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Abstract

Coding and testing schemes for binary hypothesis testing over three kinds of multi-hop networks are presented and their
achievable type-1I error exponents as functions of the available communication rates are characterized. The schemes are based
on cascade source coding techniques and unanimous-decision forwarding, where terminals decide only on the null hypothesis
if all previous terminals have decided on this hypothesis, and where they forward their decision to the next hop. The achieved
exponent-rate region is analyzed by extending Han’s approach to account for the unanimous-decision forwarding strategy and for
the more complicated code constructions. The proposed coding and testing schemes are shown to attain the optimal type-II error
exponent region for various instances of testing against independence on the single-relay multi-hop network, one instance of the
K -relay multi-hop network, and one instance of a network with two parallel multi-hop networks that share a common receiver.

For the basic single-relay multi-hop network, the proposed scheme is further improved by means of binning. This improved
scheme is again analyzed by extending Han’s approach, and is shown to be optimal when testing against conditional independence
under some Markov condition. For completeness, the paper also presents the previously missing analysis of the Shimokawa, Han
and Amari binning scheme for the point-to-point hypothesis testing setup.

I. INTRODUCTION

Decreasing costs of sensors and improved hardware technologies facilitate a rapid increase of sensor applications, in particular
as part of the future Internet of Things (IoT). One of the major theoretical challenges in this respect are sensor networks with
multiple sensors collecting correlated data that they communicate to one or multiple decision centers. Of special practical and
theoretical interest here is the study of the tradeoff between the quality of the decisions taken at the centers and the available
communication resources. This is the topic of this work, where we follow the approach in [1], [2]. That means decision
centers have to decide on a binary hypothesis H = 0 or H{ = 1 that determines the underlying joint probability mass function
(pmf) of all the terminals’ observations. The goal is to characterize the set of possible type-II error exponents (i.e., the error
exponent for deciding H = 0 when in fact # = 1) as functions of the available communication rate so that the type-I error
probabilities (i.e., error probabilites for deciding # =1 when in fact H = 0) vanish as the lengths of the observations grow.
Previous works on this exponent-rate region considered communication scenarios over dedicated noise-free bit-pipes from one
or many transmitters to a single decision center [1], [3], [4] or from a single transmitter to two decision centers [S]-[7]. The
hypothesis testing problem from a signal processing perspective has been studied in several works [8]-[11]. Recently, simple
interactive communication scenarios were also considered [7], [12], [13], as are dedicated noisy communication channels [5],
[14]. Generally, the problem of identifying the exact type-II error exponents region is open; exact solutions were found for
instances of testing against independence [1] and of testing against conditional independence [4]. Testing against independence
refers to a scenario where under H = 1 the observations’ joint pmf is the product of the marginal pmfs under ‘H = 0, and
testing against conditional independence refers to a scenario where the independence holds only conditional on some sequence
that is observed at the receiver and that has the same distribution under both hypotheses.

The focus of this paper is on multi-hop networks, where some of the terminals cannot communicate directly but their
communication needs to be relayed by other terminals. The simplest example of a multi-hop network is shown in Fig. 1,
where communication from the transmitter to the receiver has to pass through the relay. Multi-hop networks are challenging
mainly because relaying terminals have to find tradeoffs between the information they convey about their own observed data
and that about the information they received from other terminals. In some cases, they must send complicated functions of
their observations and the received information.

In this paper, we propose coding and testing schemes for the basic single-relay multi-hop network in Fig. 1, for its
generalization with K > 2 relays in Fig. 2, and for the network with two parallel single-relay multi-hop channels that
share a common receiver in Fig. 3. Our coding and testing schemes are inspired by Han’s work on the point-to-point setup
[2] and based on the following ideas. The transmitter and the relays quantize their observation sequences and convey these
quantization indices to the subsequent relays and the final receiver. In contrast to Han’s scheme, here we use advanced code
constructions that have previously been proposed for source coding over cascade networks [15]. Moreover, in the second part
of the paper, we exploit correlation between the terminals’ observations to reduce communication rates by means of binning,
similarly to the work by Shimokawa, Han, and Amari [3] for the point-to-point setup. In all our schemes, all relays apply an
unanimous-decision forwarding strategy. This means they decide on the null-hypothesis H = 0 if, and only if, all preceding
relays have also decided on H = 0, and the reconstructed quantization sequences are jointly typical with their own observations,

S. Salehkalaibar is with the Department of Electrical and Computer Engineering, College of Engineering, University of Tehran, Tehran, Iran, s.saleh@ut.ac.ir,
M. Wigger is with LTCI, Telecom ParisTech, Université Paris-Saclay, 75013 Paris, michele.wigger@telecom-paristech.fr,

L. Wang is with ETIS, Université Paris Seine, Université de Cergy-Pontoise, ENSEA, CNRS, ligong.wang@ensea.fr.

Parts of the material in this paper will be presented at IEEE Information Theory Workshop (ITW), Kaohsiung, Taiwan, November 2017.



X" Y" VAL

Rx ——

Fig. 1. Hypothesis testing over a single-relay multi-hop channel

and they forward this decision to the next-following terminal. The final receiver applies exactly the same unanimous-decision
strategy: it only decides on the null hypothesis if all relays decided on H = 0 and if the quantization sequences it reconstructs
are jointly typical with its own observation. Applying the unanimous-decision forwarding strategy allows accumulating error
exponents along the path from the initial transmitter to the receiver. We present a family of basic multi-hop networks (see
Proposition 2) where the unanimous-decision forwarding strategy allows to increase the error exponent at the receiver by the
error exponent at the relay.

For each of the three considered networks, i.e., for the basic single-relay network, the K-relay network, and the parallel
network with a common receiver, a converse is presented that, for some instances of testing against independence, matches
the exponent-rate region achieved by this scheme. These exact results allow for some interesting conclusions. For example, we
elaborate on two examples for the basic single-relay network. In these examples, the optimal coding and testing scheme is rather
simple when the communication link from the relay to the receiver is of high rate, but when this rate is more stringent, more
involved cascade source coding techniques are needed. The examples allow also to obtain interesting operational explanations
of the roles of the various terminals. Specifically, even when the observation at the transmitter is itself not useful at the receiver,
not even jointly with the relay’s observation, the transmitter can still improve the receiver’s error exponent by coordinating the
relay’s communication to the receiver.

The binning extension is presented and analyzed only for the basic single-relay multi-hop network, and for reasons of
completeness also for the point-to-point setup studied in [3]. In fact, [3] describes the scheme based on binning, but does not
provide an analysis, which is presented here for completeness. The binning extension is simple conceptually and applies also
to the K-relay multi-hop network and the parallel multi-hop network with a common receiver. However, we do not present
these extensions here, because their analysis and statement of the achieved exponent-rate region are rather cumbersome. In fact,
already for the basic single-relay network the resulting exponent-rate region has a rather complicated form. Nonetheless, we
provide a converse proof showing that the attained exponent-rate region is optimal for an instance of testing against conditional
independence.

The analyses presented in this paper differ from Han’s analysis for the point-to-point setup [2] because of the more
complicated code constructions and because of the unanimous decision strategy. In particular, to obtain our desired results,
in our code construction we have to ensure that a given joint type is not “over-represented” among tuples of codewords, and
in the analysis, we have to properly account for the correlation between the decisions taken at the various terminals. The
modified Han analysis technique that we propose applies both to multi-hop relay networks with an arbitrary number of K
relays, and to the set of two parallel multi-hop networks with a common receiver, and both in the presence and absence of
binning. Moreover, the so obtained exponent-rate regions have a simple and succint description, which leads us to conjecture
that the analysis and the structure of the result extend to more complicated networks.

We conclude this introduction with a summary of the main contributions, remarks on notation, and an outline of the paper.

A. Contributions

The main contributions of this article are:

o A first coding and testing scheme without binning is presented for the basic single-relay multi-hop network, and the
achieved exponent-rate region is analyzed (see Section III, in particular Theorem 1).

« Matching converse results are proved for instances of testing against independence (Corollaries 1 and 2 and Propositions 2—
4 in Section III).

o Examples are given where the optimal coding and testing schemes simplify considerably when there are abundant
communication resources; however, they are complicated when resources are scarce (Examples 1 and 2 in Section III).

o The initial coding and testing scheme and its analysis are extended to multi-hop networks with an arbitrary number of K
relays and to a network with two parallel single-relay multi-hop channels that share a common receiver (Section IV, in
particular Theorems 2 and 3). The resulting exponent-rate regions are optimal in special cases of testing against conditional
independence (Propositions 5 and 6).

e A detailed analysis of the Shimokawa-Han-Amari [3] coding and testing scheme with binning over a point-to-point channel
is presented (Theorem 4 in Section VI).



« An improved coding scheme based on binning is proposed and analyzed for the single-relay multi-hop network (Section VI,
and in particular Theorem 5). The exponent-rate region is shown to be optimal for a special instance of testing against
conditional independence (Proposition 7).

B. Notation

We mostly follow the notation in [16]. Random variables are denoted by capital letters, e.g., X, Y, and their realizations
by lower-case letters, e.g., , y. Script symbols such as X and ) stand for alphabets of random variables, and X" and Y"
for the corresponding n-fold Cartesian products. Sequences of random variables (Xj, ..., X;) and realizations (z;,...,x;) are
abbreviated by X7 and x]. When i = 1, then we also use X7 and 27 instead of X7 and z7].

Generally, we write the probability mass function (pmf) of a discrete random variable X as Px; to indicate the pmf under
hypothesis H = 1, we also use Qx. The conditional pmf of X given Y is written as Px|y, or as Q x|y when H = 1. The
term D(P||Q) stands for the Kullback-Leibler (KL) divergence between two pmfs P and () over the same alphabet. We use
tp(+) to denote the joint type of a tuple. For a joint type mwapc over alphabet A x B x C, we denote by I, . (A; B|C) the
mutual information assuming that the random triple (A, B, C) has pmf 7mapc; similarly for the entropy Hr,,.(A) and the
conditional entropy Hy, .. (A|B). Sometimes we abbreviate mapc by 7. Also, when m4pc has been defined and is clear
from the context, we write m4 or w4 p for the corresponding subtypes. When the type 74 pc coincides with the actual pmf of
a triple (A, B,C), we omit the subscript and simply write H(A), H(A|B), and I(A; B|C).

For a given Px and a constant ;4 > 0, let TM”(PX) be the set of u-typical sequences in X™:

T;(PX)—{xn; ‘W’Px(x) < uPx(2), VxGX}, ()

where [{i: z; = x}| is the number of positions where the sequence =" equals x. Similarly, 7,;(Pxy) stands for the set of
Jjointly u-typical sequences whose definition is as in (1) where X needs to be replaced by the pair (X,Y).

The expectation operator is written as E[-]. We abbreviate independent and identically distributed by i.i.d.. The notation
U{a,...,b} is used to indicate a uniform distribution over the set {a,...,b}; for the uniform distribution over {0, 1} we also
use B(1/2). Finally, the log function is taken with base 2.

C. Paper Outline

The remainder of the paper is organized as follows. Section II describes the hypothesis testing setup over the basic multi-hop
network. The following Section III presents a coding and testing scheme for this setup and the corresponding exponent-rate
region. It also presents special cases where this exponent-rate region is optimal. Section IV presents similar results for the
multi-hop network with an arbitrary number of relays and Section V presents results for the network consisting of two parallel
multi-hop networks with a common receiver. Section VI presents coding and testing schemes for hypothesis testing with binning
over the point-to-point channel and the basic multi-hop network. It also presents an optimality result. The paper is concluded
in Section VII and by technical appendices.

II. BAsIC MULTI-HOP SETTING

Consider the multi-hop hypothesis testing problem with three terminals in Fig. 1. The first terminal in the system, the trans-

mitter, observes the sequence X" 2 (X1,...,Xn), the second terminal, the relay, observes the sequence Y 2 (Y1,...,Y,),
and the third terminal, the receiver, observes the sequence Z™ = (Zy, ..., Z,). Under the null hypothesis

H=0: (X", Y"Z") ~iid. Pxyz )
whereas under the alternative hypothesis

H=1: (X", Y",Z") ~iid Qxvyz 3)

for two given pmfs Pxyz and Qxy z-

The problem encompasses a noise-free bit-pipe of rate R from the transmitter to the relay and a noise-free bit pipe of rate
T from the relay to the receiver. That means, after observing X", the transmitter computes the message M = ¢(™) (X™) using
a possibly stochastic encoding function ¢(™) : X" — {0, ..., [2"%]} and sends it over the noise-free bit pipe to the relay. The
relay, after observing Y” and receiving M, computes the message B = ¢§,")(M ,Y™) using a possibly stochastic encoding
function ¢\ : Y™ x {0, ..., |27} — {0, ..., [2"T |} and sends it over the noise-free bit pipe to the receiver.

The goal of the communication is that, based on their own observations and based on the received messages, the relay and
the receiver can decide on the hypothesis . The relay thus produces the guess

Hy =g (Y, M), )



using a decoding function g;,(,n) Y™ x {0, ..., [2"F]} — {0,1}, and the receiver produces the guess
H. =g (2", B), 5)

using a decoding function g zn x {0,...,|2""]} — {0,1}.
Definition 1: For each € € (0,1), we say that the exponent-rate tuple (7,8, R,T) is e-achievable if there exists a sequence
of encoding and decoding functions (gi)("), ;n)7 91(/")7 g,E”)), n =1,2,..., such that the corresponding sequences of type-I and

type-1I error probabilities at the relay

Yo 2 Pr[H, =11 = 0], ©)
o 2 Pr[H, = 0% = 1], 7
and at the receiver
an 2 Pr[H. = 1|H = 0], t))
B 2P, =01 = 1], ©)
satisfy
ay <€, (10)
Tn <€, (11)
and
_ Tm S log B > 6, (12)
n—oo N
— T S log(n > 1. (13)
n—oo N

Definition 2: For given rates (R,T), we define the exponent-rate region £(R,T) as the closure of all non-negative pairs
(n,0) for which (n,6, R,T) is e-achievable for every € € (0, 1).
ITII. A SIMPLE CODING AND TESTING SCHEME WITHOUT BINNING
A. Preliminaries

Fix g > 0, an arbitrary blocklength n, and joint conditional pmfs Psyx and Py |syy over finite auxiliary alphabets S,
U, and V. Define the joint pmf Psyvxyz = PxyzPsy x Pvisuy and the following nonnegative rates, which are calculated
according to the chosen distribution and u:

R,2I(X;S)+p, (14)
R, 2 I(U; X|S) + , (15)
R, 2 I(V;Y,U|S) + p. (16)

Later, we shall choose the joint distributions in such a way that R = R, + Rs and T' = R, + R,.
Lemma 1: For every sufficiently large blocklength n, it is possible to create codebooks

Cs={s"(i): i€ {1,...,[2""]}} (17)

and for each i € {1,..., 2" |}
Cu(i) = {u"(jli): j € {L,..., 2" ]} } (18)
Cv (i) = {v"(kli): k € {1,...,[2"|}} (19)

such that the following three properties hold:
1) Codebooks Cs and {Cy(i),i € {1,..., |2"%=|}} cover the source sequence X™ with high probability:

Pr [3(i,5): (s"(2),u"(jli), X") € T,)4(Psux)] > 1 —€/4. (20)

2) If codebooks Cs and Cy (i) cover Y™ for some 4, then also codebooks Cg, Cy(i), and Cy (i) cover Y™ with high
probability:

Pr (3 (5" (2), w" (10), o7 (K13), Y ) € Ty (Psvvy)|(s" (0, u" (1), Y™) € T s(Pouy)] > 1= /4. @1)
3) No joint type msyy is “over-represented” in the triple of codebooks Cg, {Cy}, and {Cy } in the sense that, for all gy,
[{(,5.k): tp(s™ (i), u" (jli), v" (k|i)) = mspy }| < 2Rt R Trsyy (UVIS) ) (22)

Proof: A standard random code construction satisfies these properties on average. It can then be argued that a deterministic
code construction satisfying this property must exist. A detailed proof of the lemma is given in Appendix A. [ ]



B. Description of Coding and Testing Scheme

Choose a codebook satisfying the three conditions in Lemma 1.
Transmitter: Given that it observes the sequence z", the transmitter looks for a pair of indices (7, j) such that

(s" (i), u" (jli), =") € T,})4(Psux)- (23)
If successful, it picks one such pair uniformly at random and sends
m = (i, ]) (24)

over the noise-free bit pipe. Otherwise, it sends m = 0. A
Relay: Assume that the relay observes the sequence y™ and receives the message m. If m = 0, it declares H, = 1 and
sends b = 0 over the noise-free bit pipe to the receiver. Otherwise, it looks for an index % such that

(s™(0),u"(jli), v" (kli),y"™) € T)o(Psuvy). (25)

If such an index k exists, the relay sends the pair

b= (i, k) (26)

over the noise-free bit pipe to the receiver. Otherwise, it sends the message b = 0.
Receiver: Assume that the receiver observes 2" and receives message b from the relay. If b = 0, the receiver declares
7:1,2 = 1. Otherwise, it checks whether
(s™(0), 0" (Kli), =) € T (Psv z). @7

If the typicality check is successful, the receiver declares #. = 0. Otherwise, it declares H, = 1.

Remark 1: Compared to Han’s original scheme for the point-to-point setup [2], our scheme for the multi-hop setup contains
three main novelties:

o Cascade source coding: Point-to-point source coding is replaced by source coding for cascade channels [15], [17]-[19].

o Unanimous-decision forwarding: Terminals decide on the null hypothesis only if all previous terminals decided on this
hypothesis, and they forward their decision to the following terminal.

o Codebooks with regular joint types: In the chosen codebooks, a limited number of codeword triples (s™ (i), u™(j|i), v™ (k|7))
have the same joint type. Without this assumption, in the following Theorem 1, the right-hand side of (29) would be
decreased by I(U;V|S).

C. Achievable Exponent Region

Theorem 1: The scheme described in the previous subsection shows that the exponent-rate region £(R,T) contains all
nonnegative pairs (7, 6) that satisfy

n< _min  D(Psuxyl[Psux@xy), (28)
_ Psuxvy:
Psux=Psux
Psuy=Psuy
< _ min D(Psuvxyz||Psuix Pvisuy@xyz), (29)
Psuvxyz:
Psux=Psux
Psvuy=Psvuy
Psvz=Psvz

for some auxiliary random variables (U, S, V') satisfying the Markov chains (U,S) - X — (Y, Z) and V — (S,U,Y) — Z
and the rate constraints

R>I(U, S; X), (30)
T>1(X;9 +1(V;Y,U|S). (31)
Proof: See Appendix B. [ ]

The following two subsections discuss Theorem 1 for some interesting special cases.



D. Optimality Results and Examples when X — Y — Z under both Hypotheses
We start with a setup where both pmfs Pxy»z and @ xyz satisfy the Markov chain X — Y — Z. Assume thus that the
pmfs Pxyz and QQxy z decompose as
Pxyz = Px - Py|x - Pzjy, (32)
Qxyz =Qx Qy|x - Qzy- (33)

In this case, also our achievable exponent-rate region decomposes.
Proposition 1: When (32) and (33) hold, the exponent-rate region £(R,T') contains all nonnegative pairs (7, 0) that satisfy

n< min  D(Pyxy|PuixQxy), (34)
_Puxy:
Pyx=Pux
Pyy=Puy

0 < min D(Pyxvy|Pyix@Qxy)+ min  D(Pyyz||PyyPyQzy), (35)
_Puxvy: _Pvyz:
Pux=Pux Pyy=Pvy
Pyy=Pyuy Pyz=Pvz

for some auxiliary random variables (U, V') satisfying the Markov chains U — X — Y and V — Y — Z and the rate
constraints

R>1(U; X), (36)
T>I1(V;Y). (37)

In other words, under assumptions (32) and (33), in Theorem 1 one can restrict without loss in optimality to auxiliaries
(S,U,V) so that S = 0 and the Markov chain V' — Y — U holds.
Proof: See Appendix C. [ ]

Notice that the error exponent 6 at the receiver (35) equals the sum of the error exponent at the relay (34) and the error exponent
achieved by Han’s point-to-point scheme applied to the isolated relay-receiver network (without the transmitter terminal) when
the relay’s observation is modified to being i.i.d. according to Py under both hypotheses. This accumulation of error exponents
is due to the applied unanimous-decision forwarding strategy.

The exponent-rate region in Proposition 1 is exact in some special cases, as we discuss in the following.

1) Special Case 1: Same Pxy under both Hypotheses:
Corollary 1: Assume (32) and

Qxyz = Pxy - Pz. (38)

Under these conditions, the exponent-rate region £(R,T) is the set of all nonnegative pairs (7, ) that satisfy
n=0, (39)
0 <I1(V;Z), (40)

for an auxiliary random variable V' satisfying the Markov chain V' — Y — Z and the rate constraint
T>1(V;Y). (41)

(No constraint is imposed on the rate R.)
Proof: Achievability follows by specializing Proposition 1 to U = 0 (deterministically). The converse is standard: Fix
sequences of encoding and decoding functions {¢(”), é"), gz(,n), g§”>}, and notice that for any € > 0 and sufficiently large n:
1 1
0 log np, < ED(PMY"\H:OHPMY"m:l) te=e¢
—llogﬂ < lD(P nim=ol|Peznin=1) + € =1(B; Z") + e = li:I(B 7N Z) e < li:I(B Yl Z) +e
n n = n BZ"|H=0l1"BZ"|H=1 ) n p ) y Lt = | ) s L1 )

and

—_

1 1 <
T=-HB)>=-IB;Y")==Y I(B, YY) 42
n ()_’I’L(’ ) ’I’L;(’ 7t) ( )

The proof is finalized by introducing appropriate auxiliary random variables and taking € — 0. |



2) Special Case 2: Same Py z under both Hypotheses:
Corollary 2: Assume (32) and

Qxvz=Px Prz. (43)

Under these conditions, the exponent-rate region £(R,T') is the set of all nonnegative pairs (7, 6) that satisfy
n < I(U;Y) (44)
0 <I(U;Y), (45)

for an auxiliary random variable V' satisfying the Markov chain V' — Y — Z and the rate constraint
R > I(U; X). (46)

(No constraint is imposed on the rate 7'.)
Proof: Achievability follows by specializing Proposition 1 to V' = 0. The converse is similar to the proof of the converse
of Corollary 1. m

3) Special Case 3: Testing against Independence: Consider now the “testing against-independence” version of (32) and
(33).
Proposition 2: Assume (32) and

Qxvz=Px - Py - Pz (47
Under these conditions, the exponent-rate region £(R,T') is the set of all nonnegative pairs (7, 6) that satisfy

n < I(U;Y), (48)

0<IU;Y)+1(V;Z), 49)

for a pair of auxiliary random variables U and V satisfying the Markov chains U -+ X — Y and V — Y — Z and the rate
constraints

R>I(U; X) (50)
T>1(V;Y). (51
Proof: Achievability follows from Proposition 1. The converse is proved in Appendix D. [ ]

The error exponent at the receiver (49) equals the sum of the error exponent at the relay and the error exponent attained at
the receiver if the relay did not forward its decision.

E. Optimality Results and Examples when X — Z — Y under both Hypotheses

We treat two special cases: 1) Same Py z under both hypotheses, and 2) Same Pxz under both hypotheses. Combined with
the Markov chain X — Z — Y, these assumptions imply that the receiver cannot improve its error exponent by learning
information about the observations at the relay (for case 1)) or about the observations at the transmitter (for case 2). As the
following results and discussions show, these observations can nevertheless be useful in both cases.

1) Special Case 1: Same Py 7 under both Hypotheses: Consider first the setup where the pmfs Pxy z and @) xy z decompose
as

Pxyz = Px|z - Pyz, (52)
Qxyz =Px -Pyz. (53)

Since the pair of sequences (Y™, Z") has the same joint distribution under both hypotheses, no positive error-exponent 6 is
possible when the message B sent from the relay to the receiver is only a function of Y but not of the incoming message M.
The structure of (52) and (53) might even suggest that Y™ is not useful at the receiver and the optimal strategy for the relay is
to simply forward a function of its incoming message M. Proposition 3 shows that this strategy is optimal when T' > R, i.e.,
when the relay can forward the entire message to the receiver. On the other hand, Example 1 shows that it can be suboptimal
when T' < R.

Proposition 3: Assume conditions (52) and (53) and
T>R. (54)
Then the exponent-rate region £(R,T) is the set of all nonnegative pairs (), §) that satisfy
n<1(S;Y), (55)



0 <I(S;2), (56)

for some auxiliary random variable S satisfying the Markov chain S — X — (Y, Z) and the rate constraint
R > I(S; X). (57)
Proof: For achievability, specialize Theorem 1 to S = U = V and simplify. The converse is proved in Appendix E. H

We next consider an example that satisfies assumptions (52) and (53), but not (54). We focus on R = H(X), which implies
that the transmitter can reliably describe the sequence X™ to the relay.
Example 1: Let under both hypotheses H = 0 and H = 1:
X ~B(1/2) and Y ~U{0,1,2}
independent of each other. Also, let Ny ~ B(1/3) and N7 ~ B(1/2) be independent of each other and of the pair (X,Y’), and
X®Ny ifY=0and H=0
Z=(2y) and z'={X®No Y =0and#=0
Ny otherwise

Notice that the triple (X,Y,Z) satisfies conditions (52) and (53). Moreover, since the joint pmf of the pair of sequences
(X™,Y™) is the same under both hypotheses, the error exponent 1 cannot be larger than zero, and we focus on the error
exponent & achievable at the receiver. Notice also that the joint pmf (X¢, Y, Z;) is the same under both hypotheses except for
positions ¢ € {1,...,n} for which Y; = 0. The idea of our scheme is thus that the relay describes only the symbols

{X::Y; =0, for t=1,...,n}
to the receiver. In other words, we specialize the scheme in Subsection III-B to the choice of random variables

S=0
U=X

Ly X ity =0
)]0 otherwise |

Evaluating Theorem 1 for this choice proves achievability of the error exponent at the receiver

: D (a) . ~
min  D(Pvxyz||PvixyPxPyz) = _min  Ep, . [D(Pzivxy||Pzy)]
_ Pvxvz: _ Pvxvaz:
Py xy=Pvxy Py xy=Pvxy
Pyz=Pvz Py z=Pyz
(®) . ~
= Py(0)- min Ep  [D(Pzxy—ollPziy=o)]

?xz\y:oi
Pxz=Pxz

YD po0)- min E

Px g1 y=o:

D(Pyxy ol Pzy—0)]

Py ol

Pxziy=Pxzy

= Py(0) - I(X; Z'[Y = 0) = 1/3(1 — Hy(1/3)), (58)

where (a) holds because Py xy = Py xy; (b) holds because unless Y = 0, the choice ISZWXY = Pyz)y is valid and thus the
minimum value of the KL-divergence is 0, and because if Y = 0, then V = X and (c¢) holds because Z = (Z’,Y).
The scheme requires rates
R=HX)=1

and
T=I1(V;XY)=H(V) = H,(1/6).

By Proposition 3, the error exponent in (58) coincides with the largest error exponent that is achievable when R > H(X) =1
and T" > R. We argue in the following that this error exponent cannot be achieved when the relay simply forwards a function
of the message M to the receiver. By the optimal error exponent for point-to-point setups, such a strategy can only achieve
exponents of the form:

max I1(S;7) @ max I(S;Z'|Y)
Pg|x: T>1(5;X) Pg|x: T>1(5;X)

= 1- min H(Z'|Y,S)
Ps|x: T>1(S;X)



1 2
= 1- — - Hy(X & Ng|S) — =
Pg|x: Hi?)lng)zl—T 3 b(X @ No|.9) 3
1
= = <1 - min Hy(X @N0|S))
3 Pg|x: Hy(X|S)>1-T
¢ 1 i Hy, ( H'(Hy(X|S)) L
“ (1= * =
- 3 Pg|x: Hﬁl)l(?S)sz b b b 3
(9 1 1
< S (1-H (H7'(1-T)%= (59)
3 3
where * denotes the operation
axb=ab+ (1—a)(1-0), a,be]0,1]. (60)

In the above, (a) follows because Z = (Z’,Y") and because (X, S) are independent of Y'; (b) follows by Ms. Gerber’s lemma
[16]; and (c) follows because the function = — Hy,(H; '(z) % 1/3) is increasing in x € [0, 1]. Since the right-hand side is
strictly increasing in T' € [0, 1], the error exponent in (59) is strictly smaller than 1/3(1 — Hy(1/3)) whenever T' < 1, which
proves the desired result.

2) Special Case 2: Same Pxyz under both Hypotheses: Consider next a setup where
Pxyz = Pxz - Py|z, (61)
Qxvz=Pxz-Py. (62)

Notice that the pair of sequences (X™, Z™) has the same joint pmf under both hypotheses. Thus, when the relay simply
fowards the incoming message M without conveying additional information about its observation Y to the receiver, no positive
error exponent @ is possible. In contrary, as the following proposition shows, when

T>H(Y), (63)

then forwarding message M to the receiver is useless and it suffices that the message B sent from the relay to the receiver
describes Y. In other words, under constraint (63), the optimal error exponent 6 in the present multi-hop setup coincides
with the optimal error exponent of a point-to-point system that consists only of the relay and the receiver. The three-terminal
multi-hop setup with a transmitter observing X™ can however achieve larger error exponents § than the point-to-point system
when T' < H(Y'), see Example 2 ahead.

Proposition 4: Assume (61)—(63). Under these assumptions, the exponent-rate region £(R,T) is the set of all nonnegative
pairs (), 6) that satisfy

n < I(U;Y), (64)
0<I1(Y;Z), (65)

for some auxiliary random variable U satisfying the Markov chain U — X — (Y, Z) and the rate constraint
R > I(U; X). (66)
Proof: Achievability follows by specializing Theorem 1 to S = U and V =Y. For the converse, see Appendix F. [ ]

We next consider an example where assumptions (61) and (62) hold, but not necessarily (63).

Example 2: Let under both hypotheses H = 0 and H = 1:
X ~4{0,1,2} and Y ~ B(1/2)
independent of each other. Also, let Ny ~ B(1/3) and Ny ~ B(1/2) be independent of each other and of the pair (X,Y"), and

YONy if X=0and H=0

Z=(7"X) and 7' = .
N otherwise

The described triple (X, Y, Z) satisfies conditions (61) and (62). Moreover, since the pmf of the sequences (X™,Y™) is the
same under both hypotheses, the error exponent 7 is zero, and we focus on the receiver’s error exponent 6. By Proposition 4,
the largest error exponent 6 that is achievable is

0 = I(Y;Z) = I(Y: Z'|X) = 1/3(1 — Hy(1/3)). (67)



As we argue in the following, the same maximum error exponent 6* is achievable with a relay-to-receiver rate of only 7' =
Hy,(1/3). To see this, notice that the joint pmf of the triple (X;, Y;, Z;) is the same under both hypotheses, except for positions
i €{1,...,n} where X; = 0. It thus suffices that the relay conveys the values of its observations {Y;: X; =0fori=1,...,n}
to the receiver. This is achieved by specializing the coding and testing scheme of Subsection III-B to the choice of auxiliaries

S=0

U— 0 ifX=0
|1 otherwise

v Y ifU=0
" )0 otherwise.

By Theorem 1, the scheme requires rates

R=I1(U;X) = HU) = Hy(1/3)

and
T=IV;Y,U)=H(V)= Hy(1/6)

and achieves the optimal error exponent 8* in (67):

_min  D(Pyvxvyzl|Pux Py Pviuy Pz x)
Pyvxyz:

Pux=Pux

Pyvy=Puvy

Pyz=Pvz

(a) . 7
=Ep, | _min  D(Pyyzux||PyPvivy Pz ix)
_Puvxvyz:
PV}’|U=PVY|U
Pyz=Pvz
(®) . 5
= Pyx(0,0) - _ min D(Pyy ziv=x=0llPy Pv|v,u=0Pz|x=0)
_ Puvxvz:
Pvyju=0=Pvyju=0
Pyz=Pyz

—~

é)1/3' min  D(Py zj—x—ol| Py Pz|x o)

_ Pyz:
Py z=Pyz

@ 1/3 - D(Py z/\x=0||Py Pz/|x—=0)
993 1(Y; Z2|1X = 0) = 1/3(1 — Hy(1/3)), (68)

where (a) holds because Pyx = Pyx; (b) holds because unless U = X = 0, the choice pV}fZ\U:X:O = Py Py|y,u=oPz x=0
is valid and thus tlle minimum value of the KL-divergence is 0; and (c) holds because Pyy|y—g = Pyy|u—o implies that
V =Y also under P when U = 0; (d) holds because Z = (Z’, X) and by eliminating U’; and (e) holds because Py = Py |x—o.

Using similar arguments as in Example 1, it can be shown that the optimal error exponent #* in (67) cannot be achieved
without the transmitter’s help when 7" < 1.

IV. EXTENSION TO A K-RELAY MULTI-HOP NETWORK

The coding and testing scheme described in the previous section and our analysis extend to related scenarios. In this section,
we discuss such an extension to the multi-hop channel with an arbitrary number of K > 2 relays. The extension to a network
with two parallel multi-hop channels that share a common receiver is discussed in the subsequent Section V. Interestingly,
the resulting error exponents in Theorems 2 and 3 ahead have the same structure as the error exponents in the previous
Theorem 1. Specifically, the exponents are obtained by minimizing KL-divergences between an auxiliary distribution on all
involved codewords and observations and the true distribution under 4 = 1, where the minimization relates the auxiliary
distribution to the distribution under H = 0 through the testing conditions. The imposed rate constraints come purely from
the applied source codes. To achieve this performance, similarly to the basic single-relay multi-hop network, it is important
to limit the number of codewords across codebooks that have the same joint type; otherwise the exponents will be decreased.
In fact, the loss in exponent grows with the number of hops in the network, and thus would be more important for the two
networks that we treat in this and the following section.



We extend the single-relay setup of the previous section to a setup with an arbitrary number of K > 2 relays. As before

the transmitter observes X", the receiver observes Z", and Relay j observes Y, j = 1,..., K. Depending on the value of
the hypothesis #, the tuple (X", Y7",..., Y2, Z™) is 1i.d. according to one of the following two distributions:
under H =0: (Xn,Yln,...7YKn,Zn) i.i.d. NPXYl...sz, (69)
under H = 1: (Xn,Yln,...,YKn,Zn) 1.i.d. NQXY1~~YKZ~ (70)

Communication takes place over K + 1 noise-free rate-limited bit-pipes: a rate-R pipe from the transmitter to the first relay;
a rate-L; pipe from Relay j to Relay j+ 1, for j = 1,..., K —1; and a rate-T" pipe from Relay K to the receiver. See Fig. 2
for an illustration.

1) A Simple Coding and Testing Scheme: Fully extending the scheme in the previous subsection to this K-relay scenario
requires cumbersome notation. For every pair (j1,j2) € {1,..., K} with j; < jo one has to generate a codeword that sends
information from Relay j; to Relay jo. Moreover, in order not to degrade the performance, some of these codewords have to
be superpositioned on others. For simplicity, here we only consider codewords that are sent from one terminal to the following
terminal, that means either from the transmitter to the first Relay 1, from Relay j € {1,..., K —1} to Relay j+1, or from the
last Relay K to the receiver. As we will show later in this subsection, this scheme is optimal when testing against conditional
independence under some Markov condition.

We now describe the proposed coding and testing scheme for this K-relay scenario. Fix y > 0, an arbitrary blocklength n,
and joint distributions Py, x and Py, y,u,_, for j € {1, ..., K'}. Define the following nonnegative rates

R 2 I(Uy; X) + 1, (71)
L 2 I(U:Y;,Uisy) +p, je{l,...K—1}, (72)
T 2 I(U; Yk, Uk-1) + . (73)

Codebook Generation: For j € {1,..., K — 1}, randomly generate a codebook Cy; = {Uj'(¢;): ¢; € {1,..., |27L3 [} by
selecting each entry of the n-length codeword UJ'(¢;) i.i.d. according to Py;. Also, randomly generate codebooks Cy, =
{UR () by € {1,..., [2"7|}} and Cy. = {UR(¢x): Li € {1,...,[2"T |}} by selecting each entry of the n-length codewords
UJ (o) and U (¢k) i.i.d. according to Py, and Py, , respectively.

Transmitter: Given that it observes the sequence x", the transmitter looks for an index £y such that

(ug (60), xn) ,un/4(PU0X)' (74)
If successful, it picks one of these indices uniformly at random and sends
mo = o (75)

over the noise-free bit pipe. Otherwise, it sends mgy = 0.

Relay j € {1, ..., K}: It observes the sequence yj and receives the message m;_1. If m;_; = 0, it declares 7:ly_7. =1 and
sends m; = 0 over the noise-free bit pipe to the receiver. Otherwise, it looks for an index £; such that

(uj (¢5), w1 (Li=1),y7) € Ty (Pusu;_v;)- (76)
If such an index exists, Relay j chooses one of these indices at random and sends
m; = éj (77)

over the noise-free bit pipe to the receiver. Otherwise, it sends the message m; = 0.

. Receiver: Assume that the receiver observes 2™ and receives message my from relay K. If myx = 0, the receiver declares
H., = 1. Otherwise, it checks whether
(uf(lrc), 2") € T (Pugz)- (78)

If the typicality check is successful, the receiver declares #. = 0. Otherwise, it declares H, = 1.

X" " vy Yg z"
A AR F

PR ][RR
m n2 NK 7]

Fig. 2. Hypothesis testing over a multi-hop network with K relays.



Analysis: Similar to the analysis of the scheme in Section III-B, see Appendix B. However, here the code construction is
random, whereas in Section III-B a deterministic code construction is used that satisfies the conditions in Lemma 1. One of the
main steps in the analysis of this coding and testing scheme is thus to bound the number of codeword tuples with a given joint
type. Specifically, one has to show that for each j € {1,..., K}, the number of indices (¢;, ¢; 1) such that (u[ ({;),u}_;(£;-1))

have the same joint type 7y,y,_, is upper bounded by 2'"'(Rj 1= Tryyu; o (U5l ’l)ﬂ'). Without this bounding step, the

resulting error exponent at the receiver would be reduced by the sum I(Uy;Up) + [(U1;U2) 4+ ... + I({Uk; Uk —1).

2) Achievable Exponent-Rate Region and an Optimality Result: The following achievability result follows from the scheme
described in the preceeding subsection.

Theorem 2: The exponent-rate region £(R, L, ..., Lx_1,T) includes all nonnegative pairs (71, ..., Nk, ) that for all j €
{1,..., K} satisfy

n; < . min D(Py,..v,_yxvi..v; 1 Puo | x Poyvive - Pu, v, 10, Qxvi Y5 )
Puy. vy xvy.vye
Py, x=Puy,x
Pu,u, v, =Pu,uv, v, for §'=1,.,5-1

(79)
and
0 < N min D(Py,..v; 1 xv:..vie 2| Poo)x Poy [yaUo - Puse | Vi Use -1 @XVr..Yic Z)5
Puy. vy xvy. vzt
Py, x=Puy,x
Puj,Uj,_lyj,:Puj,Uj,_lyJ, for j'=1,....K,
Py z=Puz
(80)
for some auxiliary random variables (Uy, Uy, ..., Uk ) satisfying the Markov chains
U() — X — Y1 (81)
Uj - (}/ijj—l) — Y}—i—h ] S {LaK - 1}7 (82)
Uk = (Uk-1,Yx) — Z, (83)
and the rate constraints
R > I(Uo; X), (84)
TZI(UK;YK,UKfl). (86)

Proof: Based on the scheme described in the previous subsection and similar to the proof of Theorem 1. Details are
omitted. |

The next proposition shows that the exponent-rate region of Theorem 2 is optimal when the pmfs Pxy, . v,z and Qxv,.. viz
decompose as

Pxy,. vz =Px  Pvix Pyyvi - Pyiiv_, - P21y (87)
Qxv,.viez =Px Py, - Py,...- Py, - Py. (88)

Proposition 5: If (87) and (88) hold, then the exponent-rate region i (R, L1, ..., Li,T) is the set of all nonnegative tuples
(M1, ...,nK, 0) that satisfy

M-

U I(Um—l;ym)a .7 € {1,~~~,K}7 (89)
m=1
K
0 <> I(Unm-1;Ym) +1(Ux; Z), (90)

1

3
Il

for some auxiliary random variables (Uy, Uy, ..., Uk ) satisfying the Markov chains

Uy— X =Y, ©n
Uj—>}/}—>}/j+1, jE{l,...,K—l}, (92)
Uk =>Yx = 7 93)



and the rate constraints

R > I(Uo; X), 94)
Ly >1(U;Y;), j=1,.,K—1, (95)

Proof: Achievability follows by specializing Theorem 2 to auxiliaries that satisfy the Markov chains (91)—(93). The
converse is similar to the converse proof of Proposition 2 in Appendix D and omitted for brevity. [ ]

V. EXTENSION TO A K-RELAY MULTI-HOP NETWORK

Consider the two-transmitter, two-relay setup in Fig. 3. Transmitters 1 and 2 observe sequences X' 2 (X121, X10)
and X7 2 (X2,1,...,X2n), Relays 1 and 2 observe sequences Y" 2 Y11,...,Y1,) and Y3" Y (Y21,...,Y2,), and the

common receiver observes Z" 2 (Z1,...,Zy,). Depending on the value of the hypothesis H, the tuple (X', X2 Y* Y3 Z™)
is i.i.d. according to one of the following two distributions:

under H = 0: (X{L7Xg,yln, YQn, Zn) ~ 1i.i.d. PX1X2Y1Y2Z7 (97)
under H = 1: (X{L,Xg,yln,YQn, Zn) ~ 1i.i.d. QX1X2Y1Y2Z~ (98)

Each Transmitter ¢ € {1,2} can communicate with its corresponding Relay i over a noise-free bit pipe of rate R;, and each
Relay ¢ € {1,2} in its turn can communicate with the final receiver over an individual noise-free bit pipe of rate T;. Encoding
and detection functions, and probabilities of type-I and type-II errors are defined in a similar way as for the single multi-hop
channel in Section II. Let then 7; and 72 denote the type-II error exponents at Relays 1 and 2, and 6 the type-II error exponent
at the receiver. As in Section II, the interest is in identifying the set of all exponent triples (71,72, 6) so that the type-I error
probabilities vanish as the observation length tends to infinity. Define thus the exponent-rate region Spar_z(Rl, Ry, Ty, Ts) for
the setup here analogously to Definition 2.

1) Coding and Testing Scheme: For this setup with only 5 terminals, we extend the scheme in Subsection III-B in its full
generality.

Fix 1 > 0, an arbitrary blocklength n, and a joint conditional distribution Pg, 17, x, and Py,js, vy, for [ = 1, 2. Define the
following nonnegative rates:

R, 2 I(U;; X1|S) + 1, (99)
Ry, £ I(X1;5) + 1, (100)
Ry, £ I(Vis Yo, Uil 1) + . (101

Also, define R; 2 R,, + R,, and T} £ R,, + Ry,.

Codebook Generation: For | € {1,2}, randomly generate a codebook Cs = {S*(i;),i; € {1,...,[2"%=|}} by selecting
each entry of the n-length codeword Sj*(i;) ii.d. according to Ps,. For each index 4;, randomly generate a U;-codebook
{Ur(Giliy) = g1 € {1, ..., 2" | }} by selecting the ¢-th entry of the n-length codeword U} (ji]i;) according to Py, (s, (.51, (i1)),
Sy.4(i7) denotes the t-entry of S7*(i;). For each index 4;, randomly generate a Vj-codebook {V;"(kii;), k; € {1, ..., [2"Fw |}}.
The codebooks are revealed to all terminals.

Xxr Yr
l l ﬂyl n
Tx 1 M Rel. 1 Z

M, 5

Tx 2 Rel. 2| °
I -
X7 yr

Fig. 3. Hypothesis testing over a parallel multi-hop network.



Transmitter | € {1,2}: Given that it observes the sequence X™ = z™, Transmitter ! looks for a pair of indices (i;,j;) such
that

(a1, 81" (i), u (Gilir)) € T (Px,s,0,)- (102)

If successful, the transmitter picks one of these pairs uniformly at random and sends the corresponding index pair M; 2 (I, Jp)
to Relay /. If no such pair exists, it sends M; = 0 to Relay .

Relay | € {1,2}: Assume that it observes the sequence Y;” = y* and receives message M; from Transmitter [. If m; = 0,
it declares ﬁyl =1 and sends B; = 0 to the receiver. Otherwise, it parses m; = (4, j;) and looks for an k; such that

(8" (@), w (ulin), o' (Ralin) s yp") € T (Ps,uvivy)- (103)

If successful the relay picks one of these indices uniformly at random and sends B, = (I, K;) to the receiver. Otherwise, it
declares H,, = 1 and sends B; = 0 to the receiver.

Receiver: Assume that the receiver observes Z™ = 2™ and Message B; = b; from Relay 1 and Message By = by from
Relay 2. If by = 0 or by = 0, the receiver declares 7, = 1. Otherwise, it parses by = (i1,k1) and by = (i2, k2) and checks
whether

(7 (i1), 53 (i2), v7 (k1 i1), vy (kaliz), 2") € T, (Ps, 5,11 v22)-

If the check is successful, it declares 7:tz = 0; otherwise, it declares ’ﬂz =1

Analysis: As for the K-relay scenario, here the code construction is random, and thus it is crucial to bound the number of code-
word tuples that are of a given joint type. In particular, it is important to show that, the number of indices (i1, j1, k1, i2, j2, k2)
for which (s7(i1), u}(j1]i1), v7(k1li1), s5(i2), ul (jolia), v5 (ka|iz)) have the same joint type 7s, v, v, $,U,V, 1S upper bounded

by
2”(351 FRuy +Roy +Roy +Ruy +Roy —Ing ) vy (Ul;V1\51)—I7rs2U2V2 (U2;V2\52)—IWSIU1V152U2V2 (517U1,V11,S27U27V2)+M).

Without this bounding step, the error exponent at the receiver will be decreased by the sum I(Uy; Vi |Sy) + I(Us; Va|S2) +
I1(S1,Uy,V1; Sy, Us, Va). The rest of the analysi is similar to the analysis of the scheme in Subsection III-B.

2) Achievable Exponent-Rate Region and an Optimality Result: The following achievability result follows from the scheme
described in the preceeding section.
Theorem 3: The exponent-rate region Eparo(R1, R2,T1,T%) includes all nonnegative triples (11,772, 6) that satisfy for | €
{1,2}:
m < _min D(Ps,u.x,v, | Ps,vy1x, @x,v1) (104)
Psyv;x;=Psju; x;

Ps,u,x,v, ~
Xy _
Psyvyvy=Psuv;

o< min D(Ps,0,v18,U5Va X1 V1 X2 Y2 21| Ps, Uy | X1 Pyt x5 Py 5,00 v1 Pra| 520, v @ X, Xavi V2 2),  (105)
Ps,U1 Vi SqUs Vo X1 Y] Xo Yo Z!
PSzUzXl:PSLUzXz
pslVlUlYl:PSLVlUlyL
Ps, 55, voz=Ps,5,v, Va2

for some auxiliary random variables (S, Se, U1, Us, V1, Va) satisfying the rate constraints
R, > I(Uy, Si; Xu), (106)
T, = I(Xy;:50) + I(Vi; Yo, Ui S)), (107)
and so that their joint pmf with (X7, X5, Y7,Y5, Z) factorizes as

Ps, 5,0, 0,1 Vo X1 X2v1 Y22 = Pxy xov1 2,2 Ps 0, |, Py Us | X2 Pvi 15101 Y1 PV S2Us Y -

Proof: Follows similar lines as the proof of Theorem 1 in Appendix B. Details omitted. [ ]
The achievable exponent-rate region of Theorem 3 is optimal when the pmfs Px, x,v,v,z and Qx, x,v,v,z decompose as

Px,x,vivaz = Px v, " Pxa|vs - Privs - Pzivives (108)
Qx.x.vivez = Px, - Px, - Pvyy, - Pz. (109)

Proposition 6: If (108)-(109) hold, then the exponent-rate region Epar.o(R1, R2,Th,T3) is the set of all nonnegative triples
(n1,m2,0) that satisfy

m SI(Uthl)a ZE{LQ}? (110)
0 <I(Uy; Y1)+ I(Ug; Ya) + I(V4, Va5 Z), (111)



for some auxiliary random variables (Ui, Ua, V7, V2) satisfying the rate constraints

Ry > I(U;; X), (112)
T > 1(Vi; 7)), (113)

and so that their joint pmf with (X7, X», Y7, Y5, Z) factorizes as

Py,u,vivaxi xovivaz = Pxy xXoviva 2 Puy x, Pos 50 P v Pyva | ve -

Proof: Achievability follows by specializing Theorem 3 to S; = S = 0 and to V; and V5 satisfying the Markov chains
Vi—=Y, — U, forl € {1,2} and is given in Appendix G. The converse is also proved in Appendix G. |

VI. CODING AND TESTING SCHEMES WITH BINNING

In source coding, it is well known that binning can decrease the required rate of communication when observations at
different terminals are correlated. This is also the case here, provided that the observations at different terminals are correlated
under both hypotheses. In this section, we extend our coding scheme for the basic single-relay multi-hop network to include
binning. Before doing so, for completeness, we provide a detailed proof of the Shimokawa, Han, and Amari error exponent
[3] for hypothesis testing in a point-to-point system. In their conference paper [3], they describe a coding and testing scheme
based on binning, however they do not include a detailed proof of the resulting error exponent. Recently Katz, Piantanida, and
Debbah [21] analyzed a similar binning scheme; however, their obtained exponent-rate function is smaller than the one in [3].

A. Point-to-Point System

1) Problem Setup: Consider the point-to-point HT with two terminals in Fig. 4. The transmitter observes the sequence

xn 2 (X1,...,X,) and the receiver observes the sequence Y™ 2 (Y1, ...,Y,,). Under the null hypothesis

H=0: (X",Y")~ iid Pxy, (114)
whereas under the alternative hypothesis

H=1: (X",Y")~ iid. Qxy. (115)

for two given pmfs Pxy and Qxy. The transmitter computes a message M = ¢(™)(X™) and sends it to the receiver over a
noise-free pipe of rate R. Based on M and its observation Y™, the receiver produces its guess H= g™ (Y™, M).

Definition 3: For each ¢ € (0,1), we say that the exponent-rate pair (6, R) is e-achievable if for each sufficiently large
blocklength 7, there exists a sequence of encoding and decoding functions (¢(™), g(™)) such that the corresponding type-I and
type-1II error probabilities at the receiver

an 2 Pr[H =111 = 0], (116)
Bn = PrH = 0/H = 1], (117)
satisfy
an <€, (118)
and
— 1
— lim —log B, > 6. (119)

n—o00 N,

Definition 4: The exponent-rate function 6*(R) is the supremum of all e-achievable error exponents for given rate R, i.e.,

0*(R) = sup{f > 0: (0, R) is e-achievable Ve > 0}. (120)
X" yn
™ | M R [

Fig. 4. Hypothesis testing over a point-to-point channel



2) Coding and Testing Scheme: Fix u > 0, an sufficiently large blocklength n, and the conditional pmf Pgx over a finite
auxiliary alphabet S. Define joint pmfs Psxy = Pxy Ps|x, Qsxy = Qxy Ps|x and the nonnegative rate R’ such that

R+ R =1(X;8)+ pu, (121)
R < I(Y;S). (122)

Code Construction: Construct a random codebook

Cs={s"(m,0): me{1,..,|2"F|},0e{1,. ., |2"F |}}, (123)

by drawing all entries of all codewords i.i.d. according to the chosen distribution Pg.

Transmitter: Given that it observes the sequence z", the transmitter looks for indices (m,¢) such that
(s"(m, 0),2") € T,5(Psx). (124)

If successful, it picks one of these indices uniformly at random and sends the index m over the noise-free bit pipe. Otherwise,
it sends m = 0.

Receiver: Assume that the receiver observes y" and receives the message m from the transmitter. If m = 0, the receiver
declares H = 1. Otherwise, it first looks for an index ¢ € {1, ..., |2"% |} such that

Hup(sn(mey,ym) (S[Y) < H, Sly), wvie{l,...,[2"E|}. (125)

p(sm (m,d),ym) (
If no such index exists, the receiver declares H=1. Otherwise, it checks whether
(sn(m’gl)’yn) € En(PSY)a
and declares # = 0 if this typicality check is successful and #H =1 otherwise.

3) Result on the Error Exponent: The scheme described in the previous subsection yields the following set of achievable
exponent-rate pairs.

Theorem 4 (Theorem 1 in [3]): Given a rate R > 0, for any choice of the auxiliary random variable S that satisfies the
Markov chain S — X — Y and the rate constraint

R>I(S;XY),

the exponent-rate function 6*(R) is lower bounded as

6*(R) > min min  D(Psxy||PsxQxy),
_Psxv:
Psx=Psx
Psy=Psy

min - D(Psxy|[PoxQxy) + B~ I(S; X|Y)}, (126)
Pax—Pex

Py:Py
H(S|Y)<Hp,, (S]Y)
Proof: See Appendix H. [ |

The inequality in Theorem 4 holds with equality in the special cases of testing against independence [1], where Q xy =
Py - Py, and of testing against conditional independence [4] where Y decomposes as Y = (Y', Z) and Qxy'z = Pxz Py 7.

B. Single-Relay Multi-Hop Network

We turn back to the basic single-realy multi-hop scenario and propose an improved coding and testing scheme based on
binnning.

I'There is no need to apply the coding scheme with binning to attain the optimal error exponent in this case, see [1].



1) Coding and Testing Scheme: Fix p > 0, an arbitrary blocklength n, and joint conditional pmfs Psyyx and Py syy over
finite auxiliary alphabets S, U, and V. Define the joint pmf Psyvxyz = PxyzPsu|x Pvisuy and the following nonnegative
rates, which are calculated according to the chosen distribution,

Rs+ R, =1(X;8) + p, (127a)

R, + R, =I(U; X|S) + p, (127b)

R,+ R, =1(V;Y,U|S) + u, (127¢)

R, <min{I(S;Y),I(S;2)}, (127d)

R, < I(U;Y|S), (127e)

R, <I(V;Z|S). (127f)

The joint distributions are chosen in a way that

R=R,+ Ry (128)

T =Rs;+ R,. (129)

Code Construction: Construct a random codebook
Cs = {S"(i,d): ie{l,..,[2" |}, de{1,..,[2"% |}

by selecting each entry of the n-length codeword S™(i,d) in an i.i.d. manner according to the pmf Ps. Then, for each pair
(i,d), generate random codebooks

Culi,d) = {U"(,eli,d): je{1,..,|2" |}, e {1,.., 2" |}}

and

Culisd) = {(V"(k, flisd): k€ {1, (2]}, f € {1, |27 ]}

by selecting each entry of the n-length codewords U™ (j, e|i, d) and V" (k, f|i,d) in a memoryless manner using the conditional
pmfs Pys(-|S¢(i,d)) and Py|g(-|S¢(i,d)), where Si(i,d) denotes the ¢-th component of the random codeword S™ (i, d). All
codebooks are revealed to all parties.

Transmitter: Given that the transmitter observes the sequence x", it looks for indices (i, d, j, ) such that
(s"(i,d),u"(j, eli,d),z™) € T,y4(Psvux)- (130)
If successful, it picks one such pair uniformly at random, and sends
m = (i.5), 13y
over the noise-free bit pipe. Otherwise, it sends m = 0.

Relay: Assume that the relay observes the sequence y™ and receives the message m. If m = 0, it declares 7:ly =1 and
sends b = 0 over the noise-free bit pipe to the receiver. Otherwise, it first looks for indices (d’,¢’) such that

Hip(sn(i.ar),um Gie' i) ) (S UNY ) < Hypn 6 dy an (.zfindy gy (S UTY), - VA € {1, (277 |}, @€ {1, [27F )3, (132)
and then looks for indices (k, f) such that

(Sn(zv dl)? un(jv €/|7:a dl)v vn(k7 f|Z7 d/)7 yn) S 777/2(PSUVY)~ (133)

If successful, it declares 7:[y = 0 and picks one of these index pairs uniformly at random. It then sends the corresponding
indices

b= (i,k) (134)
to the receiver. Otherwise, it declares 7:[y = 1 and sends the message b = 0 to the receiver.

Receiver: Assume that the receiver observes z" and receives message b from the relay. If b = 0, the receiver declares
. = 1. Otherwise, it first looks for indices (d”, f’) such that

Htp(s"(i,d”),v"(k,f’|i,d”),z")(57 ViZ) < Htp(s”(i,J)vv"‘(k,f\i,J)yz"L)(Sv V|2), vd € {1, I_QnR;J}v f €{1,.., |.2HRLJ} (135)
Then, it checks whether
(s™(i,d"),v"(k, f'|i,d"),2") € T (Psvz). (136)

If successful, the receiver declares 7:1,2 = 0. Otherwise, it declares 7:12 =1.



2) Result on the Exponent-Rate Region: The coding scheme in the previous subsection establishes the following achievability
result.
Theorem 5: The exponent-rate region £(R,T) contains all nonnegative pairs (), ) that satisfy

n < min{ni, N2, M3}, (137)
6 <min{6;: i =1,...,10}, (138)

where

m = min  D(Psyxy||PsuxQ@xy), (139a)
_ Psuxvy:
Psux=Psux
Psuy=Psuy

N2 = Ismiﬂ D(PSUXYHPSU|XQXY)+R_I(57U§X)+I(Sa U;Y), (139b)
SUXY:
Psyx=Psux
Py =Py
H(S,U|Y)<Hp(S,U|Y)
H(U|S,Y)<Hp(UIS)Y)

N3 = ﬁmin D(ﬁSUXyHPSUp(QXY)-l-Ru - I(U; X|S) + I(U;Y|S) (139¢)
SUXY:
Psux=Psux
Psy=Psy
H(U|S,Y)<HA(U|S,Y)

6= _ min  D(Psuvxvz|PsuxPvisuyQ@xyz) (139d)
Psuvxvyz:
Psux=Psux
Psuvy=Psuvy
Psvz=Psvz

b2 = _ min D(Psyvxyz|Psvix Pvisuy@xyz) + I(V; Z|S) + R, — I(V;Y,U|S) (139¢)
Psuvxvyz:
Psux=Psux
Psyyvy=Psuvy
Psz=Psz
H(V|S,Z)<H(V|S,2)

03 = 5. nin D(Psuvxyz||Psuix PvisuyQxyz) + I1(V,Y;U|S) + I(V; Z|S) + Ry, + R,
SUVXYZ:
Psuyx=Psux —I(U; X|S) = I(V;Y,U|S) (1391)
Psvy=Psvy
Psz=Psz
H(U|S,Y)<Hp(UIS)Y)
H(V|S,2)<Hp(V|S,Z)

0y = _ min D(Psyvxyz|Psvix Pvisuy@xyz) + I(U; Y, V|S) + R, — I(U; X|5) (139g)
Psvvxyz:
Psux=Psvux
Psvy=Psvy
Psyz=Psvz
H(UIS,Y)<Hp(U|S)Y)
05 = 5, min D(Psyvxyz|Psuix Pvisuy@xyz) + I1(S,V;Z) +1(S,U; V,Y)
SUVXYZ:
Psux=Psux +2R+R,+ R, —I(S; X)—-I(U,S; X)—-I(V;Y,U|S) (139h)
Pyy=Pyy
Pz=Pz
H(UIS,Y)<Hp(U|S)Y)
H(U,S|Y)<Hp(U,S|Y)
H(V|S,Z2)<Hp(V|S,Z)
H(V,S|2)<Hp(V,5|2)

O _ min D(Psyvxyz|Psvix Pvisuy@xyz) + I(S,U;Y, V) + I(V; Z|S)

Psuvxyz:

Psux=Psux

Pyy=Puy 4 Ry + Ry + Ry — I(U,S; X) — I(V;Y,U|S) (139i)
zZ=Irz

H(UI|S,Y)<Hp(U|S)Y)
H(U,S|Y)<Hg(U,S|Y)
H(V|S,2)<H(V|S,Z)
H(V,S|Z)<Hz(V,S|Z)



07 = 5 min D(Psuvxyz||Psuix PyisuyQxyz) + I(U,S; V,Y) + Ry + Ry — I(S,U; X) (139))
Povx=Psux
PVY Pyy
2=Psv
H(U|S VI<HA(U]5,Y)
H(U,S|Y)<Hp(U,S|Y)

Os = s min D(Psuvxyz|Psuix PvisuyQxyz) + I(V; Z|S) + I(S,U; Y|V)
Psuvxvyz:
Psux=Psux + Ry + Ry + R, — I(S,U; X) — I(V;Y,U|S5) (139k)
Pyy=Pvy

Psz=Psz
H(U|S,Y)<Hp(UIS)Y)
H(U,S|Y)<Hg(U,S|Y)
H(V|S,2)<Hp(V|S,Z)

Oy = 5 min D(Psuvxyzl|Psuix Prisuy@Qxvz) + I(V,S;Z) + Ry + R, — I1(S; X) — I(V; Y, U[S) (139))
SUVXYZ:
Psux=Psux
Psuvy=Psuvy
Py=Py
H(V|S,Z)<H5(V|S,2)
H(V,S|2)<Hp(V,S|Z)

610 = _ min D(Psuvxyzl|Psuix PyisuyQxvz) + I(V,S; Z) + I(U; Y, V|S)
Psuvxyz:
Psux=Psux
Povy=Psvy 4 Ry 4 Ry + Ry — I(S,U; X) — [(V;Y,U|S). (139m)
zZ=Irz

H(U,S|Y)<Hp(U.S|Y)
H(V|S,2)<Hp(V]S,2)
H(V.S|2)<Hp(V.S|Z)

for some choice of the auxiliary random variables (U, S, V') and auxiliary rates R, R,, R, satisfying the Markov chains

U,8) =X —(Y,2) (140)
V —=(S,Y,U)— Z (141)
and the rate constraints R = R;+ R, and T'= R, + R, and
R>I(U,S; X), (142)
T>1(S; X))+ 1(V;Y,U|9), (143)
Ry > I1(S; X) —min{I(S;Y), I(S; Z)}, (144)
R, > I(U; X|S) = I(U;Y]S), (145)
R, > I(V;Y,U|S) — I(V; Z|S). (146)
Proof: See Appendix 1. [ ]

The exponent-rate region achieved with the binning scheme is optimal when testing against conditional independence. In
fact, consider a setup where the relay’s and the receiver’s observations decompose as

Y = (Y, W) (147)
Z=(2,W,Q) (148)
and

under H = 0: (X" Y™ Z" W Q") iid. ~ Pxiyw - Pyzow, (149)

under H = 1: (X™, Y™, Z" W™, Q") iid. ~ Pxw - Pyiwo - Prwao- (150)

Proposition 7: If (147)—(150) hold, the exponent-rate region (R, T) is the set of all nonnegative pairs (7, ) that satisfy
n < I({U;Y|W), (151)
0 <I(U;Y|W)+I(V; Z|Q,W), (152)

for some auxiliary random variables (U, V) satisfying the Markov chains U - X — Y and V — Y — Z and the rate
constraints

R > I(U; X|W), (153)
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T=1(V;Y|W,Q), (154)

Proof: Achievability follows by specializing Theorem 5 to S = 0. For the converse, see Appendix J. [ ]

VII. CONCLUDING REMARKS

The paper presents coding and testing schemes for a basic multi-hop network with a single relay, for its K -relay extension,
and for a network with two parallel multi-hop channels that share a common receiver, and analyzes their exponent-rate region.
The schemes are similar to Han’s scheme in [2] for the point-to-point channel but also introduce coding techniques for cascade
source coding and an unanimous-decision forwarding strategy where any terminal only decides on the null-hypothesis H = 0
if all preceding terminals have decided on this null-hypothesis. The more complicated code construction and the unanimous-
decision forwarding strategy complicate the analysis compared to the point-to-point setup [2] and to the previously considered
many-to-one [1], [3], [4], two-way [7], [12], [13], or broadcast scenarios [5]-[7]. In particular, they require imposing an
additional structure on the codebooks: each joint type should not be over-represented on the set of codeword tuples in these
codebooks. For each of the three considered networks, the proposed scheme is optimal for some instances of testing against
independence.

When combined with binning, the scheme for the single-relay multi-hop network is also optimal for an instance of testing
against conditional independence. The binning extensions for the other networks are not detailed out due to their involved
forms. Instead, for completeness, an analysis of the Shimokawa-Han-Amari exponent-rate function [3] for the point-to-point
setup is presented.

The derived exponent-rate regions for the schemes without binning all have the same structure, see Theorems 1, 2, and 3:
the exponents are obtained by minimizing the KL-divergence D(P||Q) with Q being the joint pmf on the codewords and
observations under H = 1 and P being a joint pmf over the same quantities and the optimization variables that is subject
to decoding/testing constraints and rate-constraints stemming from the source codes. Future work encompasses showing that
similar exponent-rate regions are achievable also in other setups.

Another line of potential future research is to find coding and testing schemes beyond the random code constructions
discussed in this paper. This is motivated by the following example, for which the current coding and testing schemes are
not sufficient. Let X and Y be independent Bernoulli-1/2 random variables under both hypotheses, and let Z = X @ Y
when H =0and Z = X @Y &1 when H = 1. In this example, the receiver can have an infinite error exponent even when
R =T = 0. In fact, it suffices that the transmitter sends its first observed symbol X to the relay, which then forwards Y; & X3
to the receiver. If Z; = Y; @ X3, then the relay decides on }L = 0 and otherwise on ’ﬂz = 1. With the described coding and
testing scheme the probability of error at any given blocklength n is 0. This corresponds to an unbounded error exponent.
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APPENDIX A
PROOF LEMMA 1

We prove the existence of the desired codebooks using probabilistic arguments. Construct a random codebook Cs =
{S™(i): i = 1,...,|2"E= |} by selecting each entry of the n-length codeword S™(i) in an i.i.d. manner according to the
pmf Ps. For each index i, generate a random codebook Crr (i) = {U™(ji): j € {1, ..., [2"%|}} by selecting each entry of the
n-length codeword U™ (j|i) in an i.i.d. and memoryless manner using the conditional pmf Py g (-|S¢(@)), where Sy (i) denotes
the ¢-th component of the random codeword S™(i). For each index i, generate a random codebook Cy (i) = {V"(kl|i): k
{1,...,|2"%]}} by selecting the t-th entry of the n-length codeword V" (k|i) in a memoryless manner using the conditional
pmf Py s(-[Si(4)).

By the covering lemma and rate expressions (14)—(16), when averaged over the choice of the random codebooks, properties
1) and 2) are satisfied for all sufficiently large n. Also, property 3) holds averaged over the choice of the random codebooks
from the following sequence of inequalities. For any joint type msyy and p/ > 0:

Ec[|{(i,j.k):  tp(S™(i),U™(j]i), V"(kli)) = msuv }|]

= > Prltp(S" (i), U"(jli), V" (ki) = msuv]
N

=y > Pr((S™ (i), U™ (jli), V" (k|i)) = (s",u",v™)]
1,5,k (s™,u™,v™):

tp(s™,u" v )=mwsuv
Y T T o= He (S)+D (s |1P5)) 5 9—n(Hn(UIS)+D(ru sl|Puis) 5 g=n(Hx(VIS)+D(my sl Py s))

@,k (s™u™ ™)
tp(s™,u" v )=msuv

- (Hw(‘s)+Hw(U|S)+H7r(V‘S)_Ll)
<2 > ‘

i,k (s ™)
tp(s™ ,u” v")=msuv

© $ nHs (USV) g n(Ha ()+Hx (UIS)+Hx (V1S)=')
.9,k
< on(Rs+Ru+Ry) an(IW(U;V\S)fu’)’ (155)

where (a) follows from [2, Lemma 3d], (b) follows from [2, Lemma 3c]. Therefore, we have shown that for sufficiently large
n and all u,e > 0, we get

Pr [3(i,5): (8™(1), U"(j]0), X") € T,y4(Psux)] > 1 —¢/32, (156)
Pr 3 (8" (0), U™ (710), V" (K[i), Y™) € Tyjo(Pouvy)|(S"(0), UM (710), Y™") € Toiys(Psuy)| > 1= /32, (57)
EC[’{(i7j, tp(Sn( ) Un(]| ) Vn(k|’t)) — WSUV}H < 1/8 . 2n(RS+Ru+R1,) . 2—71(IW(U;V|S)—H)_ (158)

Now, we must show that there exists at least one codebook that satisfies properties (20), (21), and (22) in Lemma 1. We
first order the sets of codebooks according to property (20), and then restrict to the subset of best codebooks that have total
probability at least 1/2. We then repeat this step by ordering the codebooks according to properties (21), and then (22). In
this way, we construct a nonempty subset of codebooks Cg, {Cy}, and {Cy'} so that we have

Pr[3(i,5): (s"(i),u"(j]i), X™) € M/4(PSUX)] >1—¢/4, (159)
Pr [Hk: (8™ (8),u" (j[2), v" (k|d), Y™) € To(Psuvy ) [(S™(0), U™ (i), Y™) € Ty, 5(Psuy) | > 1 —€/4, (160)
[{(i,4, k) tp(S™ (i), U™ (j]i), V" (k[i)) = mspy }| < 2n(FetRut o) gmnl=(UVIS) =) (161)

which completes the proof of lemma.
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APPENDIX B
PROOF OF THEOREM 1

The analysis of the error probabilities at the relay are standard. We therefore focus on the error probabilities at the receiver.
If M #0and B # 0, let I, J, K be the random indices sent over the noise-free bit pipes and define the following events:

Eretay = {(s"(1),u"(JI),Y™) & T3, s(Psuy },
Eret {(s"(D), W™ (JID), 0 (K|D), Z7) ¢ T (Psuvz) }-
The type-I error probability can be bounded as:
an < Pr[M =0or B =0 or Erelay OF Ery]

< Pr[M = 0] + Pr[B = 0 or Eetay| M # 0] + Pr€ps| M #£ 0, B # 0] (162)
(a)
< €/4+ Pr(Ereny| M # 0] + Pr[B = 0| M # 0, Ey] + €/4 (163)
(b)
<e€fd+e/d+e/i+¢e/d (164)
= e, (165)

where (a) holds because the chosen code construction satisfies (20) and by the Markov lemma, and (b) holds because the code
construction satisfies (21) and by the Markov lemma.

We now bound the probability of type-II error at the receiver. Let P™ be the set of all types over the product alphabets
S™ XU X V™ X X" x Y™ x Z™. Also, let P}! be the subset of types Tsyvxyz € P™ that simultaneously satisfy the following
three conditions:

|Tsux — Psux| < p/4, (166)
|Tsuvy — Psuvy| < p/2, (167)
|Tsvz — Psvz| < . (168)

The type-II error probability can then be written as:

Bn < Pr[(X", Y™, Z") € Apxn|H = 1], (169)
where Agy , includes the acceptance region at the receiver:
A n ,n _n n(; n(lz; n . n ., n _n n
A 2 U {2 (6700 G0 o7 (1) ) € P (170)
i5,k

We thus have

ZEDY 2.

Tsuvxyz€EPH (4,9,k):
(s (i) 0™ (j10) 0" (ki) = sy
> Pr[X" = 2", Y" =", 2" = 2"|H = 1]. a171)
(z™,y™,2"™)

tp(s™ (1), u™ (510).0" (K[0) " 4™ 2™ =T suv Xy z
Notice that for a triple (™, y™, 2") of type mxyz:
Pr[X" = 2", Y™ =y, Z" = 2"|H = 1] = 2 "H- (XY D)+ D(mxv z[lQxv2)), (172)

Moreover, by standard arguments, for any joint type msyyv xyz and any triple of sequences (s”, v, v™) of matching subtype
TsUuv:
{(@"y",2"): tp(s™,u™ 0™, 2™ y", 2") = Tmsuvxyz )| < onH= (XY, ZISUV) (173)
Also,
P < [P < (n+ 1)ISHUEVHX 2] (174)
Combining (171)—(174) with Property (22) in Lemma 1 yields the following upper bound:
Br <(n + 1)ISHULIVEIXLYVLIZ]

< max on(Rs+Ru+Ru—Ix (UsV[S)+4) | gnHx(X,Y,Z|S,UV)  9-n(H(XYZ)+D(rxyzllQxv2))| (175)

Tusvxyz€EP]
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Plugging the rate expressions (14)—(16) into (175) and simplifying, results in the following upper bound, we obtainL.:
Bn < (n+ 1)\5|~|M\-|V\-|X|~D’|~IZ| .9l (176)

where

6,2 min _ [H.(XYZ)+ D(rxyzl|Qxvz) — He(XY Z|SUV) + I,(U; V|S)] - I(X; SU) — I(YU;V[S). (177)

Tusvxyz€P]

Now, we let yu — 0 and n — oo. By continuity properties, after performing some simple manipulations, we obtain that 6, — 0
as u — 0, where

6=  min D(Psuyvxyz||Psuix Pvisuy@xyz)- (178)
Psuvxvyz:
Psux=Psux
Psvuy=Psvuy
Psvz=Psvz

APPENDIX C
PROOF OF PROPOSITION 1

Fix a pair of probability distributions Psyy|x and Py sy . We will show that there exists a new pair of probability distributions
Py x and Py |y so that

_ min D(Psuvxyz||PsuixPvisuy@xyQzyy) > _min  D(Psuvxyz||[PoxPriy@xyQzy).  (179)
_ Psuvxvyz: Poyxvyz:
Psux=Psu|xPx Pyx=Pyx
Psuvy=Psuvy Poyy=Pgyy
Psyz=Psvz Py z=Py
This will conclude the proof of the proposition.
Consider the following sequence of inequalities:
_ min D(Psuvxyz||Psuix Pvisuy@xyQzy)
Psuvxyz:
Psux=Psux
Psuvy=Psuvy
Psvz=Psvz
(a) . 5 5
= _ min D(Psuxyl||Psuix@xv) +Ep,, . [D(Pyzisuxy | PvisuyQzy)]
Psuvxyz:
_Psux=Psux
Psuvy=Psuvy
Psvz=Psvz
Q) . - . 5
> min  D(Pyxyl[Pyx@xy)+ _min Epepy [D(Pvzisuy |1 Pvisuy Qz)y)] (180)
_Poxy: _ Psuvvvyaz:
Py x=Pgx Psyvy=Psuvy
Poy=Pgy Psyz=Psvz
(0 . 5
= mm D(PUXY||PU|XQXY)
N Py xy:
IfUX=PUX
Pgy=Pgy
+ min _ min Epy goune [D(Py z|y,5=s,U=ullPv|y,s=s,u=uQz|y)] (181)
S ; Pyyz|s=s,U=u: e
va\g:s,uzszpvns:s,uzs
Pygls=s=Pvz|s=s
(d) . . . 5
> min  D(Puxy||[Pyix@xy)+ min  Ep [D(Pygy[|PryQzy)] (182)
_ Pgxy: _ Pyyz:
Pox=Pyx Pyy=Pyy
Pgy=Pgy Pyz=Pyy

where (a) follows by the chain rule for KL-divergences; (b) follows by introducing U := (U, S), because for any functions
g1 and g9 it holds that min,(g1(x) + g2(x)) > min, (g1 (x) + min,(g2(z)), and by the data-processing inequality for KL-
divergences; and (c) holds because the minimum cannot be larger than the average and thus the minimum will be achieved
for a degenerate distribution Py g; and (d) by defining V' so that for all pairs (v,y):

PV\Y(U\ZU) = PVlSUY(U|5*>U*7y)

where s*,u* denotes the minimizing (s, u)-pair in (181).
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APPENDIX D
PROOF OF PROPOSITION 2

Fix a sequence of encoding and decoding functions {¢(™, ¢@(,"), gg(,n), ggn)} so that the inequalities of Definition 1 hold for
sufficiently large blocklengths n. Fix also such a sufficiently large n and define for each t € {1,...,n}:

U = (M, X"
Vi 2 (B,Y'). (183)

Define also U £ (Ug,Q); V £ (Vo,Q); X £ Xg; Y £ Yg; and Z £ Zg; for Q ~ U{1,...,n} independent of the tuples
(S™, U™,V X" Y™ Z™). Notice the Markov chains U — X — Y and V — Y — Z, where the latter holds in particular
because Pyyz decomposes as Px Py |x Pyzy.

We start by lower bounding rate R:

1
=—H(M
R=_H(M)
1
—I(M; X"
—I(M; X7

v

! > I(M; X X'
n

i=1
a) 1
@S, X X))
nt:l
1 n

==Y (U Xy)

n
Y 1w x), (184)

where (a) holds because the sources are i.i.d, and (b) holds by the definition of the random variables @, U, X and because X
is independent of (). Following similar steps, rate 7' can be lower bounded as:
1
T=-H(B
—H(B)

1
> —I(B;Y"
> CI(B;Y")

1 n
> I(B, Y"1V
n
i=1
=I(V;Y).
The type-II error probability at the relay can be bounded as:
1 1
- log G, < ED(PMY"H-L:OHPMY"\H:l) +e
a) 1
W iy e
n
1 n
= fZI(M;YHYt_l) +e
n
t=1

1 n
=— § I(M, Y"1 Y;) +e
n
t=1

® 1<
< =D I(MX'"hY) +e

t=1
1 n
==Y I(UsY:) +e
" t=1

=I(U;Y) +e (185)

where (a) follows because under hypothesis H = 1, M and Y™ are independent, and (b) follows from the Markov chain
Yyi-l — (M, X" - Y.



25

We finally turn to the type-II error probability at the receiver:

1 1
- log 8, < *D(PBZMH:OHPBZHW:H +e€

—
Q
i

1
D(Ppjy=ol|PB#=1) + E]EB [D(PznB,3=0llPzniB.31=1)] + €

—
IN=

D(Parynigi=ol| Paynis=1) + Eg[D(Pzn| 5 1=ol| Pznj2=1)] + €

—
3]
~

1
I(M;Y")—F—I(B;Z")—i—e

znjf (Ui V) + ZI Vii Zi) +

t=1

=I(U;Y)+1(V; 2) + €, (186)

3‘“3\H:\H3\H

<

where (a) follows by the chain rule for KL-divergences; (b) follows on one hand because B is a function of (M,Y™) and by
the data processing inequality for KL-divergences, and on the other hand because under H = 1 observation Z" is independent
of B with same marginal distribution as under H = 0; (c¢) follows because under H = 1 observation Y is independent of
M with same marginal distributions as under H = 0; and the last two inequalities can be proved by proceeding along similar
lines as the proof of (185) and exploiting the Markov chains Y*~! — (M, X*"1) = Y; and Z!=! — (B, Y1) — Z,.

APPENDIX E
PROOF OF PROPOSITION 3

We fix a sufficiently large n and a sequence of encoding and decoding functions such that the properties of Definition 1
hold. Also, define S; 2 (M, X'=1 Z'=1). First, consider the rate R:
nR=H(M)
>I(M; X™,Z")

I(MaXtu Zt|Xt_17 Zt_l)

NE

~
Il
—

I(Ma Xt_lvzt_l;XtaZt)

I
NE

H
l
—

I(M, X" 20 X)

NE

ﬁ
Il
_

I
NE

I(St,Xt)

~
Il
—

Now, consider the error exponent at the relay:

1 1
- log G, < *D(PMYNH:OHPMYMH:H +e

SOIM, XY 20 Y) e
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where (a) follows because under hypothesis H = 1, M and Y™ are independent, (b) follows from the memoryless property
of the channel, and (c) follows from the Markov chain Y*~! — (M, X*~1) — Y;. Next, consider the error exponent at the

receiver:

1 1
- log 8, < —D(Ppznn=ollPBzn12=1) + €

,\
INS

D(Pyrynznip=oll Prrynznip=1) + €

—~
=

)

ImS =S| =S

I(M; Y™, Z™) + ¢

—~

c

N

I(M;Z") + ¢
n

1 n

==Y I(M;Z|Z'") + ¢
n

t=1

1 n
=—Y I(M, 27" Z;) + e
n t=1
1 n
<= I(M XL ZN Z) 4 e
n
t=1

1 n
<= (S5 Z) +e
t=1

where (a) follows from the data processing inequality, (b) follows because M and (Y™, Z™) are independent under hypothesis
H =1, and (c) follows from the Markov chain M — X™ — Z™ — Y ™. The proof of the converse is finally concluded by

defining a time-sharing random variable @ ~ U{1,...,n} and S 2 (Sq,Q). X 2 Xo, Y 2 Yo and Z 2 Zg.

APPENDIX F
PROOF OF PROPOSITION 4

Fix a sequence of encoding and decoding functions that satisfy properties of Definition 1, and then a sufficiently large n.
Define U, 2 (M, X*~1), and consider first the rate R:

nR = H(M)
> I(M; X")

= I(M; XXt

W
Il
-

I(M, X" X,)

I
~
s M:
=

I(Uy; X)

&~
Il
-

Now, consider the type-II error probability at the relay:

1 1
. log ¢n < ED(PMY’W’H:O”P]\IY"\H:I) te

:lI(M;Y")Jre
n

1 n
= IMYT) e
n

t=1

1 n
== I(M Y'Y +e
n
t=1

IN

1 n
= § I(M, X4 Y;) +e
n

t=1

1 n
= I(UsYy) +e,
n t=1



27

and the type-II error probability at the receiver:

—_

1
- log B, < —=D(Ppznp=ollPpznj1=1) + €

>—‘3

< —D(Ppyrynznpp=ollPrrynznin=1) + €

(a)

H:

—I(M,Z™Y"™)

":

= —I(M;Y™Z") + 1(Y"; Z")

1
& Z1(zmym)

3

3

n

<= I(ZsY) +e (187)

t=1

3|~

where here (a) follows because under hypothesis H = 1, (M, Z™) are independent of Y™, and (b) follows from the Markov
chain M — X" - Z" - Y™

The proof of the converse is finally concluded by defining a time-sharing random variable as Q@ ~ U{1,...,n} and U £
(Ug. Q). X 2 Xq. Y £ Yg and Z £ Z,,.

APPENDIX G
PROOF OF PROPOSITION 6

Achievability: Consider the error exponent at the receiver:

B min D(PU1V1U2V2X1Y1X2YQZ||PU1\X1PU2\XQPV1|U1Y1PV2|U2Y2PX1PX2PY1Y2PZ)
Py, viuava X1y, XoYae 2t

ﬁUle:PULXz

PVLUlYl:PVlUlYl

Pv,v,z=Pv,vyz
= min  D(Puvinevevivazl||Po, Pua Py vy Prajvayva Priva Pz)

Py, viusvay vazt

PVLUZYZ:PVZUIYZ

Pv,vyz2=Py,vyz

= _  min D(Pyiv,||Pyvivs) + Epy | [D(Pyy vyl [ Poy)]
Puyvivavavivaz:
Pviuyyvi=Pviuy,
Pv,vyz=Py,vyz

+Ep, . [ID(Puyjoviv 1Pl + Epy o [ID(Prs vy vl | Pra o))

+ ]EI:’U1U2V1Y1Y2 [D(PV2|U1U2V1Y1Y2HPV2|U2Y2)] + EPU1U2v1v2yly2 [D(PZ\U1U2V1V2Y1Y2HPZ)]

> 1(Z; 1 Va) + I(Uy; Y1) + I(Us; Ya), (188)
where the last step holds because under conditions
l?lem = Pyuy, 1e{1,2}, (189)
Py,v,z = Privyz, (190)
the following inequalities hold:
D(Py,v,||Py,v,) > 0
Epy. vy, [D(Pu, vy, ||Pu,)] = 1p(Ur; Y1Ya) > Ip(Ur; Y1) = I(Uy; Y1)
Epy vy, [ (PU2|U1Y1Y2||PU2)] = I5(U; Y1YoU1) > 15(Us; Ya) = I(Us; Ya)
PU1U2Y1Y2[ (PV1|U1U2Y1Y2||PV1\U1Y1)] >0
Pu,vgvivy v [D(Py, 1,02V v1 s || Pra |, )] = 0
Puivgvivaviv, | (Priv,vavivaniva [|1P2)] = 1p(Z; W UV VaY1Ya) > Tp(Z:ViVa) = I(Z; i Va). (191)

Moreover, each of these inequalities holds with equality for the choice

Py, x,u,x,vivavivez = Pyiy, - Punyyy - Poolys - Pvijuiys - Pvajteys - Pxa oy - Pxo|Uss (192)
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which represents a feasible choice, i.e., it satisfies both conditions (189) and (190). In particular, for all triples (vy, ve, z), the
choice in (192) satisfies

Pyyvyz(v1,02,2) = Z Py, v, (Y1, 92) Pu, v, (W1 |y1) Poy v, (Waly2) Puy o, vi (V1 lun, 1) Puy v, v, (vValuz, Y2) Pzjv v, (2101, v2)
U1U2Y1Yy2
= Pyv,z(v1, vz, 2). (193)

Combining all these arguments shows that (188) holds with equality, which proves the achievability of the desired error
exponent at the receiver.

The error exponents at the relays can be obtained similarly. Details omitted.

Converse: Define for each t € {1,...,n} and for [ € {1,2}:

Ui & (M, XY
Vi 2B,y ). (194)

Then, consider rate

Ry = —H(M;)

>

I(My; XT')

X7

SIm 3I=3

ZI(Mz;Xl,t

o~
Il
—

I(My, X715 X0t)

I
S|
[M]=

~
Il
-

I
SRR
NE

I(Ups; Xi4),

&~
Il
-

and rate

1

T, = —H(B
1= (Br)

1

n

1« -
=~ (B YY)

t=1

Y

I(Bi; ")

1 _
= EZI(Bl»Ylt 1;Yl,t)
t=1

1 n
== I(Vis;Yig).
n
=1
Now, consider the error exponent at Relay | € {1, 2}:
1
- lOg Cl,n <
n

D(Parypim=oll Paryyir p=1) + €

I(MpY™) +e

Sl= 3= 3|=3Ir

NE

n
S I(MEYialY ) e
t=1

I(Mlv Yit_l; }/l,t) +e

w
Il
-

I(M, Y X Ya) +e

N
S
M=

~+

—~
Q
=

M-

I(My, X[ 75 Y1) +e

I
SRS
~
I
N
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n

1
==Y (U Vi) +e

n
t=1

where (a) follows from the Markov chain Ylt_1 — (M, X ;—1) — Y} ;. Similarly, for the error exponent at the receiver:

1 1
- log 8, < gD(PBlBgz’LrH:OHPBlBgZ"H{:l) +e€

—
Q
i

1
D(Ppg, B,1=0ll P, Bs2=1) + EEBle [D(Pzn B, By =0l Pzn B, By si=1)] + €

—
INs

1
D(Pasayvpvpi=ollPananvvp =1) + —~Ep,, [D(Pzr 18,8y =0l Pzr 8, 3 31=1)] + €

—
3]
N

SIS~ 3|~

Eylny2n [D(PMle\Ylezn,H:O||P]\/[1M2|Y1"7Y2n77'l:1)} + EBlBZ [D(PZ"|B1;BZ,’H:0HPZ""Hzl)] te

—
s
=

1
Eyr [D(Pagy vy p=oll Pary je=1)] + ~Eyp [D(Paty)vy =0l Patyr=1)]
+Ep, B, [D(Pzn By, By m=0ll Pzniz=1)] + €
1 1 1
51(M1;Y1n) + EI(Mz;an) + 51(31,32; Z") + €

n

- t_ZlI(ULt;YLt) + ;I(UQ,t;Y2,t) +o ZI(VLthZtE Z) + e

t=1

—
)

)

IA

(195)

where (a) holds by the chain rule for KL-divergences; (b) holds because B and Bs are functions of (M7, Y7") and (M,, Y3") and
by the data processing inequality for KL-divergences; (c) holds on one hand because (Y7*,Y3") have same joint distribution
under both hypothesis, and on the other hand because under H = 1 observation Z" is independent of the two messages
(B1, Bz); (d) holds because under H = 1, My and M, are independent of each other and of Y7",YJ" and under H = 0 the
Markov chains M; — Y* — (M>,Y5") and My — YJ* — (M, Y]") hold; and (e) follows because of the Markov chains
ViTh = (M, XY = Yy Vit — (Mo, XPY) = Yo and 281 — (By, By, Y 5 VY — Z,.

The proof is finalized by introducing appropriate auxiliary random variables and taking € — 0.

APPENDIX H
PROOF OF THEOREM 4

We analyze the probabilities of error of the coding and testing scheme described in Subsection VI-A2 averaged over the
random code constructions. By standard arguments (successively eliminating the worst half of the codewords from the codebooks
as detailed out in Appendix A) the desired result can be proved for a set of deterministic codebooks.

Fix an arbitrary € > 0 and the scheme’s parameter ;1 > 0. For a fixed blocklength n, let P™ be the set of all types over
the product alphabets 8™ x 8™ x X™ x Y". Also, let P); be the subset of types Tgs xy € P that simultaneously satisfy the
following conditions:

fodimes sy G <
and
Hrg,y (SIY) < Hrgy (SIY). (197)
Notice that when p — 0 and n — oo, then
P, — P* as 4 — 0 and n — oo, (198)
where R R }
P* 2 {Psxy: Psx = Psx and Psiy = Psy and Hp_(S|Y) > H(S|Y)}. (199)

We first analyze the type-I error probability at the receiver. For the case of M # 0, let L be the index chosen at the transmitter.
Define events

£+ {(S" (ML), Y™) & T (Poy )}, (200)
ED {30 # Lt Hysnanenym(SY) < mgin Hysn(aryyny (SIY)}- (201)
For all sufficiently large n, the type-I error probability can be bounded as:

an <Pr[M =0or 515)1() or Slg)]
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< Pr[M = 0]+ Prie{Y |M # 0] + PrielP |M +£ 0,607

(a)

< ¢/3+ PrEY) M # 0] + Pr(eg) M # 0,64

®)

< €e/3+¢/3+PrigP|M # 0,607

©

<e€/34+¢/3+¢€/3

e (202)

where for sufficiently large n inequality (a) follows by the standard covering lemma [16] and by the rate constraint in (121);
(b) follows from the Markov lemma [16]; and (c) from the following sequence of inequalities:?

Pr [0 [M # 0,60
=Pr [H[p(S”'(M,L),Y")(SD/) 2 Ig;lnHtp(S”(Me ),Y ™) (S‘Y) ‘ (Sn(M7 L)’Y") € nn(PSY)v (Sn(Ma L) ) € T/2(PSX):|

(d)
< Pr [Hg(se ) (S1Y) 2 it Hy o5,y (SIV) | (87(11),Y7) € T3 (Poy), (8°(1,1), X7) € T (Pox)|

L2n1?’

= > Z > Pr[S™(1,1) = s", Y" = y",5"(2,0) = s |
Tssty €Pl . S”n y" s

tp(s™y",s"M) =T gy g

(S™(1,1),Y"™) € T (Psy, (S"(1,1), X") € T/Q(PSX))]

LGR/J
(e)
< > > Pr[S™(1,1) =", Y" =y" | (5*(1,1),Y") € T,;"(Psy), (S"(1,1), X") € T,7)5(Psx)]
sy €PL 0 i=1 s ym,s'm
tp(s" ,yn s/n)_ﬂ,ss,y
Pr[S™(2,0) = s'"]
(1) 2]
< Z Z Z 9—nH(SY)  g—nHx(S")
ﬂsslye’])n GIL yn gln
tp(s™y" " ) =gy
2oy § gy
< onHx(8,5"Y)  9=nH(S)Y)  o9—nHx(S")
Tssty €PL o i=1
= Y ELEYS)
ﬂSS/yEP}ZL
< Y RS
”SS’YEPE
D L)W pax 2R 1Y) +5,00)
- Toar G/P(n)
SS'y 123
(h)
< €/3, (203)

where §,,(p) is a function that tends to 0 as u — 0 and n — oo. The inequalities are justified as follows:

o (d): (Our proof is inspired by a proof on the Wyner-Ziv source coding result in [16, Appendix to Chapter 11].) Inequality (d)
follows from the following sequence of equalities and from the law of total probability applied over the pair (M, L). For
any (m,f) € {1,...,[2"F|} x {1,...,[2"% |}

Pr | Hy(sn(m,z),yn) (S]Y) > ?;iEHtp(S"(M,Z),Y")(S|Y) |

(S"(M,L),Y™) € T (Psy), (S"(M, L), X") € Ty(Psx), M =m, L = (]

2For ease of exposition we slightly abuse notation: by 7gg/y € P;(L") we mean that mgg/y takes value in the projection of ’P‘(L") onto 8™ x 8™ x Y.
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0
2 Pr [ Hygsn a0,y (SIY) = i Hop g 2,8, (S1Y) |
(S"(M,L),Y™) € T (Psy), (S"(M, L), X") € Ty(Psx), M =m, L = {]

(1)

Hyysn (2,70 (1Y) |

S™(1,1),Y™) € T (Psy), (S™(1,1), X") € Tn(Psx), M = m, L_z]

Pr |:Htp(S"(1 1),y (S|Y) > I;;lé
(

(4i4) .
< Pr [Htp(S”'(l,l),Y"')(S|Y) > me}nH[p(S'rL(27Z)’Y7L)(S|Y) \

(S™"(1,1),Y") € T (Psy), (8"(1,1), X™) € T,)}9(Psx), M =m, L = 4, (204)

where (i) holds because the picked codeword S™ (M, L) has the same joint pmf with any set of .J other codewords in the
codebook; (i7) holds because the transmitter uniformly picks one of the pairs of indices (m,!) that satisfy the typicality
check (124); (iii) holds because I adding an element to a minimization can only decrease this minimization.

e (e): This inequality holds because the codebook’s codewords are drawn independently of each other.

e (f1) and (f2): These two inequalities hold by standard arguments on types.

 (g): This inequality holds by the polynomial number of types, because H(S'|Y) < H,(S|Y'), and by (198) and continuity
of the entropy function.

e (h): holds for sufficiently small o > 0 so that R — I(S;Y) 4 6, (p) < 0 and sufficiently large n.

We now bound the probability of type-II error at the receiver.

Bn <Pr[(X™,Y") € Agx n|H = 1], (205)
where Agy , includes the receiver’s acceptance region:
A n n n n n n n
Arsn = [ JU L™ y") (5™ (m, 0), 8" (m, ), 2", y") € Pp }. (206)
m g0

We thus have

B > > > > Pr(X™ = 2", Y™ = y"|H = 1]
Tssixy €P M (£,"): (=", y™):
tp(s™ (m, e)gsn(m’el)):ﬂ'ss' tp(sn(mye))Sn(m’gl)ywn’yn):ﬂ-sslxy

= > > Z > Pr[X" =z", V" = y"|H = 1]

msxy €P} m (z™, y")
tp(s™ (m =75 tp(s™ (m.0),a" y")=rsxy

F Y Yy > PXT = == 20
Tgsixy PR M (0,040 (z™,y"):
tp(s™ (m,0),s™ (m0))=nggr (s (m,€),s"(m,'),a" ,y")=Tgsxy

By standard arguments on types and by constraint (121), we get the following upper bounds:

>y % S e ey g
T ePy m " y"):
sy tp(s™ (m £))=ms tp(s”(m,é),m"y,y)"):‘frsxy

< (n + 1)ISHXLVL  on(I($:X)+1) | gnH=(X.Y(S) | g=n(Hx(X,Y)+D(mxv [Qxv)), (208)

and similarly

>y > 3 Pr[X" = 2™, V" = y" [} = 1]

Tss xy EPR m (£,07) 040" (=" y"):
tp(s™ (m,0),s™ (ml'))=nggr (s (m,€),s"(m,0"), "™ ,y")=Tg5/xv
< Z Z Z onHx(X,Y|S,8")  g—n(Hx(X,Y)+D(rxy|Qxv))
Tesixy EPL m (€,0") 040

tp(s™ (m,£),s™ (m ') =mggs
<(n+ 1)\5\2_\X\.|y| .9nR  9n(2R'—I(S;S"))  gnHx(X,Y|S,5") | 9 (Hr (X.Y)+D(rxy [Qxv)) (209)
where we used that for any joint type mgg/:
Ecl|(€,0) : € # €, tp(S™(m, 0), S"(m, ') = mss/|] = > Pr[(S™(m, (), 8™ (m, ') = (s",s™)]

N (s™,8'™):
l;é[/ tp(s™,s"")=mggs
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<Y A SEDsIP) L gl (84Dl | P5))

€7£/ (3"78/”):
LA tp(s™ 8™ ) =T g g

<Y onH(S,5") | g—n(Hx(S)+Hx(S))

0,6
040
< 92nR’  9—nl(S;S") (210)
Define now
01, 2 min [Hr(X,Y)+ D(nxvy||@xy) — H:(X,Y]|S) — I(S; X)], (211)
ﬂSXYGP[f
02, 2 in H.(X,Y)+ D(rxy|Qxy) — H:(X,Y|S,5") — R—2R' + I.(S; 5"), (212)

TrSS/XYEP,’j

and note that when ;¢ — 0 and thus n — oo, then PZZ — P*, where P* is defined in (199). Thus, letting 4 — 0 and thus
n — 0o, by (207), (211), and (212) the error exponent achieved by the described scheme exceeds the minimum

min{6y, 05}, (213)

where

2
1>

Pmin_ Hy(X,Y)+ D(Pxy|Qxy) — Hp(X,Y|S) - I(S; X)
Pax—Pox
Psy=Psy
= min D(Psxy||PsxQxv) (214)
_Psxy:
Psx=Psx
Psy=Psy

and

2
1>

_min D(Psxy||Ps|XQxy)JrR*I(S;X)JrI‘f,(S/;X,Y,S)
Pssrxy:
Psx=Psx
PS/Y:PSY
Hsy (S|Y)<Hp . (S]Y)

= Ismin D(Psxy||PsixQxy) + R—I(S;X) +I(S;Y), (215)
Pox—Pox

Py =Py
H(S|Y)<Hp_ (S]Y)

where the last equality holds because I5(S"; X, Y, S) > I5(5";Y) = I(S;Y) and because this inequality holds with equality
when Ps/|xyx = Ps/|y = Pg|y, which represents a valid choice.
This concludes the proof.

APPENDIX I
PROOF OF THEOREM 5

We analyze the probabilities of error of the coding and testing scheme described in Subsection VI-B1 averaged over the
random code constructions. By standard arguments (successively eliminating the worst half of the codewords from the codebooks
as detailed out in Appendix A) the desired result can be proved for a set of deterministic codebooks.

Fix an arbitrary € > 0 and the parameter of the scheme p sufficiently close to 0 as will become clear in the sequel. Fix also
a blocklength n.

If M # 0, let I,J be the indices sent over the noise-free bit pipe from the transmitter to the relay. If both B # 0 and
M # 0, let K denote the second index sent over the noise-free bit-pipe from the relay to the receiver.

We first analyze the type-I error probability at the receiver. Define events:

o) {(X"(I,D),V"(K, F|I, D), 2") ¢ T;(Psvz)}, (216)
£ {3(d", f') # (D, F): Hysn (1,00, vn (i, 51,d),27) (S V] Z) < glllfri Hysn(r.d) v (k. fl1,d),zm (5 VIZ) } (217)
The type-I error probability can then be bounded as follows:
an <Pr[M =0o0rB=0or 51(1;1() or ES() or Elgi)]
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< Pr[M = 0] + Pr[B = 0|M # 0] + Pr [ |M # 0, B # 0] + Pr [E|M #0,B #0,E%)°]
(a)
< ¢/4+ Pr[B=0|M # 0]+ Pr [EX)|M #0,B # 0] + Pr [EX|M #0,B #0,E%)°]

(b)
< e/2+Pr [0 |M #0,B #0] + Pr[eQ M #0,B #0,60]
(¢

)
< 3¢/4+Pr[eX|M #0,B # 0,60

d
< e (218)

—
=

where (a) holds by the covering lemma and the rate-constraints in (127); (b) and (d) can be proved following similar lines as
the type-I error analysis in Appendix H; and (c) follows from the Markov lemma.

We now bound the probability of type-II error at the receiver. Let P™ be the set of all types over the product alphabets
ST XS XET XU XU XV XY X X X Y™ x Z". Also, let Py be the subset of types Tgg/ g 7y v xyz € P™ that
simultaneously satisfy the following three conditions:

V(s,s', 8" u,u/ 0,0, 2,9,2) ESXSEXSEXUXUXVXVXXXYXZ:

|Tsux(s,u,x) — Psux(s,u,x)| < p/4,
|Tsiuvy (8,4, v,y) — Psuvy (8,4, v,9)| < /2, (219)
|7TS”V/Z(S/,7U/7 Z) - PSVZ(S//avlv Z)| < Hy

and the following minimal entropy constraints

H”S’U’Y(S7U|Y) S H‘ITSUY (SvU|Y)a (220)
Hﬂ's”v’z(‘/’ SlZ) < H‘ﬂ'svz(‘/’ S|Z) (221)

The type-II error probability at the receiver can be bounded as:
Bn < Pr[(X™, Y™, Z") € Arxn|H = 1], (222)

where Agy , includes the acceptance region at the receiver:

Aren 2 U $™(.jkdd dec ff) (223)

i3,k d,d,d"ee f,f
where S (i, 5, k,d, d',d" e, e, f, f') C X" x Y" x Z™ is defined as:
S (i, 4, k,d,d,d" e f,f):=
{(x",y",z") ctp(s™ (i, d), s (i, d'), 8" (i, d"), u™ (4, eli, d),u" (4, €'|i,d"), 0" (k, fli,d"),v™(k, f'|i,d"),z", y", 2™) € 73;}}
(224)
We thus have

Bo< Y > Pe[(xn Y 2" e S gk d d d" e e f, )] (225)
(d,d",d"e,e’,f,f") (i,5,k)

We split up the outermost summation into 20 partial summations as indicated in Table I, and we analyze the exponents for
each of these partial sums. The exponent of the total sum is then given by the smallest exponent corresponding to any of the
partial sums.
Each of the partial sums is analyzed by now standard arguments as used in Appendices B and H. Remark that for any partial
sum corresponding to an index tuple with
d=d = d//7

one is only interested in the subset of P} where the subtype mgg/g~ corresponds to S = S’ = S”. Similarly, for any partial
sum corresponding to d = d’ and e = ¢’ one is only interested in the subset of P, where the subtype mgs/yy+ corresponds
to S =5"and U = U’. See again Table I for an illustration which types have to be considered for which partial sums.

We detail out the derivation of the upper bound on the exponent of partial sum 4; the other partial sums can be treated
similarly. Let P*" be the subset of types obtained from P™ by imposing the additional constraints S = S’ = S" and V = V':

phn .= {WSUUlvxyzi V(s,u,u' v, 2,9,2) ESXUXUXV XX XY X Z:
|Tsux (s, u,7) — Psux(s,u, )| < p/4,

[Tsvvy (s,u',v,y) — Psuvy (s, v/, v,y)| < /2, (226)
|Ttsvz(s,v,2) — Psyz(s,v,2)| < p,
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Hrgyry (UIS,Y) < Hrgyro (US,Y )} (227
Then
Yo D> P[(X Yz eS8k d dd e, f, [)
(d,e,e’,f): (i,5,k)
ete’
TsvurvxyzE€PW™  (H:3:K) (d,e,;',/f):
tp(s™ (i,d),u"™ (j,eli,d),u™ (tj,e’\i,d),v"(k,fﬁ,d))
=Tsvu’'v
Z Pr[(XnaanZn) = (‘,anynvzn)]
(2" ™2
tp(s™ (i,d) ,u" (j,eli,d) ,u™ (4. |i,d), 0" (k, f|i,d), =" y" ,z")
=Tsuu'vXYyZz
= Z Z Z onH (XY, Z|S,UU" V) | o—n(Hx(X,Y,2)+D(nxv2l|Qxv2))
msuurvxyz€PL" (1K) (de.e’, f):

e#e

tp(s™ (4,d),u™ (7,eli,d),u” (5,€’|4,d) w™ (k. fli,d)) =7 sy ur v

IN

(n+ 1)|S\.|u\.\V\.\X|.|y\.|2\ on(RetRutRy) | on(RL+2R,+R,— I (U V|S) =L (UsU',V|S)) , onHx(X,Y,Z|S,UU",V)

.2_"’(HW(X7Y7Z)+D(7TXYZHQXYZ)), (228)
where the last step follows by bounding the number of types and because for any joint type msyy/v:
{(de.e',f): e#e and tp(s"(i,d),u"(j eli,d),u" (5, €li,d), v" (k, fli, d)) = msvvrv }|
< Qn(RLH2R, + R}~ I (U';V|S) =L (UsU'.V|S)+p) (229)

Following similar lines, one can find upper bounds on the exponents of the other partial sums. Notice that due to the
superposition code construction, different partial sums yield the same exponent. Table I presents the error exponent that we
found on each partial sum. The exponents 61 ,,, ..., 010, are defined as follows, where the minimizations are over appropriate
subsets of P}

01,4 2 min - R, — R, — R, — R; — R; — R;} + I.(U; V|S)

TSUvV
— He(X,Y, Z|S,U, V) + Hx(X,Y, Z) + D(nxvz||Qxv z), (230)
02,u 2 min —R,— Ry — Ry — R, — R, — 2R, + L.(U; V,V'|S) + I.(V; V'|5)
Tsuvv!
— He(X,Y, Z|S,U,V,V') + Ho(X,Y, Z) + D(mxy z|Qxvz), (231)
63,2 min R, R, R,— R, 2R, 2R, + L(U;V.V'|S) + L,(V:V'|5)
Tsuu/vv!
+ I.(U;U,V,V'|S) — Hx(X,Y, Z|S,U,U", V,V') + H.(X,Y, Z) + D(rxyz||Qxvz), (232)
Tsuu’'v
— H.(X,Y,Z|S,U,U",V)+ H.(X,Y,Z) + D(rxvz||Qxyz), (233)
O = min = —Ro—Ry= Ry = 3R, = 2R} = 2R, + [(5,U;8",U)

Tss!s"uu'vv!
+ I.(8",V'; 8,8, U, U') +I1.(V;S,8" U, U’|S’) - H.(X,Y, Z|S, s’ Ss". U UV, V’)
+ H.(X,)Y,Z)+ D(rxyz||Qxvyz) (234)
06,2 min —R,—R,—R,—2R,— 2R, — 2R, + I.(S,U; 8", U") + L(V; V'|S") + L(V, V'; 5, U, U"|S")

Tss'vu'vv/

- H,,‘-(X,KZ|S7 Slqu U/a ‘/7 V/) + HW(Xﬂ}/? Z) + D(’]TXYZ”QXYZ)? (235)
07,= min —-Ry—R,—R,—2R,—-2R, — R, +I1.(S,U; S U")+ I.(V;S,U,U'|S")
Tss'vu'v
- HW(X7KZ|S7 Slan U/a V) + HTF(Xv Y7 Z) + D(WXYZHQXYZ)? (236)

fs, 2 min —R,—R,—R,—2R,— 2R, — 2R, + I.(S,U; S, U") + L(V; S,U,U"|S)

Tss'vu'vv!



35

Partial sum Assumption on index tuples Relevant type Corresponding error exponent
1 d=d =d’"ande=¢"and f=f" | ngyy (S=5"=5"and U =U" and V = V') 01,
2 d=d =d’ande=¢"and f £ f' | mrgyyy (S=5"=858"and U =U’) 02,4
3 d=d =d’ ande#¢ and f# f' | mspuryyv: (S =5 = 8" 03,1
4 d=d =d"ande#¢e and f=f' | mgyppry (S=5"=5"and V =V") 04,4
5 d#d #d"ande#e and f # f | 7gsrsryvuvyy 05,1
6 d#d #d’" ande=¢" and f # f' | nggrgryyvyr U =U") 05,4
7 d#d #d"ande=¢"and f = f' | 7ggrsrpy U=U"and V =V") Z
8 d#d #d" ande#¢€ and f = f' | wggrgryyry V=V (Z
9 d=d"#dande#¢e and f # [ | wgsrpyrvy (8" =S5") 06,4
10 d=d"#dande=¢"and f # [ | 7g5ryyy (S =5"and U =U") 06,
11 d=d"#dande#¢€ and f = f' | wggryyry (S"=8" and V =V") 07,1
12 d=d"#dande=¢and f = f' | 7ggryy (8'=5"and U =U" and V = V") 07,1
13 d=d"#d ande#¢€ and f # f' | 7gsryyrvy (S=S5") 08,1
14 d=d"#d ande=¢"and f # f' | mggryyyr (S=S5" and U =U") 05,
15 d=d"#d ande=¢"and f=f' | 7ggryy (S=8"and U =U" and V = V") 08,
16 d=d"#d ande#¢ and f = f' | mggrpyry (S=8"and V =V") 08,
17 d=d #d’ande=¢"and f # f' | mggryvy’ (S=8" and U =U") 09,4
18 d=d #d"ande=¢"and f=f' | 7ggryy (S=5 and U =U" and V = V") 09,
19 d=d #d" ande#¢ and f# f | mgsnpurvy: (S =5 010,50
20 d=d #d’"ande#¢e' and f = f' | wggryyry (S=5"and V =V") 010,
TABLE I

CORRESPONDENCE OF INDEX TUPLES AND POSSIBLE TYPES.

+ (V'S VU U'|S) = He(X, Y, Z|S, 8, U, U, V,V') + He(X,Y, Z) + D(rxyzllQxyz), (237)
min —Ry — Ry = Ry = 2R, = R}, = 2R, + Is(S,V; §", V') + L (U; S, V. V'IS)

Tss''uvv’

>
©
&

I

- HTI’(Xa K Z|S7 S//a Ua V; V/) + HTI'(Xa Y7 Z) + D(,/TXYZHQXYZ)a (238)
610, 2 min  —R,— R, — R, — 2R, — 2R, — 2R, + I,(S,U; 8", V') + L,(U"; S",U,V,V'|S)
Tss''uu'vv!

+ I(V;8",U,V'|S) — H(X,Y, Z|S, 8", U, U\ V.V') + Hr(X,Y,Z) + D(nxvz||Qxvz), (239

Reassembling the upper bounds on the 20 partial sums, yields
Bn < (n+ 1)|5|~IM\-\V\-|X|~I3’\ 2270 4 (n 4 1)|5\-\U|-\V|2-\X\-WI 272 4 (4 1)\5|-\U\2-\V\2-\X\-|y\ .95
+(n+ 1)\8\~\U|2~|V|»|X\~\y| 2700 (4 1)\S|3-IM\2-\VI2-\X\~D’| L2705 4 (n 1)\$|2~|M\2-\V\2-\X\‘\y\ . 9106,
+ (n + 1)\5‘2.\u|2_|V\,|X|.\y| .2—71,07,“ + (n + 1)|S‘2.|Z/{|2.|V|2.|X|_W| .2—n98,“ + (n + 1)|S|2_|L{\.W‘2,\X\.\y\ .2—”99,u
+(n+ 1)\3\2~\UIZ~IV\2~|X|~D’\ .9 b0,

Taking ;+ — 0 and n — oo, and eliminating some auxiliary random variables in the minimizations at the exponents, it can be
shown that for any ¢ € {1,...,10} the error exponent ¢; , — 6;, where 61, ...,6,o are defined in (139). More specifically,
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notice for example that 0, ,, — 94 as 4 — 0 and n — oo, where

Oy = _ min “Ry— Ry~ Ry — R. — 2R, — R, + I(U: V,U"|S) + I5(VU'|S)
P. : -
Pevx—Psgx CHA(X,Y, Z|S,U, U, V) + Hp(X,Y, Z) + D(Pxy 2| Qxyz)

Psyryy=Psuvy
Psvz=Psvz
Hps(U'|S,Y)<Hp(U|S,Y) (240)

Moreover,
0, = _ min ~Rs— R, — R, — R, — 2R, — R, + I5(U; V,U'|S) + I5(V;U’'|S)
Psuvxyz: -
_Psux=Psux —HP(X, Y, Z|S, U, U, V) + Hp(X, Y, Z)+ D(Pxyz||Qxvz)
Psy/vy:PSUVY
Psyvz=Psvz
Hp(U'|S,Y)<Hp(UISY)

8, _ min ~R, — I(U,S; X) — I(V;Y,U|S) + I5(U; V,U'|S) + I5(V;U'|S)
P : ~
~ISS[SJ‘[)](V=);;;?]X 7H}5(X7 Y7 lea Ua Ulv V) =+ H]E’(Xv}/a Z) =+ D(PXYZ”QXYZ)
Psy/vy:PSUVY
Psvz=Psvz
Hp(U'|SY)<Hp(UISY)

- _ min —R,—I(U,8; X) = I(V:Y,U|S) + Is(U; V,U'|S) + I5(V; U'|S)

P : ~
Psox=Peox  —Hp(X,Y.Z|S,UV) +Ip(X,Y. Z;U'|S.U.V) + Hp(X,Y. Z) + D(Pxyz|Qxvz)
Psy/vy:PSUVY

Psyvz=Psvz
Hps(U'|S,Y)<Hp(U|S,Y)

= - min —R!, + D(Psuvxyz||Psuix PvisuyQxyz)
Povx—Psox IS (US UV, S) + I5(ViU'|S) + I5(X, Y, Z;U'|S, U, V)

Psy/vy:PSUVY
Psyvz=Psvz
Hp(U'|S,Y)<Hp(U|S,Y)

= _ min —R,, + D(Psuvxyz||PsuixPvisuyQxvyz) + Ip(X,Y, Z,U,V;U'|S)
Psuvxyz:
_Psux=Psux
Psy/vy:PSUVY
Psyz=Psvz
Hp(U'[S,Y)<HA(U|SY)

= _ min —R;, + D(Psuvxyz||Psuix PvisuyQxvyz) + I(Y,V;U|S)
Psuvxvyz:
Psux=Psux
Psvy=Psvy
Psvz=Psyz
HU|S,Y)<Hp(U|S,Y)

= _ min R, — I(U; X|S) + D(Psuvxy z||Psvix Pvisuy Qxyz) + 1Y, V;ULS)
Psuvxyz:
Psux=Psux
Psvy=Psvy
Psvz=Psvz
H(U|SY)<Hp(U|S)Y)
= 04, (241)
where (a) follows from the rate constraints (127a)-(127c), (b) follows from the fact that [5(X,Y, Z, U, V;U'[S) > I5(Y, V;U’|S)
with equality when Psyy'vxyz = Psuvxyz - Puisvy, (¢) follows from the rate constraint (127b). The other limits can
be proved in analogous manners. This concludes the achievability proof for the error exponent achieved at the receiver.
The error exponent at the relay can be derived in a similar way. Details are omitted.

APPENDIX J
PROOF OF CONVERSE TO PROPOSITION 7
Fix a sequence of encoding and decoding functions {¢(™, c/)é"), gg(,n), gé”)} so that the inequalities of Definition 1 hold for

sufficiently large blocklengths n. Fix also such a sufficiently large n and define for each ¢ € {1,...,n}:
Uy 2 (M, XL WL W)
A v i— — n — n
Vi = (BY'TLQTL QL WL W), (242)
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Define also U £ (Up,T); V = (Vp,T); X 2 X713 Y 2 Yp; W 2 Wy; and Z £ Zp; for T ~ U{1,...,n} independent of
the tuples (U™, V™, X™, Y™, Z™ W™). Notice the Markov chains U - X — Y and V — Y — Z. First, consider the rate R:

R=Ym0n

3

1
> —I(M; X™"|W™)
n
1 n
= = I(M; XX W)

n
t=1

1 n
== I(M XL WL W X W)
n t=1
1 n
== ZI(Ut;XAWt)
n t=1
— (U X|W). (243)

Similarly, for the rate 7'

=
=

~
—

B; }/"I’L“/I/"IL7 Qn)

SIm 3I=3

(B Y[y W, Q)

M=

o~
Il
—

I(B7Yt_17 Qt_17 Q?+17 Wt_l? Wtﬁ];ﬁf'Wta Qt)

I
S|
NE

~
Il
-

I(Vi; Yi[Wi, Q)

I
SEES
NE

t=1
= I(V;Y[W, Q). (244)
The type-II error probability at the relay can be bounded as

1 1
- log ¢, < ;D(PMY"W’HH:O”PMY"W"H—L:I) te

1
= ED(PMY"W" [ Parjwn Pynjyrn Povn) + €

1 _
SI(MY" W) e

1 o
==Y I(M;Y YL W) 4 €
n

t=1
1 & _ _
= S I YT LWL WY W) e
t=1

(@ 1 & B 7 I
< =D I XL WL W VW) + e

t=1

1< _
= S I(USY W) + €
t=1

_ U YW) 46, (245)

where (a) follows from the Markov chain Y*~! — (M, X*~1 W™) — Y;. Finally, consider the type-II error probability at the
receiver:

1 1
_ﬁ log Bn S 7D(PBZ"Q"W""H:0HPBZ"Q”W""H:1) + €

—3

= EEQ”W” [D(PBZ"|Q"W",H=O”PBZ"\Q"W"J-Lzlﬂ te

1 1
= ﬁEQan I:D(PBlQ"W",’HZO||PB‘Q"’W"’,’H:1)} + EEBQW’n I:D(PZ"‘BQ”W”,’HZO||PZ”|BQ"W",H:1)] + €
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1 1
gEQ“W" [D(PMY"|Q"W",H=O||PMY"|Q"W",H=1)] + gEBQW" [D(PanBQ"W"HPZ"\Q"W")] +e

1 7AL n n
= BEynguwn [D(Pypywryn | Parjwn)] + 1(B; ZM|Q™, W™) + e

IN

1 _
= I(MY W)+ 1(B: 27Q". W") + ¢

1 = t— — n V% 1 7t— — n — n 7
= D MY LWL WESYW) + Y T I(B. 20 QUL QL WL WL Zi|Qu W) + ¢
t=1 t=1

(a) 1 n _ 1 n
< 52 (U V3| W) + — Y I(Vi; Ze|Qu, Wi) + €
t=1 t=1

=IU;YIW)+ I(V; Z|Q,W) + ¢, (246)
where (a) follows from the Markov chain Z'=! — (B, Y!~1 Q" W") — Z,.



