to decode the common
and private messages in block ¢, each receiver may need the information that it will decode in block ¢+ 1 (recall that receivers
perform backward decoding). So, the source wants to design both its outgoing symbols in block ¢ and the side information
that the receiver will have in block ¢ + 1. This is captured by designing a code over an extended combination network, where
the virtual resources play, in a sense, the role of the side information.

Over the extended combination networks, we will design a general multicast code (as opposed to one for nested message
sets). We will only consider multicast codes based on basic linear superposition coding to emulate the virtual resources (see
Remark 4). We further elaborate on this in the following.

Definition 4 (Emulatable virtual resources). Given an extended combination network and a general multicast code over it,
a virtual resource v is called emulatable if the multicast code allows reliable communication at a rate of at least 1 to all
end-destinations of that virtual resource (over the extended combination network). We call a set of virtual resources emulatable
if they are all simultaneously emulatable.

We now outline the steps in devising a block Markov encoding scheme for this problem.

1) Add a set of virtual resources to the original combination network to form an extended combination network.

2) Design a general (as opposed to one for nested message sets) multicast code over the extended combination network
such that all the virtual resources are emulatable.

3) Use the multicast code to make all the virtual resources emulatable. More precisely, use the information symbols in
block ¢ + 1 to also convey the information carried on the virtual resources in block ¢. Use the remaining information
symbols to communicate the common and private information symbols.

An achievable rate-region could then be found by optimizing over the virtual resources and the multicast code.

Formulating this problem in its full generality is not the goal of this section. We instead aim to take a simple block Markov
encoding scheme, show its advantages in optimal code design, and characterize a region achievable by it. To this end, we
confine ourselves to the following two assumptions: (i) the virtual resources that we introduce are connected to all private
receivers and different subsets of the public receivers, and (ii) the multicast code that we design over the extended combination
network is a basic linear superposition code along the lines of the codes in Section I'V-C.

In order to devise our simple block Markov scheme, we first create an extended combination network by adding for every
S C 71, Bs many virtual resources which are connected to all the private receivers and all the public receivers in S C 7; (and
only those). We denote this subset of the virtual resources by Vs.

Over this extended combination network, we then design a (more general) multicast code. We say that a multicast code
achieves rate tuple (R1, a1, m},--.,Qg) over the extended combination network, if it reliably communicates a message of
rate R to all receivers, and independent messages of rates as, S C 7, to all public receivers in S and all private receivers.
To design such a multicast code, we use a basic linear superposition code (through a zero-structured multicast code design).
It turns out that the rate tuple (Ri,aqy . my,...,4) is achievable if the following inequalities are satisfied (see Remark 3):

Decodability constraints at public receivers:

Zas < Za5+ Z (|€s| + Bs), VA C {{i}x} superset saturated, Vi € 7, (46)
SCI, SeA  SeAc
S5i S5i
Ri+ Y as< Y (€|+8s), VieT (47)
SCT, SCT,
KEY KEY
Decodability constraints at private receivers:
R) < ZO‘S + Z (|€s.pl + Bs), VA C 2% superset saturated, Vp € Zo (48)
SeA SeAe
Ri+ R, < ) (|€spl + Bs), Vp € I (49)
SCTh

Now, given such a multicast code, we find conditions for the virtual resources to be emulatable. The proof is relegated to
Appendix G.

Lemma 10. Given an extended combination network with s virtual resources Vs, S C I, and a multicast code design that
achieves rate tuple (Ri, a1, m},--.,Qg), all virtual resources are emulatable provided that inequalities in (50) hold.

Z Bs < Z as, VA C 25isuperset saturated. (50)
SeA SeA



It remains to calculate the common and private rates that are achievable (over the original combination network) when we
use our simple block Markov encoding scheme. To do so, we disregard the information symbols that are used to emulate
the virtual resources, for they bring redundant information, and characterize the remaining rate of the common and private
information symbols. In the above scheme, this is simply (R1, Ry — > g7, Bs), where Ry =3 57 as and the real valued
parameters as, Ss satisfy inequalities (46)-(50) and the following non-negativity constraints:

as >0, (51)
Bs > 0. (52)

To simplify the representation, we define vs = as — s, VS C Zj, and then eliminate «’s and 5’s from all inequalities
involved. We thus have the following theorem.

Theorem 2. The rate pair (R1, R2) is achievable if there exist parameters vs, S C Iy, such that they satisfy the following
inequalities:

Z vs > 0, VYA C 271 superset saturated (53)

SeA

RQ = Z S (54)
SCT,

Decodability constraints at public receivers:

Z vs < Z s + Z |Es|, VA C {{i}x} superset saturated, Vi € I, (55)
SCI, SeA SeA’
KEY S3i
Ri+ ) vs< ) [&l, Viel (56)
SgIl ngl
KEY Y

Decodability constraints at private receivers:

Ry < Z vs + Z |Espl, VAC ol superset saturated, Vp € Ty (57)
SeA SeAe

Ri+Ry< Y |€s,l, VpET. (58)
SCT,

Comparing the rate-regions in Theorem 1 and Theorem 2, we see that the former has a more relaxed set of inequalities
in (53) while the latter is more relaxed in inequalities (55). Although the two regions are not comparable in general, it turns
out that for m < 3, the two rate-regions coincide and characterize the capacity region (see Theorem 4 and Theorem 5).
Furthermore, the combination network in Fig. 7 serves as an instance where the rate-region in Theorem 2 includes rate pairs
that are not included in the region of Theorem 1 (see Example 5 and Example 6).

Fig. 9 plots the rate-regions of Theorem 1 and Theorem 2 for the network of Fig. 7. The grey region is the region of
Theorem 1 (i.e., is achievable using pre-encoding, rate-splitting, and linear superposition coding) and the red shaded region is
the region of Theorem 2 (i.e., is achievable using the above block Markov encoding scheme). Note that in this example, the
proposed block Markov encoding scheme strictly outperforms our previous schemes.

Remark 8. It remains open whether the rate-region of Theorem 2 always includes the rate-region of Theorem 1, or not. We
conjecture that this is true.

VI. OPTIMALITY RESULTS

In this section, we prove our optimality results. More precisely, we prove optimality of the zero-structured encoding scheme
of Subsection IV-C when m = 2, optimality of the structured linear code with pre-encoding discussed in Subsection IV-D when
m = 3 (or fewer), and optimality of the block Markov encoding of Section V when m = 3 (or fewer). This is summarized in
the following theorems.

Theorem 3. Over a combination network with two public and any number of private receivers, the rate pair (R1, R2) is
achievable if and only if it lies in the rate-region of Proposition 1.

Theorem 4. Over a combination network with three (or fewer) public and any number of private receivers, the rate pair
(R1, R2) is achievable if and only if it lies in the rate-region of Theorem 1.

Theorem 5. Over a combination network with three (or fewer) public and any number of private receivers, the rate pair
(R1, R2) is achievable if and only if it lies in the rate-region of Theorem 2.
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Fig. 9: The rate-regions of Theorems 1 and 2 for the combination network in Fig. 7

A. Explicit projection of the polyhedron: proof of Theorem 3

The achievability part of Proposition 1 was discussed in Section IV-C. We prove the converse here. Using Fourier-Motzkin
elimination method, we first eliminate all parameters as, S C Zj, in the rate-region of Proposition 1 and we obtain the
following region (recall that Z; = {1,2} and Z, = {3,..., K}):

Ry <min (|| + 1€ 03] 1€y + 1€11,23]) (59)

Ry + Ry < 1{2112 {1€sp] + €10 + €1l + 11,2301 } (60)

2R + Ry < ZI)IEIIIH {|5{1}| +2[E0 23| + Eqay | + |5¢’p\} . (61)
2

Note that the right hand side (RHS) of (59) is the minimum of the min-cuts to the two public receivers, and the RHS of (60)
is the minimum of the min-cuts to the private receivers.

We now prove the converse; i.e., any achievable rate pair satisfies the three inequalities above. The proof is similar to
[29]. Inequalities (59) and (60) are immediate (using cut-set bounds) and are easy to derive. Inequality (61) is, however, not
immediate and we prove it in the following. Assume communication over blocks of length n. The rate Ry is bounded, for
each private receiver p € I and any € > 0, as follows:

TLRQ :H(WQ‘Wl)
SH(WQ‘Wl) — H(WQ‘Wlan) + H(WQ‘Wlan)

(@)
S I(Wa; Y'[Wh) + ne

:H(Yp"\Wl) + ne

®)

<H(X7 1y, 201,21 05 {011 23, (1,203 W) 4 1€

©
<H(X{y, 11,2 W) + H(X{ oy, 01,0 W) + H(X G (1) 121 01,2000 X {0y (20, 11,2 W) A+ e
(@)

SHX{0y,0,om) + H(X P2y, p,2yy) = 2080 + H(X (1, 031121101 X {0y 123, 01,2 W) £ 3ne

©
<H(X{0y,0.2n) + HX 2}, 1,2))) — 2081+ H(XE ) + 3ne

()
<n(|Ey |+ €23 ) + 1€y | + [Eq1,23]) — 2nRy +n([Epp

) + 3ne.



Fig. 10: The rate-region in Theorem 3 evaluates to R <2, R; + Re <4 and 2R; + R2 < 5.

In the above chain of inequalities, step (a) follows from Fano’s inequality. Step (b) follows because the received signal Y,
is given by all symbols in X7, (11.{2}{1,2}}.p and we further add all symbols X?Lz},X?l},X ?2} Step (¢) follows from sub-
modularity of entropy. Step (d) is a result of (62)-(64), below, where (64) is due to Fano’s inequality (1¥; should be recoverable
with arbitrarily small error probability from X ?{1}7 {1_’2}}).

H(X{ 0y, 0,20 W) =H(X 1y (1,2 W) — 2 (62)
=H(X{ny,0,20) + HWIXT 0y f12yy) — 0k (63)
SH(X?{l},{l,Q}}) “+ ne — TLRl. (64)

Similarly, H(X?{Q}’{Lz}}\wl) < H(X?{z},{m}}) — nRy + ne. Step (e) follows by the fact that for any S C 7, Xg, is
contained in X2 (by definition) and that conditioning reduces the entropy. Finally, step (f) follows because each entropy term
H(XZ) is bounded by n|S| (remember that all rates are written in units of log, |F,| bits).

We discuss an intuitive explanation of this outer-bound via the example in Fig. 10. Clearly, the common message W, could
be reliably communicated with receiver 1 (which has a min-cut equal to 2) only if Ry < 2. Similarly, R; < 3 (according to
the min-cut to receiver 2) and Ry + Ro < 4 (according to the min-cut to receiver 3). Now, consider the three cuts Cy, Cs, Cs
shown in Fig. 10. How much information about message W5 could be carried over edges e1, ez, €3, e4, altogether? Edges of
the cut {e;, es} can carry at most 2 — R; units of information about message W, for they have a total capacity of 2 and have
to also ensure decodability of message W; (which is of rate R;). Similarly, edges of the cut {e3,es3,e4} can carry at most
3 — Rj units of information about message Ws. So altogether, these edges cannot carry more than 2 — Ry + 3 — R bits of
information about message Wa; i.e., Ro <5 — 2R, or 2R; 4+ Ry < 5.

B. Sub-modularity of the entropy function: proof of Theorem 4 and Theorem 5

While it was not difficult to eliminate all parameters as, S C 73, from the rate-region characterization for m = 2, this
becomes a tedious task when the number of public receivers increases. In this section, we prove Theorem 4 by showing an
outer-bound on the rate-region that matches the inner-bound of Theorem 1 when m = 3. We bypass the issue of explicitly
eliminating all parameters a.s, S C Z;, by first proving an outer-bound which looks similar to the inner-bound and then using
sub-modularity of entropy to conclude the proof. The same converse technique will be used to prove Theorem 5. Together,
Theorem 4 and Theorem 5 allow us to conclude that the two regions in Theorems 1 and 2 coincide for m = 3 public ( and
any number of private) receivers and characterize the capacity. We start with an example.

Example 7. Consider the combination network of Fig. 11 where receivers 1,2,3 are public and receivers 4,5 are private
receivers. We ask if the rate pair (R; = 1, Ry = 2) is achievable over this network. To answer this question, let us first see if
this rate pair is within the inner-bound of Theorem 1. By solving the feasibility problem defined in inequalities (30)-(34), using
Fourier-Motzkin elimination method, we obtain the following inner-bound inequality, and conclude that the rate pair (1,2) is
not within the inner-bound of Theorem 1.

4R1 + 2Ry < 7. (65)

Once this is established, we can also answer the following question: what linear combination of inequalities in (30)-(34)
gave rise to the inner-bound inequality in (65)? The answer is that summing two copies of (32) (for ¢ = 1), one copy of
(32) (for i = 2), one copy of (32) (for i = 3), one copy of (33) (for A = {{1}*,{2,3}*}, p = 4), one copy of (33) (for
A= {{1}*, {2}*, {3}x},p = 5), and finally one copy of the non-negativity constraint in (30) (for S = {1, 2, 3}) gives rise to
4Ry + 2Ry < 7.
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Fig. 11: Is rate pair (1,2) achievable over this combination network?

We now write the following upper-bounds on R; and Ry (which we prove in detail in Section VI-B2). Notice the similarity
of each outer-bound constraint in (66)-(71) to an inner-bound constraint that played a role in the derivation of 4R; +2Rs < 7.

Ry + %H(X?{l}*}\wl) <1 o
it %H(X?{z}*}\wl) <2 .
Bt %H(X?{?)}*}\Wl) <2 .
Ry < %H(X?{1}*,{2,3}*}|W1) +1 )
Ry < %H(X?{l}*,{z}*,{g}*}|W1) 0
OS%Huﬁlmmn. o

Take two copies of (66) and one copy each of (67)-(71) to yield an outer-bound inequality of the following form.
4R, + 2R>

o L GG 4 HKE X W) £ HCKE ) Xy 1) .
n \ —HXE X W) — H(XE X5 X 5y X5 [W1)
(a)
<7 (73)
where (a) holds by sub-modularity of entropy. A

The intuition from Example 7 gives us a method to prove the converse of Theorem 1 (for m = 3). Before presenting the
proof, let us introduce a few techniques, as it may not be clear how sub-modularity could be used in full generality.

1) Sub-modularity lemmas: We adopt some definitions and results from [38] and prove a lemma that takes a central role
in the converse proof in Section VI-B2.

Let [F] be a family of multi-sets® of subsets of {s1,...,sy}. Given a multi-set T' = [['y,...,T] (where T'; C {s1,...,sn},
i=1,...,0),let I" be a multi-set obtained from I' by replacing I'; and I'; by I'; NT'; and I'; UT; for some 7,5 € {1,...,1},
i # j. The multi-set IV is then said to be an elementary compression of T'. The elementary compression is, in particular,
non-trivial if neither I'; C I'; nor I'; C I';. A sequence of elementary compressions gives a compression. A partial order > is
defined over [F| as follows. I' > A if A is a compression of IT' (equality if and only if the compression is composed of all
trivial elementary compressions). A simple consequence of the sub-modularity of the entropy function is the following lemma
[38, Theorem 5].

Lemma 11. /38, Theorem 5] Let X = (X,) be a sequence of random variables with H(X) finite and let T and A be finite
multi-sets of subsets of {s1,...,sn} such that I' > A. Then

Y H(Xr)> Y H(Xa).

Ter AeA

3Multi-set is a generalization of the notion of a set in which members are allowed to appear more than once.
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Fig. 12: Graphs associated with multi-sets I', TV, T/, A obtained through the compression that is performed in inequalities
(74)-(77).

For our converse, we consider the family of multi-sets of subsets of 27t where Z; = {1,2,3}. We denote multi-sets by
bold greek capital letters (e.g., I' and A), subsets of 271 by greek capital letters (e.g., I';, ¥ and A), and elements of 27 by
calligraphic capital letters (e.g., S and 7). Over a family of multi-sets of subsets of 271, we define multi-sets of saturated
pattern and multi-sets of standard pattern as follows.

Definition 5 (Multi-sets of saturated pattern). A multi-set (of subsets of 271) is said to be of (superset) saturated pattern
if all its elements are superset saturated. E.g., for Ty = {1,2,3}, we have that multi-sets [{{1},{1,2},{1,3},{1,2,3}}]
and [{{1},{1,2},{1,3},{1,2,3}},{{2,3}, {1, 2, 3} }] are both of saturated pattern, but not [{{2},{1,2},{1,2,3}}] (since its
only element is not superset saturated as {2, 3} is missing from it) or [{{1}, {2}, {1, 2},{1,3},{2,3},{1,2,3}},{{1}, {1, 2}}]
(since {{1},{1,2}} is not superset saturated).

Definition 6 (Multi-sets of standard pattern). A multi-set (of subsets of 2%1) is said to be of standard pattern if its ele-
ments are all of the form {S C I, : S > i}, for some i € I;. E.g., both multi-sets [{{1},{1,2},{1,3},{1,2,3}}] and
{{1}.{1,2},{1,3},{1,2,3}},{{2}, {1, 2},{2,3},{1,2,3}}] are of standard pattern, but not multi-sets [{{1,2},{1,2,3}}]
or [{{1},{2},{1,2},{1,3},{2,3},{1,2,3}}].

Definition 7 (Balanced pairs of multi-sets). We say that multi-sets T and A are a balanced pair if ) .p 1ser = > pca Lsen,
for all sets S € 271,

Remark 9. One observes that (i) multi-sets of standard pattern are also of saturated pattern, (ii) the set of all multi-sets of
saturated pattern is closed under compression, (iii) if a multi-set A is a compression of a multi-set ', then they are balanced,
and (iv) two multi-sets of standard pattern are balanced if and only if they are equal.

Let us look at step (a) in inequality (73) in this formulation. Consider the family of multi-sets of subsets of 2{1,2.3}
and in particular, the multi-set T' = [{{1}}, {{1}},{{2},{2,3}},{{3},{2,3}}]. After the following non-trivial elementary
compressions, the multi-set A = [{{1},{2,3}},{{1},{2},{3},{2,3}}] is obtained.

D =[{{1}}, {{1}}, {2}, {2, 3}}, {{3}. {2, 3}}] (74)
Z[{{l}}v {{1}7 {2}, {273}}7 {{3}7 {273}}} =T (75)
>[{{1p) ({1 {2} {3} (2,3}, {{2, 3} = 17 (76)
Z[{{l}v{273}}7{{1}7{2}7{3}7{273}}] = A (77)

Therefore, I' > A and by Lemma 11, ) . H(XE|W1) > >, o H(XZ|W1). Thus, step (a) of inequality (73) follows.
Here, we develop an alternative visual tool. Associate a graph Gr to every multi-set I'. The graph is formed as follows.
Each node of the graph represents one set in I', and is labeled by it. Two nodes are connected by an edge if and only if
neither is a subset of the other. Each time an elementary compression is performed on the multi-set I', a compressed multi-set
TV (with a new graph associated with it) is created. E.g., graphs associated with multi-sets T, IV, T'”, and A (which are all
defined in inequalities (74)-(77)) are shown in Fig. 12.
For such (associated) graphs, we prove that compression reduces the total number of edges in the graphs.

Lemma 12. Let G denote the graph associated with a multi-set T' and G 5 denote the graph associated with a multi-set A.
Provided that A < T, the total number of edges in G is strictly smaller than that of Gr.

Proof: We prove that a non-trivial elementary compression over I' strictly reduces the total number of edges in its associated
graph. Assume that a non-trivial elementary compression over I' yields a compressed multi-set IV, and the compression is
performed using two sets I'; and I';. Consider the nodes associated with these two sets and track, throughout the compression,
all edges that connect them to the other nodes of the associated graph. Let I'y, (% I'j, I';) be an arbitrary node of the associated
graph. We first show that for any such node, the total number of edges connecting it to I'; and I'; does not increase after the
compression. This is summarized in the following.
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Multi-set A Multi-set 3 > A

[ s i (b, - [ iy, b,

[ {238 {{ide {0, kg - [ iy, G kg -

[..., {{1,2,3}}, {{é,5}* {i,k}*}, ...] [ {{i, 50}, {{i, k), ... ]

[ {2,388 {{d, b {d, ke, {0 k3, ] [ g kb {a kb, o]
[ [

[ [

[ [

o {0 21 31}, (ke G kbt -] o ik G (e (R3]
oo U {23, {33, {46, % {6, k), L] oo i), s RS, L]
oo AU {20 {31, {{d gk {6 kb {d k), ] o i bty (B i, ]

Fig. 13: Non-trivial elementary decompressions for multi-sets of subsets of 2t1:2:3} Here, (i, j, k) is a permutation of (1,2, 3).

o There is an edge (I';,T'x) and an edge (I';,T'x): In this case, no matter what the resulting graph Gp/ is after the
compression, there cannot be more than two edges connecting I'y, to I'; and I';.

o There is an edge (I';,I'y) but there is no edge (I';,I'y): Since there is no edge between I'; and I';, one of them is a
subset of the other.

1) If I'; €T, then I'; NI'; C 'y, and there is, therefore, no edge between I'y, and I'; NT'; after the compression.
2) If otherwise I'; D TI'y, then I'; UI'; O T’y and there is, therefore, no edge between I'y and I'; U T'; after the
compression.
e There is no edge (I';,I'x) but an edge (I'j,I'x): This case is similar to the previous case.
o There is neither an edge (I';,T'x) nor an edge (I';,T'x): In this case, we have either of the following possibilities.
1) If I'; €Ty and I'; C I'y, then both I'; UT'; and I'; N I'; are subsets of I'y, and there is no edge connecting I'j, to
IynIyor Iy UT; over Gy
2) fI'y CTyand I'y D ', then I'; UT; D T’y and I'; N T'; € I'y, and there is, therefore, no edge connecting I'y, to
I';n Fj or['; U Fj over Gr/.
3) If I'; D I'y, and I'; C Iy, then similar to the previous case one concludes that there is no edge connecting I'y to
I'yNIyor Iy UL, over Grv.
4) If I'; 2 I'y and I'; O I'y, then both I'; UT'; and I'; N I'; are supersets of I';, and there is, therefore, no edge
connecting I'y to their replacements I'; N I'; or I'; UT'; over G.
Besides, edges between I'j, and T'y/, where k, k" ¢ {i, j}, remain unaffected. Since the compression is non-trivial, nodes T';
and I'; have been connected over Gr and are no longer connected over G/. So, the total number of edges in Gr is strictly
smaller than Gr, and this concludes the proof. |
Define a (non-trivial) decompression as the inverse act of a (non-trivial) compression. As opposed to compression, a non-
trivial decompression is not always possible using every two elements of a multi-set A. It is, indeed, not clear whether a
multi-set A is decompressible at all. For example, the multi-set [{{2, 3}, {1,2,3}}, {{1}, {2}, {1,2},{1, 3}, {2,3},{1,2,3}}]
cannot be non-trivially decompressed; i.e., there exists no multi-set I' such that

I‘ > [{{27 3}7 {]‘7 273}}7 {{1}7 {2}7 {]‘7 2}7 {173}7 {273}7 {17273}}}' (78)

The table in Fig. 13 gives a list of some non-trivial elementary decompressions for multi-sets of subsets of 211:2:3},
Although not all multi-sets are decompressible, Lemma 13 below identifies a class of multi-sets of subsets of 2{1:2:3} that
are decompressible.

Lemma 13. Ler A and T be multi-sets of subsets of 21123} Suppose A is of saturated pattern and T is of standard pattern.
If A and T are a pair of balanced multi-sets, then a non-trivial elementary decompression could be performed over A, unless
A=T.

Proof: The proof is by showing that for any multi-set A with the stated assumptions, at least one of the non-trivial
elementary decompressions in Fig. 13 is doable. This is done by double counting (once in A and once in I') the number of
times each subset S € 2123} appears in the multi-set A, and showing that no matter what A and T' are, at least one of the
cases of Fig. 13 occurs. We defer details of this proof to Appendix H. [ ]

Lemma 13 shows that a multi-set A of saturated pattern, which is balanced with a multi-set I of standard pattern, can be non-
trivially decompressed. Let the result of this non-trivial elementary decompression be a multi-set 3. Since the decompressed
multi-set X is, itself, of saturated pattern and remains balanced with multi-set I" (see Remark 9), one can continue decompressing
it using Lemma 13 as long as 3 # I'. This, either ends in an infinite loop, or ends in 3 = I" (Note that there cannot be two
different multi sets I' > A and IV > A such that I', IV, and A are all balanced); the former is ensured not to happen, for the
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total number of edges in the associated graph strictly decreases after each decompression (see Lemma 12). Thus, we arrive at
the following lemma.

Lemma 14. Let A and T' be multi-sets of subsets of 21123} where A is of saturated pattern and T is of standard pattern. If
A and T are balanced, then A can be decompressed to T'; i.e., T' > A.

2) The converse proof in Theorem 4: With these tools in hand, we are now ready to prove the converse part of Theorem 4.
The key to proving the converse is the following lemma which we only state here and prove in Appendix I.

Lemma 15. Consider the rate-region characterization in Theorem 1 (where Iy = {1,2,3} and Io = {4,...,K}). The
constraints given by inequality (30) in Theorem 1 can be replaced by (79),below, without affecting the rate-region.

Z as >0, VA C 2% superset saturated. (79)
SeA
By Lemma 15, the rate-region of Theorem 1 is equivalently given by constraints (31)-(34), (79). We start with finding an
outer-bound which looks similar to this inner-bound.

Lemma 16. Any achievable rate pair (Ry, Rs) satisfies outer-bound constraints (80)-(83) for any given ¢ > 0.

1

—H(X}|Wy) >0, VA C 2% superset saturated (80)

n

Ryt SH(X™ L [Wh) < £ Viel 81

1+ {tiy W) < Z Es| + €, 1€y (81)
Sef{i}x}

1

Ry < —H(X}|W1) + Z |Es.p| + €, VA C 2% superset saturated, Np € Ty (82)
K SeAe

Ri+Ry< Y |Esyl+e,  VpeD,. (83)

sCT,

Remark 10. Notice the similarity of inequalities (80), (81), (82), (83) with constraints (79), (32), (33), (34), respectively. We
provide no similar outer-bound for the inner-bound constraint (31) because it is redundant*.

Proof: Inequalities in (80) hold by the positivity of entropy. To show inequalities in (81), we bound R; for each public
receiver ¢ € 7; as follows:

=H(Wy) — HWA|Y]") + HW1[Y}") (85)
(a)

<I(Wy;Y") + ne (86)
=I(W1; X{{iy.y) + ne (87)
=H(X{{;3.) — H(X 0 IW) + ne (88)
(b) n

<n| D 18] | = H(X{Wh) +ne (89)

Se{{i}*}

In the above chain of inequalities, (a) follows from Fano’s inequality and (b) follows by bounding the cardinality of the
alphabet set of X7, and using H(X) < log|X|, where X is the alphabet set of X. In a similar manner, we have the
following bound on nR; + nRy for each private receiver p which proves inequality (83).

nRy +nRy =H (W, W) (90)
<I(W1Wa; Y,') + ne ©On
=I(W1Wa; XJ,y ) + 1€ (92)
=H (X[}, p) + ne 93)
<n | > |&spl | +ne (94)
Se{p*}

Finally, we bound Ry to obtain the inequalities in (82). In the following, we have p € Z5, A C 271 and € > 0.
nRy =H (W3 |W7) (95)

4This inequality is redundant because it is the only inequality that contains the free variable Qg-
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=H(W5|W1) —H(W2|W1Yp") +H(W2|W1an) (96)

(a)
<I(Wo; Y, [Wh) + ne Cn)
=I(Wa; X{yay p|W1) + ne (98)
=H(X7yy /W) + ne (99)
(b)
<H (X7 pXAIWL) + ne (100)
=H(XR|W1) 4+ H(XP, | XRW1) 4 ne (101)
(©)
<H(X}|Wh) + H(X}e,) + ne (102)
()
<H( }(Wl)+n<z 58,,,) + ne. (103)
SeAc

In the above chain of inequalities, step (a) follows from Fano’s inequality. Step (b) holds for any subset A C 27t and in
particular subsets which are superset saturated. Step (c¢) follows because conditioning decreases entropy. Step (d) follows by
by bounding the cardinality of the alphabet set of X . , and using H(X) < log|X|, where X' is the alphabet set of X.
|
The rate-region of Theorem 1 can be obtained explicitly by applying Fourier-Motzkin elimination to (32)-(34) and (79)
to eliminate parameters as. This gives a set of inequalities of the form miR; + mgoRs < E, each obtained by summing
potentially multiple copies of constraints (32)-(34), (79), so that all variables as, S C Z;, get eliminated. To show a converse
for each such inner-bound inequality, m; 1 + me Ry < F, take copies of the corresponding outer-bound constraints (80)-(83)
and sum them up to yield an outer-bound inequality of the form

1
R Ro + — H(XTW
my iy + me 2+n§ (Xr|Wh)

1
<E+- > H(XR W) (104)
AeA

where T is a multi-set of standard pattern and A is a multi-set of saturated pattern, both consisting of subsets of 271 where
7, = {1,2,3}. Notice that I" and A are balanced since Fourier-Motzkin elimination ensures that all the a.s’s are eliminated.
So by Lemma 14, A < T and therefore,

> H(XRWh) <> H(XE|Wh). (105)
AeA rer

Using (105) in the outer-bound inequality (104), we conclude the converse to m; 1 + maoRy < E, for every such inequality
that appears in the inner-bound. This concludes the proof of the converse of Theorem 4.

Remark 11. Note that Lemma 13, Lemma 14, and Lemma 15 are valid only for m < 3, and Lemma 16 holds in general.

Remark 12. The following example serves as a counter example for Lemma 13 when m > 3. Consider the following multi-sets
of subsets of 211:2:3:4}

A= {1} {20 < {3) x {dh}, {1, 20 % {1, 3} % {2,4}}, {{1, 4} {2,3} » {3,4}x}, {{1,2,3,4}}],

L= {13, {203 {31}, {41}

It is easy to see that A is of saturated pattern, T is of standard pattern, and they are balanced. Nevertheless, no elementary
decompression cab be performed on A.

We would like to remark that one could prove Theorem 5 using the same technique. More precisely, Lemma 15 is already
implied and Lemma 16 could accommodate an outer-bound constraint similar to the inner-bound constraint of (55) as follows:

EH(X{{i}*}‘Wl) < EH(XA|W1) + EH(XA‘X{{i}*p W) (106)
1 1,
< EH(XA|W1) + EH(X({{Z‘}*}\A)) (107)
1
< EH(XK|W1)+ > I€s]- (108)

The rest of the converse proof follows, as before, by sub-modularity.
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VII. A BLOCK MARKOV ENCODING SCHEME FOR BROADCASTING TWO NESTED MESSAGE SETS OVER BROADCAST
CHANNELS

Finally, to emphasise the generality of our study, in this section we extend our coding technique to general broadcast channels.
Let us consider a broadcast channel p(y1, ..., yx|x) with input signal X, output signals Y1, ..., Yx where Y;, i € Z;, is the
signal available to public receiver ¢ and Y, p € Iy, is the signal available to private receiver p.

In many cases where the optimal rates of communication are known for broadcasting nested messages, the classical techniques
of rate splitting and superposition coding have proved optimal, and this motivates us, also, to start with such encoding schemes.
In particular, in the context of two message broadcast, we split the private message into different pieces W5 of rates as,
S C T, where W is revealed to all public receivers in S (as well as the private receivers). X is then formed by superposition
coding. For Z; = {1,2}, for instance, Wz{l} and Wz{z} are each independently superposed on (W7, T/V{1 2}), and WY is
superposed on all of them to form the input signal X. The rate-region achievable by superposition coding is given by a
feasibility problem (a straightforward generalization of [39, Theorem 8.1]). The rate pair (R;, R2) is achievable if there exist
parameters as, S C 7, and auxiliary random variables Us, ¢ # S C 71, such that inequalities in (109)-(113) hold for a joint
probability distribution [/, Hscz1 plus{ur}rersa)p(@{ustscr,)-

T#S S#¢

Structural constraints:

as Z 0, VS Q Il (109)
Ry = Z as, (110)
SCTIy

Decodability constraints at public receivers:

Zag < Zas +I( USCIIUS, YilUseaUs), VA C {{i}*} superset saturated, Vi € 7, (111)
SCT) SeA S3
KEY)
Ri+ Y as <I(Uscy, Us;Yi), VieT (112)
SCT, 551
CEY
Decodability constraints at private receivers:
Ry < Z as+1(X;Y,|Usea Us), VAC 271 superset saturated, Vp € T, (113)
SeA
Ri+ Re < I(X;Y,), Vpe€I. (114)

As we show below, with a simple block Markov encoding scheme, we can achieve rate pairs which satisfy a relaxed version
of (109)-(114). Specifically, we can relax the constraints in (109) to the following set of constraints:

ESGA as >0 YAC2h superset saturated. (115)

We briefly outline this block Markov encoding scheme for the case where we have two public and one private receiver (the
same arguments go through for the general case also). We devise our block Markov encoding scheme in three steps.

1) We form an extended broadcast channel with input/output signals X', Y], Yy, Yy, as shown in Fig. 14. We have X’ =
(X, Vin2y Vigy, Vi Vo) Y1 = (Y1, Vin 2y, Viay)» Yo = (Yo, Vinoy, Vigy), and Y3 = (X, Vi 0y, Vigy, Viay, Vi), where Vs,
S C {1, 2}, takes its value in an alphabet set Vs of size 2Ps 'We call variables Vg the virfual signals.

2) We design a general multicast code over the extended channel. We say that a multicast code achieves rate tuple

R1 a{l 9 2},a {1},%) , if it communicates a message of rate R; to all receivers and independent messages of rates
s, S C 1 2}, to public receivers in S and all private receivers. We design such a multicast code, using superposition coding.
Conditions under which this encoding scheme achieves a rate tuple (R, o (1.2} o 2y o p ¢) over the extended broadcast
channel are readily given by inequalities in (111)-(113) (for parameters s, auxiliary random variables U%, ¢ #S CZ;, and
input/output signals X’, Y7, Yy, Y3).

3) We emulate the virtual signals. An extension to Lemma 10 provides us with sufficient conditions.

We now use the information bits that are to be encoded in block ¢ 4 1, to also convey (the content of) the virtual signals in
block t. We use the remaining information bits, not assigned to the virtual signals, to communicate the common and private
messages. Putting together the constraints needed in the above three steps (as in Section V), we obtain an achievable rate region
for each joint probability distribution of the form p(u{1 21)P (u{1}|u{1 21)P (u{2}|u{1 o) (T |u{2},u{1},u{1 5y)- In particular,
by a proper choice for the auxiliary random variables, we show that the rate region defined in (110)-(115) is achievable. More
precisely, we have the following theorem (details of the proof are available in [32, Theorem 4.3]).



26

X Yy
p(y1,v2, y3lz) ;
Y3
3
X/
Vi12y
Vin
Viay
Ve

Fig. 14: The extended broadcast channel obtained from p(y1,y2,ys|z) and the virtual signals Vi oy, Vioy, Viiy, Vs.

Theorem 6. The rate pair (Ry1, Ro) is achievable if there exist parameters as, S C Iy, and auxiliary random variables Us,
¢ # S C 1, such that they satisfy inequalities in (110)-(115) for a joint probability distribution in the following form:

K
11 11 p(US‘{UT}T7E_;S§})]7($|{US}SQL)-

k=1SCT, S#¢

|S]=k
Remark 13. Note that the rate-region in Theorem 6 looks similar to that of superposition coding (see (109)-(113)). Clearly,
the former rate-region has a less constrained set of non-negativity constraints on as and includes the latter. It is interesting
to ask if this inclusion is strict, and it is non-trivial to answer this question because of the union that is taken over all proper
probability distributions. For a fixed joint probability distribution, the inclusion is strict for m > 3 public and any number of
private receivers. So it is possible that the proposed block Markov scheme strictly enlarges the rate-region of superposition
coding. However, this needs further investigation.

Remark 14. It is worth mentioning that one may design a more general coding scheme by using Marton’s coding in the second
step (when devising a multicast code for the extended broadcast channel). Following similar steps as above (see [32, Theorem
4.3]), one can relax the non-negativity constraints from the more general rate-region (which is achievable by rate-splitting,
superposition coding, and Marton’s coding).

VIII. CONCLUSION

In this paper, we studied the problem of multicasting two nested message sets over combination networks and gave a full
characterization of the capacity region for combination networks with three (or fewer) public and any number of private
receivers.

More generally, we discussed three encoding schemes which are based on linear superposition schemes. We showed that the
standard linear superposition encoding scheme is optimal for networks with two public and any number of private receivers.
For networks with more than two public receivers, however, this scheme is sub-optimal. We discussed two improved schemes.
The first scheme uses an appropriate pre-encoding at the source, followed by a linear superposition scheme. We characterized
the achievable rate-region in terms of a feasibility problem (Theorem 1) and showed its tightness for networks with three (or
fewer) public and any number of private receivers (Theorem 4). We illustrated an example (Example 6) where this scheme
performs sub-optimally, and proposed an optimal block Markov encoding scheme. Motivated by this example, we proposed
a block Markov encoding scheme and characterized its achievable rate-region (Theorem reflb-CombNetbme-Theorem). This
scheme, also, is capacity achieving for network with three (or fewer) public and any number of receivers (Theorem 5). While
the rate-regions of Theorem 1 and Theorem 2 are not comparable in general, we showed an example where Theorem 2 strictly
includes Theorem 1. We conjecture that this inclusion always holds.

We discussed that combination networks are an interesting class of networks to study specially since they also form a
class of resource-based broadcast channels. To illustrate the implications of our study over broadcast channels, we generalized
the block Markov encoding scheme that we proposed in the context of combination networks and derived a new achievable
scheme for broadcast channels with two nested message sets. The rate-region achieved by this scheme includes the previous
rate-regions. It remains open whether this inclusion is strict.
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APPENDIX A
PROOF OF LEMMA 1

We start with proving the “only if” statement. Since W; is recoverable from Y, for any Wy, Wa, W{ W3 it holds that if
Y =Y’ (or equivalently T (W1 — W{) + To(Wo — W3) = 0), then W7 = W{. In particular, for Wy = W} one finds that
for any W1, W] equation T1(W; — WJ) = 0 results in W7, = W/. Therefore, T; is full column rank; i.e., rank(T71) = R;.
Furthermore, for all vectors Wy, W{, Wa, W3 such that W7 # W], one obtains T1 (W1 — W{) # Te(W5 — Wa); ie., the
column space of matrix Ts is disjoint from the column space of matrix T}.

To prove the “if” statement, we prove that if it holds that rank(T;) = Ry and column spaces of T and T are disjoint, then
equation Y =Y (or equivalently T1 (W7 — WY) + To(Wo — W) = 0) results in W7 = W] for all vectors Wy, Wa, W], W3,
We show this by contradiction. Let T1 (W7 — W{)+ T2 (W2 —W3) = 0 and W7 # W. For the cases where Ty(Wo —W3) = 0,
we get T1 (W1 — W{) = 0 for Wy # W/, which contradicts the original assumption of rank(T7) = Ry. If To(Ws — W3) # 0,
then T (W7 — W) + To(W2 — W3) = 0 implies that there exists at least one non-zero vector in the intersection of the column
spaces of T; and Ty which contradicts the assumption that column space of Ty and T are disjoint.

APPENDIX B
PROOF OF LEMMA 3

We start with proving that (¢) implies (i¢). Assume that matrix T is assigned full column rank. Over the equivalent unicast
network, we propose a network code that constitutes a transfer matrix (from node A to node B) exactly equal to the full-rank
matrix T First, let each outgoing edge of the source carry one uncoded symbol of the message. Then, let the first r(; 5y rows
of matrix T specify the local encoding matrix at node ”/{1,2}~ Similarly, let the second T{2} the third T{1} and the last r4 set
of rows of matrix T specify the local encoding matrices at nodes 7/, 2> nf{l}, and n:ﬁ, respectively. Note that the zero structure
of matrix T, which is given in equation (5), ensures that this is a well defined construction. It follows that T is the transfer
matrix from node A to node B and, since it is full column rank, the encoded message can be decoded at sink node B.

Statement (i¢) also implies (¢) and the proof is by construction. If a message of rate ¢ could be sent over the equivalent
unicast network (from node A to node B), then there are ¢ edge disjoint paths from the source A to the sink B. Each such
path matches one of the outgoing edges of source node A to one of the incoming edges of sink node B. We call this matching
between the outgoing edges of the source and the incoming edges of the sink matching M and we note that its size is c.
We use this matching to fill the indeterminates of matrix T with 0 — 1. First of all, note that each column j of matrix T
corresponds to an outgoing edge of the source, say e;, and each row ¢ of matrix T corresponds to an incoming edge of the
sink, say e}. So each entry (4, j) of matrix T is priorly set to zero if and only if edges e; and 69 cannot be matched. Now,
put a 1 in entry (¢, j) of matrix T if edge e; is matched to edge e; over the matching M. Since matching M has a size equal
to ¢, matrix T is made full column rank.

APPENDIX C
PROOF OF LEMMA 4

Consider all (edge-) cuts separating the source node A from the sink node B. Since the intermediate edges all have infinite
capacity, the minimum cut does not contain any edges from them. One can verify the following fact over Fig. 6: If an edge
(ns/,B), 8" C {1,...,t}, does not belong to the cut, then all edges (A,ns) where S O &’ belong to that cut. So each
(finite-valued) cut corresponds to a subset of the nodes n’s in the third layer. Denoting this subset of nodes by {n/s}ser, for
some I' C 211t} we have the value of the cut given by

dMrs+ > cs (116)
Ser SD87, S'ere

It is not difficult to verify that the (inclusion-wise) minimal cuts are derived for sets I'® that are superset saturated. Renaming
I'“ as A concludes the proof.

APPENDIX D
PROOF OF LEMMA 6
Let r; denote the number of rows in G(); ie., let r; = Y.sc1, ssilEs|- In the matrix GO = [B(i)|L§i’)], first select an
assignment for the columns of LY) that makes them linearly independent (such an assignment exists from construction). Since
the element variables in LY) are independent of those in B, G(® can be made full-rank just by picking R; vectors from
F™, linearly independent from the columns of LY’), for the columns of B(). This is possible since rank(B(*) is at most
> Sc7, s5i @&s which is bounded by r; — Ry (by assumption).
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source

Fig. 15: Source node A communicates a message of rate Ry to the sink node, B.

APPENDIX E
PROOF OF LEMMA 9

For simplicity of notation, we give the proof for the case where m = 2. We prove that T(")P could be made full column
rank if and only if message W5 could be unicast over the network of Fig. 15. In this network the outgoing edges of the source
and the incoming edges of the sink are all of unit capacity and the bold edges in the middle are of infinite capacity. Define
T’ .= T®)P which is given by

Qrq,.2} {13102} &
{1,2} {}<{_>}<$

1€{1,2} pl

0{0]0
TG — 0 §ieon!
0 0 ilg{Z},pl
$|s¢,p|

(117)

Think of matrix P as the local transfer matrix at source node A. Also, think of the matrix formed by the first \5{1’2},p| rows
of T() as the local transfer matrix at intermediate node n{1,2},p» the matrix formed by the second |E¢1y ,,| rows of T®) as
the local transfer matrix at intermediate node ny;y and so on. Notice the equivalence between matrix T®)" and the transfer
matrix imposed by a linear network code from node A to node B over the network of Fig. 15, and conclude that message W5
is decodable if and only if message W5 could be unicast from A to B. Decodability conditions at receiver p can, therefore, be
inferred from the min-cut separating nodes A and B over the network of Fig. 15. Lemma 4 gives this min-cut by the following
expression.

min min E as + E |Es.pl, E as + ()t} (118)
AC2*1 .
Asuperset saturated S €4 Serlre Se2T1, S#¢

One can verify that Ry is smaller than the expression in (118), provided that inequalities in (33) hold.

APPENDIX F
APPLICATION OF THE SPARSE ZEROS LEMMA TO THE PROOF OF THEOREM 1

We constructed matrices G, i € 7 and reduced the problem to making all these matrices simultaneously full-rank. Matrices
G have their entries defined by the variables in A and P. We also discussed that each of these matrices could be made
full column rank. This implies that there exists a square submatrix of each G("’), say Ggi), that could be made full-rank. Let
P be the polynomial corresponding to the determinant of Gl ,and P =[], P Given that there exists an assignment for
the variables such that each individual polynomial P() is non-zero, we can conclude from the sparse zeros lemma that there
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Virtual resources

Be By B2y By1,2}

— AN~ A~

- —_— =~ —_—
Qg {1} {2} Q{1,2}

Information symbols

(a) The bi-partite graph between the virtual resources and the (b) The equivalent unicast information flow problem.
decodable information symbols.

Fig. 16: The virtual resources are emulatable if there exists a matching of size ) g7 Bs between the virtual resources and
the information symbols that can emulate them. The light edges connect the virtual resources to the information symbols that
can emulate them, and the bold edges show a matching between them.

exists an assignment such that all polynomials are simultaneously non-zero. We can furthermore provide an upper bound on
the required size for . This is done next by finding the degree of each polynomial P in each variable.

For ¢ € 7Z;, since all variables in Gg') are independent of each other, the desired degree is at most 1. For P®), p € 1o,
also, we can show that the maximum degree in each variable is 1. To see this, we proceed as follows. Recall that for p € Zs,
G® = T@P, Let us denote the (i, )™ entry of G(P) by gi,j- So each g; ; = >, t;p1,;, Where t; ; refers to the (i, )™ entry
of T(P) and p; ; refers to the (I, j)™ entry of P. Using Laplace expansion, we have

det GP) = "(~1)*g; ; det G, (119)
where det G; ; is the matrix obtained from G after removing the i™ row and the jM column. Now, note that det G, ; is
not a function of variables {¢;;}; (which are indeed variables of A), nor is it a function of variables {pl’j}l. Thus, the degree
of P(®) is at most 1 in each of the variables of A and P.

Let us construct the polynomial P =[], P& Each P is of degree at most 1 in each variable. So, the degree of P is
at most K in each variable. From the sparse zeros lemma [37, Lemma 2.3], F need only be such that |F| > K.

APPENDIX G
PROOF OF LEMMA 10

Each virtual resource v € Vs can be emulated by one information symbol from any of the messages that are destined to
all end-destinations of v; i.e., all messages WS " where S’ D S. One can form a bipartite graph with the virtual resources as
one set of nodes and the information symbols as the other set of nodes (see Fig. 16a). Each virtual resource is connected to
those information symbols that can emulate it. These edges are shown in light colour in Fig. 16a. Therefore, all resources are
emulatable if there exists a matching of size > scz, Bs over the bipartite graph of Fig. 16a. The matching is shown via bold
edges. It is well-known that there exists such a matching if and only if a flow of amount SCTh Bs could be sent over the
network of Fig. 16b from node A to node B. The min-cut separating nodes A and B is given by the following expression
(see the proof of Lemma 4):

min ) as+ ) fs. (120)
VSCT, A
T" superset saturated SEL" SeT'e

It is easy to see that the flow value, > scT, Bs, is no more than this term provided that inequalities in (50) hold and, therefore,
there is an assignment of information symbols to virtual resources so that all virtual resources are emulatable.
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APPENDIX H
PROOF OF LEMMA 13

Let A be a multiset of 2{123} with saturated pattern, T’ be a multi-set of 2{1:2:3} with standard pattern, and T and A be
balanced and such that A # I'. We prove that no matter what I" and A are, at least one of the cases of the table in Fig. 13
must hold for A, and therefore a non-trivial elementary decompression of A is feasible.

Let us first count, in two different ways (once in A and once in I'), the number of times a set S C 77 appears in the sets
of multi-sets A and TI'. First of all, define ng, S C 7, to be the number of all sets I' € T" that contain S as an element. One
observes (from the standard pattern of multi-set I') that ng = Zie 5N {5}~ Similarly, define my, A € A, to be the number of
times the set A appears in the multi-set A. For simplicity of notation, we use may to denote the number of all sets A’ in
A which are of the form A’ = AU Y where & C 271 g superset saturated, and ¥ 2 A. For example, my{1,2}x}u counts the
number of all sets such as {{1,2}x}, {{1,3}x,{1,2}x}, {{2,3}*, {1,2}*}, {{2,3}*,{1,3}x,{1,2}x}, and {{3} * {1,2}*}
in A, but not {{1}x} or {{1},{3}*}.

Since multi-sets I and A are balanced, the number of sets in I" which contain a set S is equal to the number of the sets in
A which contain it. Thus, counting the number of sets in I' and A which contain {i} and {i,j} as elements, we obtain the
following relationship. In the following, we assume (¢, j, k) to be a permutation of (1,2, 3).

n{i} = M{{i}xpu (121)
Nigy = My{a}du T MU = MY {ibx {530 M {ighdu (122)

Since ny; ;) = ny;) + ng;), we conclude from (121) and (122) the following equation.

iy, {g3x 30 = M{{ij}«}u (123)

Similarly, counting the number of sets in I" and A which contain {1, 2,3} as an element, we arrive at the following equation.

1,23} = M{{pu T2 U T Y shgu T (2G0T s T Mgz shgu
TM{{1,2,3030 — M{{11, {2330 7 M{{1x, {3100 — M{{2}, {3}+}u — M{{1}x,{2,3}x}u T
T2} %, {1,3}%}U — T{{3}%,{1,2}%}U — TV{{1,2}%,{1,3}}U — T{{1,2}%,{2,3}x}U T
—IML{1,3}%,{2,3} %30 T TU{{1,2}%,{1,3}%,{2,3}%}U T TV {1}x,{2}%,{3}x}U (124)
Using nyq 233 = nq1y +ny2) +nya}, equation (121) and equation (123) in equation (124), one obtains the following equation.

M{{1,2,3}x30 T M1} {25,330 = T{{1}x,{2,3}x3U T M {{2}x,{1,3}x}U T M{{3}x,{1,2}x}u T
FIML11,2)%,{1,3}%}U T TU{{1,2}%,{2,3}%}U T TM{{1,3}%,{2,3}x}U
—M(1,2}%,{1,3}%,{2,3}x}U (125)

Now we write each mpy in terms of mp’s to derive the equation of our interest.

Me{1,2,3) T M 20 {3 = M{{1hx {230 T M{{2b {130 T {31 (1,20 T {12}, {1,3}5} T
T2, {1,314, {2,3}+} T {{1,23%,{2,3}+} T T{{1,2}%,{1,3}%,{2,3}} T
TMLL1,31%,{2,3) %} T MU {1,2}%,{1,3}%,{2,3}x} — TV{{1,2}%,{1,3}%,{2,3}x}
= M1, {2,3)x) T {2}, {1,3}x} T {3}, {1,215} T M {{1,2}%,{1,3}x} T
HI 1,215, (2,3} %) T TU{1,3)%,{2,3}%} T 270 {1,2}%,{1,3}%,{2,3} %} (126)
Observe from equality (126) that if there is a non-zero term, ma, , on the left hand, there is at least one other non-zero term,
ma,, on the right hand of the equality. No matter what Ay and A, are, see that we are in one of the decompression cases

in the table in Fig. 13. If both sides of equality (126) are zero, then one concludes that m gy, (j1au = My} {j}+} and
Myfi}x}u = My}« and therefore, by equation (123), we have another equation of interest.

M{{iy*, {3} = TH{{i,5}} (127)

Again, if M) {5}+) 1S NON-ZETO SO iS M((; j14}, and we have the first case described in the table of Fig. 13.
We have proved that a non-trivial elementary decomposition is possible unless all terms in (126) and (127) are zero, and all
terms in (126) and (127) are zero only if A = I'" which contradicts the hypothesis.
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APPENDIX |
PROOF OF LEMMA 15

Let us call the rate-region characterized in Theorem 1 (when Z; = {1, 2, 3}) region R; and the rate-region obtained from
relaxing inequality (30) to inequality (79) (when Z; = {1,2,3}) region Ry. Clearly, R; C Ra. It is, therefore, sufficient to
show that Ro C R;. Both rate-regions R and R are in terms of feasibility problems. In this sense, rate pair (R;, R2) belongs
to Ry if and only if feasibility problem 1 (characterized by inequalities (30)-(34)) is feasible. Similarly, rate pair (R1, R2)
belongs to R if and only if feasibility problem 2 (characterized by inequalities (79), (31)-(34)) is feasible.

In order to show that Ry C R4, we show that if (R, Rz) is such that there exists a solution, as, S C 7, to feasibility
problem 2, then there also exists a solution ag, S C T, to feasibility problem 1. Note that problem 1 varies from problem 2
only in the non-negativity constraints on parameters s, ¢ # S C Z;. The goal is to construct parameters «/s (from parameters
as) such that besides satisfying constraints (31)-(34), they all become non-negative except for og.

We prove the existence of a solution ozfg, S co2hh by construction. This construction is done recursively. We start from a
solution to feasibility problem 2, as, S C 73, and, at each step, we propose a solution ozfg, S C 7, which is still a solution
to feasibility problem 2 but is “strictly less negative” (excluding a4). So after enough number of steps, we end up with a set
of parameters o', S C 7, that satisfies (31)-(34) and also satisfies the non-negativity constraints in (30).

1. First, we set as = as for all S C {1,2,3}. All a5, S C {1,2,3}, satisfy (31)-(34), (79). 1,23} is ensured to be

non-negative by (79) (for A = {{1,2,3}}).

2. We then choose non-negative parameters a’{ ijbe 1,7 € {1,2,3}. Without loss of generality, take the following three cases,

and set o/s’s as suggested (other cases are dealt with similarly).
(a) If a2} < 0 and ar1,3} < 0 and Qr23} < 0:
set Oél{l’z’g} = {123} + 1,2} + 1,3} + 2.3} Oél{l’z} = Oél{l’S} = ‘X{{z,g} = 0, (X{{Z} = Qg3 for ¢ = 1,2,3,
and o/¢ = ag. One can verify that all s, S C {1,2,3}, satisfy (31)-(34), (79). We outline this verification
in the following. (31), (32), (34), and (79) clearly hold. We show how to verify (33) through an example, say,
A ={{1,2},{1,2,3}} and some p € Z,. From feasibility of problem 2, we know that as is such that it satisfies
(33) for all superset saturated subsets A, and in particular for A = {{1,2}x, {1,3}*, {2,3}*}. So, we have

Ry < aq123) + 19y + (13} +aqag) + > |5 5| (128)
Se{é.{1}.{2}.{3}}
=98 + > s 1] (129)
Se{é.{1}.{2}.{3}}
< 0‘:[1,2,3} + 0/{1,2} + Z 1€s,p]- (130)

Se{{1,3},{2,;3},¢,{1},{2},{3}}

(b) If a{1 21 <0and ap 33 <O:
set a{123} = a{123}+a{12} +a{13},a{12 = o (1.3 = =0, a{23} —a{23},a{} = ayy) fore =1,2,3, and
a¢ = ag. Verify that all o5, S C {1,2, 3}, satisfy (31) (34) (79).

(c) If O({l 2} < 0:
set a{123} = o1,2,3} +a{12} > 0. a{12} =0, a{l 3} = 0q1,3} a{23} = ay23}, a{ } = Qi) for i =1,2,3, and
oa¢ = ay. Verify that all o5, S C {1, 2, 3}, satisfy (31)-(34), (79).

3. Finally, we choose non-negative parameters o/ Ly i € {1,2,3}. This is done recursively, following the procedure below,

for each o < 0, until all a% e 1 =1,2, 3, are non-negative. ¢ is assumed a small enough positive number.

(a) If ozf{”},o/{z k) > 0:
set a{} = ajy +0, a5, = a{ 5y — 0, a{lk = a3y — 0, Q93 = Q)3 + 0, and keep the rest of
as’s unchanged. Verify that all o5, S C {1,2 i satisfy (31)-(34), (79). We show (33) for one example: A =
{{1,2},{1,3}x} and some p € Z,. Since the ozs ’s we start with satisfy (33) for any superset saturated A, and in
particular for A = {{1}%}, we have

Ry < agy +agay +aps) +apas + > Es.p (131)
Se{e{2}.{3}1,{2.3}}

< O‘{{l} + O‘{{l,2} + 0/{1,3} + 0/{1,2,3} + Z |Es.p (132)
Se{e{2}.{3}1,{2.3}}

<oy + sy 0 0s + > €51l (133)

Se{s.{2}.{3},{2,3}}

where the last inequality is because 0‘:{1} is either still negative, or has just become zero after adding the small J.
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(b) If ozf{m.} =0, ozf{i’k} > 0:
set o,y = Ay +0, & 1y = o, — 0, and keep the rest of «/g’s unchanged. Verify that all o5, § € {1,2,3},
satisfy (31)-(34), (79).

(c) If 0‘:[1:,3'} >0, a:[i_’k} =0:
set ap,, = 0‘/1:} + 4, O/{M} = O/{M} — 0, and keep the rest of o/s’s unchanged. Verify that all o/s, S C {1,2,3},
satisfy (31)-(34), (79).

(d) If ozf{m.} =0, ozf{i’k} =0:
set af{i} = a’{i} +0, ozf{l’z’?)} = 0/{1’273} — 9§, and keep the rest of o/s’s unchanged. Verify that all /s, S C {1,2, 3},
satisfy (31)-(34), (79).

Note that in step 1, we obtain a solution to feasibility problem 2 with ayy 23y > 0. After step 2, the solution is such that
Qq1,2}, 1,3}, A2,3}, Af1,2,3} are all non-negative. In step 3, after each iteration, oy oy, 1,3y, 2,3}, @1,2,3; all remain
non-negative and at the same time one negative o, is increased. So after step 3, all parameters as, ¢ # S C {1,2,3},
become non-negative. This is the solution to feasibility problem 1 that we were looking for.
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