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Abstract: Robust biometric authentication is studied from an information theoretic perspective.
Compound sources are used to account for uncertainty in the knowledge of the source statistics
and are further used to model certain attack classes. It is shown that authentication is robust
against source uncertainty and a special class of attacks under the strong secrecy condition. A
single-letter characterization of the privacy secrecy capacity region is derived for the generated
and chosen secret key model. Furthermore, the question is studied whether small variations of
the compound source lead to large losses of the privacy secrecy capacity region. It is shown that
biometric authentication is robust in the sense that its privacy secrecy capacity region depends
continuously on the compound source.
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1. Introduction

Biometric identifiers, such as fingerprints, iris and retina scans, are becoming increasingly
attractive for the use in security systems because of their uniqueness and time invariant
characteristics—for example, in authentication and identification systems. Conventional personal
authentication systems usually use secret passwords or physical tokens to guarantee the legitimacy
of a person. On the other hand, biometric authentication systems use the physical characteristics of a
person to guarantee the legitimacy of the person to be authenticated.

Biometric authentication systems are decomposed into two phases: the enrollment and the
authentication phase. A simple authentication approach is to gather biometric measurements in
the enrollment phase, apply a one-way function and then store the results in a public database.
In the authentication phase, new biometric measurements are gathered. The same one-way is
applied and the outcome is then compared to the one stored in the database. Unfortunately,
biometric measurements might be affected by noise. To deal with noisy data, error correction is
needed. Therefore, helper data is generated during the enrollment phase as well based on the
biometric measurements and then stored directly in the public database that will be then used in
the authentication phase, which will then be used in the authentication phase to correct the noisy
imperfections of the measurements.

Since the database containing the helper data is public, an eavesdropper can have access to the
data if desired. How can we prevent an eavesdropper from gaining information about the biometric
data from the publicly stored helper data? One is interested in encoding the biometric data into a
helper data and a secret key such that the helper data does not reveal any information about the
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secret key. Cryptographic techniques are one approach to keeping the key secret. However, security
on higher layers is usually based on the assumption of insufficient computational capabilities of
eavesdroppers. Information theoretic security, on the contrary, uses the physical properties of the
source to guarantee security independent from the computational capabilities of the adversary. This
line of research was initiated by Shannon in [1] and has attracted considerable interest recently—cf.,
for example, recent textbooks [2—4] and references therein. In particular, Ahlswede and Csiszar in [5]
and Maurer in [6] introduced a secret key sharing model. It consists of two terminals that observe
the correlated sequences of a joint source. Both terminals generate a common key based on their
observation and using public communication. The message transmitted over the public channel
should not leak any amount of information about the common key.

Both works mentioned above use the weak secrecy condition as a measure of secrecy. Given
a code of a certain blocklength, the weak secrecy condition is fulfilled if the mutual information
between the key and the available information at the eavesdropper normalized by the code
blocklength is arbitrarily small for large blocklengths. On the other hand, the strong secrecy condition
is fulfilled if the un-normalized mutual information between the key and the available information
at the eavesdropper is arbitrarily small for large blocklengths, i.e., the total amount of information
leaked to the eavesdropper is negligible. The secret key sharing model satisfying the strong secrecy
condition has been studied in [7].

One could model the biometric authentication similar to this secret key generation source model;
however, this model does not take into account the amount of information that the public data (the
helper data in the biometric scenario) leaks about the biometric measurement. The goal of biometric
authentication is to perform a secret and successful authentication procedure without compromising
the information about the user (privacy leakage). Compromised biometric information is unique
and cannot be replaced, so once it is compromised, it is compromised forever, which might lead
to an identity theft (see [8-10] for more information on privacy concerns). Since the helper data
we use to deal with noisy data is a function of the biometric measurements, it contains information
about the biometric measurement. Thus, if an attacker breaks into the data base, he could be able to
extract information about the biometric measurement from where the helper data is stored. Hence,
we aim to control the privacy leakage as well. An information theoretic approach of secure biometric
authentication controlling the privacy leakage was studied in [11,12] under ideal conditions, i.e., with
perfect source state information (SSI) and without the presence of active attackers.

In both references [11,12], the capacity results under the weak secrecy condition were derived.
In [13], the capacity result for the sequential key-distillation with rate limited one-way public
communication using the strong secrecy condition was shown.

For reliable authentication, SSI is needed; however, in practical systems, it is never perfectly
available. Compound sources model a simple and realistic SSI scenario in which the legitimate users
are not aware of the actual source realisation. Nevertheless, they know that it belongs to a known
uncertainty set of sources and that it remains constant during the entire observation. This model was
first introduced and studied in [14,15] in a channel coding context. Compound sources can also model
the presence of an active attacker, who is able to control the state of the source. We are interested in
performing an authentication process that is robust against such uncertainties and attacks. The secret
key generation for source uncertainty was studied in [16-19]. In [16], the secret key generation using
compound joint sources was studied and the key-capacity was established.

In [20], the achievability result of the privacy secrecy capacity region for generated secret keys
for compound sources has been derived under the weak secrecy condition. In this work, we study
robust biometric authentication in detail and extend this result in several directions. First, we
consider a model where the legitimate users suffer from source uncertainty and/or attacks and derive
achievability results under the strong secrecy conditions for both the generated and chosen secret key
authentication. We then provide matching converses to obtain single-letter characterizations of the
corresponding privacy secrecy capacity regions.
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We further address the following question: can small changes of the compound source cause
large changes in the privacy secrecy capacity region? Such a question has been first studied in [21] for
arbitrarily varying quantum channels (AVQCs) showing that deterministic capacity has discontinuity
points, while the randomness-assisted capacity is a continuous function of the AVQCs. This line of
research is continued in [22] and [23], in which the classical compound wiretap channel, the arbitrarily
varying wiretap channel (AVWC), and the compound broadcast channel with confidential messages
(BCC) are studied. We study this for the biometric authentication problem at hand and show
that the corresponding privacy secrecy capacity regions are continuous functions of the underlying
uncertainty sets. Thus, small changes in the compound set lead to small changes in the capacity
region only.

The rest of this paper is organized as follows. In Section 2, we introduce the biometric
authentication model for perfect SSI and present the corresponding capacity results. In Section 3, we
introduce the biometric authentication model for compound sources and show that secure, under the
strong secrecy condition, and reliable authentication, under source uncertainty with positive rates, is
possible deriving a single-letter characterization of the privacy secrecy capacity region for the chosen
and generated secret key model. In Section 4, we show that the privacy secrecy capacity region for
compound sources is a continuous function of the uncertainty set. Finally, the paper ends with a
conclusion in Section 5.

Notation: Discrete random variables are denoted by capital letters and their realizations and
ranges by lower case and script letters. P(X’) denotes the set of all probability distributions on X’;
E(-) denotes the expectation of a random variable; Pr{-}, H(-) and I(-; -) indicate the probability, the
entropy of a random variable, and mutual information between two random variables; D(-||-) is the
information divergence; ||p — g||Tv is the total variation distance between p and q on X’ defined as
lp —4qlltv == Lrex |p(x) —g(x)]. The set 7;’?5 denotes the set of J—typical sequences of length n
with respect to the distribution p; the set 7y ;(x") denotes the set of é —conditional typical sequences
with respect to the conditional distribution W: X — P(Y) and sequence x" € X"; p,» denotes the
empirical distribution of the sequence x".

2. Information Theoretic Model for Biometric Authentication

Let X and ) be two finite alphabets. Let (x",y") € X" x V" be a pair of biometric sequences of
length n € N; then, the discrete memoryless joint-source is given by the joint probability distribution
Q"(x",y") == TT1 Q(xj,y;). This models perfect SSI, i.e., all possible measurements are generated
by the discrete memoryless joint-source source Q, which is perfectly known at both the enrollment
and the authentication terminal.

2.1. Generated Secret Key Model

The information theoretic authentication model consists of a discrete memoryless joint-source
Q, which represents the biometric measurement source, and two terminals: the enrollment terminal
and the authentication terminal as shown in Figure 1. At the enrollment terminal, the enrollment
sequence X" is observed and the secret key K and helper data M’ are generated. At the authentication
terminal, the authentication sequence Y" is observed. An estimate of the secret key K is made based
on the authentication sequence Y” and the helper data M’. Since the helper data is stored in a public
database, this should not reveal anything about the secret key K and also as little as possible about
the enrollment measurement X". The distribution of the key must be close to uniform.
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Figure 1. The biometric measurements X" and Y" are observed in the enrollment and authentication
terminal, respectively. In the enrollment terminal, the key K and the helper data M’ are generated.
The helper data is public, hence the eavesdropper also has access to it. In the authentication terminal,
an estimation of a key K is made based on the observed biometric measurements Y" and the helper
data M'.

We consider a block-processing of arbitrary but fixed length n. Let M’ = {1,..., M},} be the
helper data setand K := {1,...,K,} the secret key set.

Definition 1. An (n, M), K,)-code for generated secret key authentication for joint-source
Q € P(X x ) consists of an encoder f at the enrollment terminal with

fr X" > Kx M
and a decoder ¢ at the authentication terminal
p: V' x M = K.

Remark 1. Note that the function f means that every x" is mapped into a (k,m’) € K x M, which implies
that | ()] = KM, < |X7].

Definition 2. A privacy secrecy rate pair (Rpy, Rx) € R is called achievable for the generated secret
key authentication for a joint-source Q, if, for any & > 0, there exist an n(6) € N and a sequence of
(n, M},, Ky, )-codes such that, for all n > n(6), we have

Pr{K # K} <9, (1a)

%H(K) +6> %logKn > Rk — 4, (1b)
%I(K; M') <6, (1o)

LI(X";M') < Rpy 45, (1d)

Remark 2. Condition (1b) requires the key distribution pyx to be close to the uniform distribution
pg, where K is a random variable uniformly distributed over the key set K. By (1b), we have
Llogk, — 1H(K) = D(K|K) < & combined with Pinsker's inequality, we have

llpx — pll < V2In24. For small §, we have that both distributions are close to each other.

Remark 3. Condition (1a) stands for reliable authentication, the information about the key leaked by the helper
data is negligible by (1c) and the information about the biometric measurements leaked by the helper data
L1(x"; M) is close to Rpy, by (1d).

Definition 3. The set of all achievable privacy secrecy rate pairs for generated key authentication is called
privacy secrecy capacity region and is denoted by €5(Q).
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We next present the privacy secrecy capacity region for the generated key authentication for the
joint-source Q, which was first established in [11] and [12].

To do so, for some U with alphabet [(/| < |X|+1and V: X — P(U), we define the region
R(Q,V) as the set of all (Rpy, Rx) € R? satisfying

R < I(U;Y),
Rpp > I(U; X) — I(U;Y),

with Puxy(u, x,y) = V(M|X)Q(x, ]/)

Theorem 1 ([11,12]). The privacy secrecy capacity region for generated key authentication is given by

G = U RQW.

V: X—=PU)

2.2. Chosen Secret Key Model

In this section, we study the authentication model for systems for which the secret key is chosen
beforehand. At the enrollment terminal, a secret key K is chosen uniformly and independent of
the biometric measurements. The secret key K is bound to the biometric measurements X", and,
based on this, the helper data M’ is generated as shown in Figure 2. At the authentication terminal,
the authentication measurement Y" is observed. An estimate of the secret key K is made based on
the authentication sequence Y” and the helper data M'. Since the helper data is stored in a public
database, this should not reveal anything about the secret key and minimize the information leakage
about the enrollment sequence X". However, we should be able to reconstruct K. To achieve this, a
masking layer based on the one-time pad principles is used.

K M/ K
| T
— Enrollment < | Authentication }—>
X" S <y
Ty
Eavesdropper

Figure 2. The biometric sequences X" and Y" are observed at the enrollment and authentication
terminal, respectively. In the enrollment terminal, the helper data M’ is generated for a given secret
key K. The helper data is public, hence the eavesdropper also has access to it. In the authentication
terminal, an estimation of a key K is made based on the observed biometric authentication sequence
Y™ and the helper data M.

The masking layer, which is another uniformly distributed chosen secret key K, is added to the
top of the generated secret key authentication. At the enrollment terminal, a secret key K¢ and a
helper data M are generated. The generated secret key is added modulo-|K| to the masking layer
K and sent together with the helper data as additional helper data, i.e, M = (M,K @ K,). At the
authentication terminal, an estimation of the generated secret key Kg is made based on Y" and M and
the estimation of masking layer is made K = K & Ky © K.

We consider a block-processing of arbitrary but fixed length n. Let M’ = {1,..., M},} be the
helper data setand K := {1,...,K,} the secret key set.
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Definition 4. An (n, M), K,,)-code for chosen secret key authentication for joint-source Q € P(X X))
consists of an encoder f at the enrollment terminal with

frExX" > M
and a decoder ¢ at the authentication terminal

p: V' x M — K.

Definition 5. A privacy secrecy rate pair (Rp, Rx) € R? for chosen secret key authentication is called
achievable for a joint-source Q, if, for any & > 0, there exist an n(6) € Nand a sequence of (n, M, K,,)-codes,
such that, for all n > n(6), we have

Pr{K # K} <4, (2a)
%logKn > Rg —9, (2b)
%I(K; M) <6, 20)
%I(X";M’) < Rpr + 4. (2d)

Remark 4. The difference between Definition 5 and 2 is that, in here, the uniformity of the key is
already guaranteed.

Definition 6. The privacy secrecy capacity region for chosen secret key authentication for the joint-source
Q € P(X x V) is called privacy secrecy capacity region and is denoted as €c(Q).

We next present the privacy secrecy capacity region for chosen secret key authentication for the
joint-source Q as showed in [11].

Theorem 2 ([11]). The privacy secrecy capacity region for the chosen secret key authentication is given by

«c@= U RGQW).

V: X=PU)

3. Authentication for Compound Sources

Let X and )Y be two finite sets and S a finite state set. Let (x",y") € A" x V" be a sequence
pair of length n € N. For every s € S, the discrete memoryless joint-source is given by the joint
probability distribution Q¥ (x",y") = [T, Qs(x;,vi) = TT'q ps(xi))Ws(yi|x;), with ps € P(X) a
marginal distribution on X and W,: X — P()) a stochastic matrix.

Definition 7. The discrete memoryless compound joint-source Qyy is given by the family of joint
probabilities distributions on X x Y as

Qyy ={Qs e P(X xY):s€ S}

We define the finite set of marginal distributions Qy over the alphabet X" from the compound
joint-source Q yy as

Qrv:={ps €P(X):s€S, ps(x) =) Qs(x,y) foreveryx € X and Qs € Qxy}.
yey

We define £ as the index set of Qy. Note that |£| = [Qy| < [Qry|.
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For every £ € L, we define the subset of the compound joint-source 9 yy with the same marginal
distribution p, as

Quyp = {Q € Dy 1 Qulx,y) = pe(x)Walylx) for every (x,) € X x V.
For every ¢ € L, we define the index set S, of Qxy ¢ as
Sy = {S €S5: Qs € Q;(y’g}.

Remark 5. Note that, for every {,0' € L with £ # ¢, it holds that Qxy ¢ N Qyyp = D, Sy NSy = O,
S = Urer Seand Qxy = Urer Quy -

3.1. Compound Generated Secret Key Model

In this section, we study the generated secret key authentication for finite compound
joint-sources, which is a special class of sources that model a limited SSI, as shown in Figure 3.

K K

Enrollment { Authentication ‘

|
Attacker/
Source Uncertainty

Figure 3. The attacker controls the state of the source s € S. The biometric sequences X" and Y" are
observed at the enrollment and authentication, terminal respectively. In the enrollment terminal, the
key K and the helper data M’ are generated. The helper data is public, hence the attacker also has
access to it. In the authentication terminal, an estimation of a key K is made based on the observed
authentication sequence Y and the helper data M.

We consider a block-processing of arbitrary but fixed length n. Let M’ := {1,..., M}, } be the
helper data setand K := {1,...,K;} the secret key set.

Definition 8. An (n, M}, K, )-code for generated secret key authentication for the compound joint-source
Dyy C P(X x V) consists of an encoder f at the enrollment terminal with

fr X" Kx M
and a decoder ¢ at the authentication terminal

p: V' x M = K.
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Definition 9. A privacy secrecy rate pair (Rp, Rx) € R? is called achievable for generated secret key
authentication for the compound joint-source Q yy, if, for any 6 > 0, there exist an n(6) € N and a sequence
of (n, M},, Ky, )-codes, such that for all n > n(6) and for every s € S, we have

Pr{K # K} <,
H(K)+6 > %logKn > Rk -9,
I(K;M) <6,
LI(X2M) < Rpy 46,
Consider the compound joint-source Qyy. For a fixed £ € £, V: X — P(U) and for every
s € Sy, we define the region R(V, ¢, s) as the set of all (Rpy, Rg) € Ri that satisfy

RK S I(UFIYS)/
Rpr, > I(Uy; Xy) — I(Uy; Ys),

with Pyxy,s(u, x,y) = V(u|x)Qs(x, y).

Theorem 3. The privacy secrecy capacity region for generated secret key authentication for the compound
joint-source Q yy is given by

G = U N RWV.Ls).

el V:X—=P(U) s€S,
U] <|X[+(S

Proof. The proof of Theorem 3 consists of two parts: achievability and converse. The achievability
scheme uses the following protocol:

e Estimate the marginal distribution p; € Qy from the observed sequence X" at the enrollment
terminal via hypothesis testing.

o Compute the key K and a helper data M based on X", a common shared sequence
T = U" by the enrollment and authentication terminal and using an extractor function
g:{0,1}" x {0,1}¥ — {0,1}* with N,d, k € N whose input are the shared sequence T and a
sequence of d uniformly distributed bits U,;. The helper data M is equivalent to the helper data
for the case with perfect SSI. The extended helper data in this case contains also the state of the
marginal distribution and the uniformly distributed bits sequence, i.e., M’ = (M, i, Uy).

e Store the extended helper data M’ in the public database.

o Estimate the key K at the authentication terminal, based on the observations M’ and Y”, which
can be seen as the outcome of one of the channels in 2, := {Ws: X — P()):s € S§;}.

A detailed proof can be found in Appendix A. O

Remark 6. Note that the authentication for compound source model is a generalization of the models studied
by [11,12], i.e., |S| = 1. Furthermore, one can see that, for |S| = 1, the capacity region under the strong
secrecy condition equals the capacity region under the weak secrecy condition showed by [11,12].

Remark 7. As we already mentioned, we aim for strong secrecy, i.e., in contrast to the weak secrecy constraint
in (1c), we now require the un-normalized mutual information between the key and the helper data to be
negligibly small. It would be Ideal to show perfect secrecy and a perfectly uniformed key, i.e., I[(K; M') = 0
and H(K) = % log Ky,. It would be interesting to see how this constraint affects the achievable rate region. We
suspect that the achievable rate region under perfect secrecy and perfectly uniformed key remains the same as in
Theorem 3.
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Remark 8. From the protocol, note that once we have estimated the marginal distribution p; € Qy, we deal
with a compound channel model without channel state information (CSI) at the transmitter (see [24]).

Remark 9. The order of the set operations of the capacity region displays the fact that the marginal distribution
is first estimated. This can be seen as partial state information, where the marginal distribution over X
is known.

3.2. Compound Chosen Secret Key Model

In this section, we study chosen secret key authentication for finite compound joint-sources (see
Figure 4).

M’ | K
— Enrollment < | Authentication }—>
X" S <y
s € N
Attacker/

Source Uncertainty

Figure 4. The attacker controls the state of the source s € S. The biometric sequences X" and Y" are
observed in the enrollment and authentication terminal, respectively. In the enrollment terminal, the
key K is predefined and the helper data M’ is generated. The helper data is public, hence the attacker
also has access to it. In the authentication terminal, an estimation of a key K is made based on the
observed authentication sequences Y" and the helper data M'.

We consider a (1, M}, K,,)-code of arbitrary but fixed length n.

Definition 10. A privacy secrecy rate pair (Rpr, Rx) € R3 is called achievable for chosen secret key
authentication for the compound joint-source Q xy, if for any & > 0 there exist an n(6) € N and a sequence of
(n, M},, Ky, )-codes, such that, for all n > n(6) and for every s € S, we have

Pr{K # K} <, (4a)
%log K, > Rx — 6, (4b)
I(K; M) <6, (4¢)

Li(x M) < Ro 0. (4d)

Consider the compound joint-source Qyy. For a fixed ¢/ € £, V: X — P(U) and for every
s € Sy, we define the region R(V, ¢, s) as the set of all (Rpr, Rg) € R? that satisfy
Rpp = I(Ug; X)) = I(Ug; X5),

Wlth PUXY,S(”/ X, y) = V(ulx)QS(xl ]/)

Theorem 4. The privacy secrecy capacity region for chosen secret key authentication for the compound
joint-source Q yy is given by

@)= U NRVLs.

el V:X—>PU) s€S;
U|<|X|+]Se|
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Proof. The proof can be found in Appendix B. [

Remark 10. Note that, as for generated secret key authentication for compound sources, chosen secret key
authentication for compound sources is a generalization of the models studied by [11]. Furthermore, for perfect
SS1, one can see that the capacity region under the strong secrecy condition equals the capacity region under
the weak secrecy condition showed by [11].

Remark 11. Note that the privacy secrecy capacity region for the generated key model equals the privacy
secrecy capacity region for chosen secret key authentication, i.e., €c(Quxy) = €c(Qury).
4. Continuity of the Privacy Secrecy Capacity Region for Compound Sources

We are interested in studying how small variations in the compound source affect the privacy
secrecy capacity region. The question of whether the capacity or capacity region is a continuous
function of a source or channel is not always clear, especially if the source or channel are complicated.
In [22], one can find an example of AVWCs, whose uncertainty set consists of only two channels,
which already shows discontinuity points in its unassisted secrecy capacity. For a detailed discussion,
see [25]. In this section, we study the continuity of the privacy secrecy capacity region for compound
sources. For this purpose, we introduce the distance between two compound sources and capacity
regions, respectively.

4.1. Distance between Compound Sources

Definition 11. Let Qxy 1 and Q yy » be two compound sources. We define

d(Q ,9 = i — ,
1(Qry1,Qxy2) max min 1Qs; — Qs, [l 7v

dr(Q ,9 = max min - .
2(Quy1,Qxy2) max min 1Qs; — Qs v

The Hausdorff distance Dy (Quxy 1, Qxy2) between Qyy 1 and Q vy 5 is defined as
Dp(Qxy1,Qxyp) = max {d1(53xy,1,£2xy,2),dz(Qxy,yﬂxy,z)}

Definition 12. Let Ry, and Ry be two non-empty subsets of the metric space (R?,d) with

d(x,y) = \/Y2 |x; — yi|? for all x,y € R2. We define the distance between two sets as

Dr(R1, R2) = max{ max min d(ry,r2), max min d(ry,72)}.
MER ER, 1ERHY 1 ER,

4.2. Continuity of the Privacy Secrecy Capacity Region

Theorem 5. Let € € (0,1) and n € N. Let Qxy 1 and Qxy » be two compound sources. If

Dp(Qxy1,Qxy2) <e€,

then it holds
Dr(€c(Qaya), €c(Quy2)) < d(e, | X[, |V]) (5

with 6(e) = 01(€)%2+ 62(€)?, where &1(e) = 2elog|Y| + 2Hz(e) — elog ﬁ and
dy(e) = 2elog|YV||X| +4Hy(e) — 2elog ﬁ

Remark 12. Note that since the privacy secrecy capacity region for the chosen secret key equals the privacy
secrecy capacity region for the chosen secret key, the continuity behaviour holds also for the chosen secret key
privacy capacity region.
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Remark 13. This theorem shows that the privacy secrecy capacity region is a continuous function of the
uncertainty set. In other words, small variations of the uncertainty set lead to small variations in the
capacity region.

Proof. A detailed proof can be found in Appendix C. O

Remark 14. A complete characterisation of the discontinuity behaviour of the AVC capacity under list
decoding can be found in [26]. Note that this behaviour, based on Theorem 5, can not occur.

5. Conclusions

In this paper, we considered a biometric authentication model in the presence of source
uncertainty. In particular, we studied a model where the actual source realization is not known,
however it belongs to a known source set: this is the finite compound source model. We have
shown that biometric authentication is robust against source uncertainty and certain classes of attacks.
In other words, reliable and secure authentication is possible at positive key rates. We further
characterize the minimum privacy leakage rate under source uncertainty. For future work, perfect
secrecy for the biometric authentication model and a compound source with infinite sources is of
great interest.
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Appendix A. Proof of Theorem 3
Appendix A.1. Achievability of Theorem 3
Appendix A.1.1. State Estimation

We first show that we can estimate the marginal distribution p; € Qy correctly with probability
approaching one. Then, for every ¢ = ¢ € L, we use the random coding argument to show that all
rate pairs (Rpr, Rg) € R(V, ¢, s) are achievable.

To estimate the actual source realization, we perform hypothesis testing. The set of hypotheses
is the set of finite marginal distributions Q y. For every ¢ € £, we define

5y = ~min [lpe — po|
¢ = 20 Pe—peliTv.
el
We choose 0 < 6 < mingepdy and consider the test set (typical sequences set)
Trs = {x" € X" ||pxn — pell < J}. Note that, for every ¢,/ € L with /' # {, we have that

Pus
T 50 7;2 s = ©. We show this by arbitrarily choosing a sequence x" € 7;’1 5 of type py» and show

Por 0
that ||py — pxn||Ty > 6 for £/ # £. By the triangle inequality, we have

lpe — pelltv = llpe — po + pan — panllTv
< lpe — panllTv + lpan — pollTv-

Hence,

Ipsn — pelltv > llpe — pelltv = llpe — panllTv
> 25@ —0>9,
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proving the disjointness of the sets.

The test function is the indicator function 1[x" € 7;’; s, i.e., after observing x" the test looks for
the hypothesis p; = py for which 1[x" € T/ ;] = 1.

An error occurs, if the sequence x" was generated by the source p, for any ¢ € L; however,
x" ¢ 7'" This implies that either x* ¢ Jyc LT or x" € T” » with ¢/ # /. Using Lemma 2.12
in [27], we upper bound the probability of this error event by

p( p45)<€5( I|XD/ (A1)

where e5(n, | X|) = (n + 1)/¥I2-ned? . Letting n — oo, the right-hand side of (A1) tends to zero.

Appendix A.1.2. Code Construction

For each ¢ € L, we consider the auxiliary random variable U and the channel V and construct a
code for which we analyze the decoding error, secrecy and privacy condition.

Generate 2"(Rk+Rm)  codewords ug, with k e K = {L.. ,2"Rk1 and
m € M = {1,...,2"”Rm} by choosing each symbol U; = in the codebook independently at
random according to p, € P(U), computed from p,(x)V (u|x) for every (x,u) € X x U. We denote
the codebook as U = {U}!, } (e m)cicx M-

For every £ € L and every s € S/, we define the following channels Xy, : U — P(X), Xy, : U —
P(Y)and Zyy,: U — P(X x V) that satisfy:

po(x)V (u]x)
Zlel) = =
 Teex V(ul)Qu(xy)
Eylyhe) = 7 e V() Qs (x,y)’
Zaey,(oyl) = o QLY
Vet ExyEXXyV( ‘x)QS( )

forevery (u,x,y) €U x X x Y.

Appendix A.1.3. Encoding Sets

For every (k,m,{) € K x M x L, we define the encoding sets & ,, ((U) C X" as follows:

e (U) =T, 5 (Ui,),

L

!
with 6" > \U\
Remark 15. Note that, by the definition of &' and Lemma 2.10 in [27], if U}, € 7;71’4 g with

1" __ !
8 = W — Sland x" € T" (5,(11,2’,"1), then x™ € 7;’2/5.

Appendix A.1.4. Decoding Sets
For every (k,m, () € K x M x L, we define the decoding sets Dy (m(U),¢) C V" as follows:

D,/((m(l:l),é) = U 7-Zny5,(5”(u;?,m)’

seSA
Dy(m(U),¢) == Dy (m (U Dp(m 0,
K #k
Kek

with 6 >

E\
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Remark 16. One could consider sending some bits of the sequences X" through the public channel, such that
the user at the authentication terminal can be able to estimate the actual source realization and so avoid the
complicated decoding strategqy. However, this approach would violate the strong secrecy condition.

Appendix A.1.5. Encoder-Decoder Pair Sets

For every (k,m) € K x M, we define the encoder-decoder pair set Cy,, () € X" x Y"
as follows:

Chm, e (U) = (Egm,e(U) x Dy (m( (U 75, sU)),
SES)

with § > 0.

Appendix A.1.6. Error Analysis

For every { € L, assume that the marginal distribution was estimated correctly, i.e., ¢ = /.
We analyze the probability of each error event separately. We denote the error at the enrollment
terminal given the codebook U as eg ,(U). An error occurs at the enrollment terminal if, for every
(k,m,£) € K x M x L, the observed sequence x" does not belong to Sk,mrg(fl), ie.,

(U &me@))

(km)exM

=pi( ) Eeme(T))
(k,m)eKeM

= [T [1—pi(Eme)].

(k,m)eKeM

eE,n(a) =P

~SI

Averaging over all codebooks, from the independence of the random variables involved and from
Lemma 2.13 in [27], we have

Egleea(M) =TI Eu 1-pi(TE, »(UL))]
(km)eKeM !
< [1— (14 1)~ W] (=n(H(UsXe) 9 ]| X1)) y 27 KR
S exp ( — (n + 1)7‘1’{“X‘) exp (ZH(RK+RM71(U//X/)74](‘5/"2’”‘X‘))) (Az)

The inequality (A2) follows from (1 — x)" < exp(—rx), which holds for every x,r > 0.
Letting n — oo and choosing

R+ Ry > I(Up; X¢) + (&, [U]| X)), (A3)

the right-hand side of (A2) goes doubly exponentially fast to zero. An error at the authentication
terminal occurs, when (k, m) was encoded at the enrollment terminal, but kX # k was decoded at the
authentication terminal. The set of joint observations describing this event is given by

Cep e (W) = Cpopm, e (U)° N (Ekme( ) Dk( (), £)%)
= (Ekm,e (U) x Dye(m( (ﬂ ZXy 5u ))-

seSy
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We denote the error probability of this event given the codebook U for each correlated source Q; with
te Spasel,  (U).

e () = Zhy, (Ce,,,, (D)|UL,,)

= %y, (e (U) x Di(m (W), 0)) U () T, sz U ) U,
SES[
Szr;lvyt(gk,m,é(a) XDk( ( ) ) |ukm> +2th< m ny 5( ) |ukm)
SES@
Sznyt(pk(m(~) ) |ukm) +2th( ﬂ ny 5(ukm) ‘ukm)
568@
_2 U Dk’ )lukm) +2th( m Enxys,g(ul?,m)qul?,m)
K £k s€S;
Kek
<Z ( ( ) |ukm)jLZ ( U Dk’ ‘ukm)+2/\,’yt( ﬂ T Y5 5( ) |ukm)
k' #k seSy
KekK
=25(N Ts, o (U) UE,y) + X3, (U U7 oo (U ) U ) + Zy, ( N Ts. e, U ) TUE )
sESy s€Sy k' +k sESy
Kek
< 25, (T, s UL NUL) + 3 X 25, (T3, o (U )IUE,,) + Zhey, (T3, s(UE) U,
SES K £k ¢
Kek

Averaging over all codebooks and applying Lemma 2.12 in [27], we have

Eg (€, () < egn(n [UIIV]) + e5(n, U XNVD) + 3 3 By Bup 25, (Tg), s (Uit ) [UR),
SES) K £k '
KeK
with egr (n, [U||Y]) = (n + 1)Ul1VI2-1e8" ang es(n, U X||Y]) = (n+ DUllx)Yip—ned®,
For k' # k and applying from Lemma 3.3 in [28], we can bound the second term of the last
inequality by

Py (T2 (U,)
Pﬁ (7;7“5/// )r

Eyp =5 ( znys,zs“ g JIUE,) <

with 6" = ¢ — ﬁ, since U}, € 7,7 ; with probability one. For any t,s € Sy, we have

n n n (n + 1)|tu| —n(I(UsYs) = (", |UL VD)
Eup, 25, (T3, o (U o) IUL,) < T—ep(n ) '

For every t,s € Sy and every k € K, we have

t)|up (DM ) -p i)
Eg(el (I)[Uf,,) < exnlm V) + T ¥ ~EDT gt -,
' ' s€Sy k' £k 1- 6(51//(71, |U|)
Kek

+e5(n, U X][V])

< egn(n, [U||V|) + (n + 1M |S£|2—”(minsesé I(Ug;Ys) —Rg =", [UU],|Y]))
ey (1, [U])

+€5(”/|U||X||y\)-
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There is an n(5”,6",6, |U|,|X|,|)|) such that for all n > n(5,8",5, |U|,|X|,|V|) for which we have
Eg (el (T)Uur,)) < |Sﬁ|27n(minseé‘y I(Ug;Ys)—Rx—¢(8",|U|,|V])) (A4)
n, m)) = 4

for all k € K. By choosing
R < I(Ug; Ys) — (8", U], Y1) (A5)

and letting n — oo, the right-hand side of (A4) tends to zero. Considering (A5) and (A3), the helper
data rate is lower bounded by

Ry > I(Ug; X)) = I(Ug; o) + ¢ (8", (U, 1V]) + (&, U], | X)) (A6)

Appendix A.1.7. Key Distribution

Besides reliability, a privacy secrecy rate pair has to fulfill three other conditions. One of them
is that the secret key distribution must be close to the uniform distribution. Here, we show that
this is indeed satisfied using the proof of [13]. For completeness, we introduce a sketch of the
proof shown in [13] for a sequential key distillation, which consists of two phases: reconciliation
and privacy amplification. The reconciliation step is equivalent to the reliability proved above. The
privacy amplification step consists on the construction of the key K from a common shared sequence
T = U" using an extractor function g: {0,1}" x {0,1}¥ — {0,1}* with d,k, N € N whose inputs
are the shared sequence T and a sequence of d uniformly distributed bits U; and gives as output a k
nearly uniformly distributed sequence.

Lemma 1 ([7]). Let T € {0,1}" be the random variable that represents the common sequence shared by
both terminals and let E be the random variable that represents the total knowledge about T available to
the eavesdropper. Let e be a particular realization of E. If both terminals know the conditional min-entropy
Heo(T|E =€) > vyn for some 7y € (0,1), then there exists an extractor

g {0,1}" x {0,1}" = {0,1}*
with
d<né(n) and k>n(y—d(n)),

with limy, e 6(n) = 0 and if Uy is a random variable with uniform distribution on {0,1} and both terminals
choose K = g(T, Uy) as their secret key, then

H(K|Ug E = ¢) >k — 6(n).

Sequential key distillation protocol: For every source realization s € S, we havean ¢ = {(s) € L
such that Qs € Qyy . For every ¢ € L, we perform the following protocol:

e Repeat i € N times the reconciliation protocol creating i shared sequences Ty, T3,...,T; of
length n.

o Perform the privacy amplification phase based on an extractor with output size k, ie.,
K =g(Ty,To,...,T;, Uy) = gUp,Uy,..., U Uy = g(UN,Uy) with N = in. Uy has to be
transmitted through the public channel together with the public message M.

e The total information available to the eavesdropper is E = (M', Uy, ®), with © being a binary
random variable introduced for calculation purposes informing if T' € 7;”T 5

In [13], it was shown that
Heo(T'|Mj = m', L = £,0 = 1,Ug) >NI(Up; Ys) — No(8," (U], |V)H (X, |Uy) —2i
—ip(8/" U], 1V]) — be()) — N6(N) —/(N), (A7)
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with limy, 0 0 (1) = 0 (see Lemma 1 in [13]). Using Lemma 1, we have
H(K¢|M, =m',L = ¢,0 =1,Uy) > k—(N),
which implies that
H(Ky|L = ¢) > H(K,| M}, 0,Uy, L = £) > k—5(N). (A8)
Since this holds for every ¢ € £, we have that

log |K| > k
> H(Ky)
> H(Ky|L). (A9)

Furthermore, we have

H(K¢|L) =Y Pr{lL = }H(K,|L =7)

leL
=Pr{lL =0}H(K/|L =)+ )_ Pr{L =T}H(K/|L = 7)
140
leL

=Pr{l = (}H(K/|L = ¢) + Pr{L # (}H(K,(|L # ¢)
< Pr{l = (}H(K/|L = ¢) +Pr{L # Z}r?aﬁxH(KAﬁ #10)
S
< Pr{l = (YH(K/|L = £) + e5(n,|X|)'Nlog | X| (A10)
< H(K/|L = ) + (n + 1)1¥iN Tog | ¥ |2~ Ne?

= H(K|L = 0) +e5(n,1,] X)), (A11)
where lim; ,,_, €5(1,1,|X'|) = 0 and (A10) follows from (A1). We then have that
|H(K L) = HK L = 0)] < €5(m,, | X]), (A12)

showing that H(K,|L) approaches H(K/|L = ¢) for increasing n or i or both at the same time.
Combining (A8),(A9) and (A12), we get

log K| > H(K/|L = £) — e5(n,i,|X])
> k= 5(N) —e5(n,i, | X])
— log | K| — 5(N) — es(n,i, | X]). (A13)

Appendix A.1.8. Privacy Leakage

Another condition that has to be fulfilled by an achievable privacy secrecy rate pair is that the
information rate provided by the helper data about the sequence X" is bounded. We show here that
this condition is fulfilled.

For every source realization s € S, we have an / = £(s) € L such that Qs € Qyy . For every
¢ € L,wehave

1 N i R SRR .

-2 = 4 %I(Xy; M), 0,Uy|L). (A14)
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We analyze the second term of the right-hand side of (A14):

SIXN; M}, 0,Uyl ) < Pr{l = £} 1Y M}, O, Uyl = €) + Pr(L. # £} log | .

Similar to (A11), we have

1 . N 1 . N .
NI(X% M), 0,Uy|L) < NI(X}ﬂ; M), 0,Uy|L =€) +e5(n, | X|) log | X|. (A15)

For every ¢ € £ and from (A6), it holds

ilog | M| +d+1

1 , .
NI(X%M@,@,UAL:& <=5 N
< H(Up X|L = 0) = I(Ug Ys) + (8", UL, 1)) +9(8, U], |X])  (Al6)
d+1
+ (A17)

with ¢(8”, |U|,|Y]) > 0and ¢(&', |U],|X|) > 0. Combining (A14), (A15) and (A17), it follows that

1 ; R . log |L
(M}, 0, g, L) < (U XL = 0) — 1(Us ) + B g6, ) 1)
L ] | X + e, | X)) log |,

where the last three terms of the right-hand side of the inequality goes to zero for large enough n
and i.

Appendix A.1.9. Secrecy Leakage

The last condition that has to be fulfilled by an achievable privacy secrecy rate pair is that the
information rate provided by the helper data about the secret key is negligibly small. For every source
realization s € S, we have an £ = /(s) € £ such that Qs € Qyy . For every ¢ € L, we have

I(K; My, 0,Uy, L) = I(K; L) + I(Ky; ME, 0, Uy, |L). (A18)
We first consider the first term of (A18). Using (A8) and (A12), we get that
I(Ky; L) = H(Ky) — H(K/|L) < 6(N) +e5(n, i, | X)).
We consider the second term of (A18). Using (A13), we get
[(Kg; Mb,©,Uy|L) < Pr{l = £} I(Ky; M), 0, Uy|L =€) + Pr{L # {}Nlog|X|
< H(K(|L = 0) — H(K,|M}, ©,Uy, L = €) + e(n, |X|)'Nlog | X[2~ N

<log|K| —log|K|+6(N) +es(n,i,|X]|)
= 5(N) +e5(n, 1, | X)), (A19)

Hence,
I(Kg; M}, 0,Uy, L) < 26(N) +2e5(n,i, | X]). (A20)

Note that the right-hand side of the inequality goes to zero for large enough N, showing that for every

source realization s € S, the secret key information rate leaked by the helper is negligibly small.
Note that we showed that the rate pair can be achieved for large N = in, i.e.,, not forall N € N.

To show the achievability for all blocklengths N € N, we define the sequence N; with i € N with
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N; = i? . We showed that for the sequence N; of blocklengths with i € N, there exists a blocklength
Nj, such that for all blocklengths N; > N;, we can find a code sequence that fulfills the achievability

107
conditions. For every N; < N < Nj;1, one can rewrite N = N; 4 r; with r; < N;11 — N;. We use only

the first N; symbols to generate the key and discard the rest ;. One can easily see that there is a ¢(N)
such that, for § = €(N), all conditions are fulfilled. This completes the proof of achievability.

Appendix A.2. Converse of Theorem 3

For the converse, we consider a genie-aided enrollment and authentication terminal, i.e., the
user at the enrollment and authentication terminal has partial knowledge of the source, i.e., he knows
the actual state of the marginal distribution ¢ € £ but not the complete source state. The converse
follows from the corresponding result for a joint-source with perfect SSI shown in [11]. For a fixed
tel,seSpand V: X — P(U), we define the region R(V,{,s) as the set of all (Rpy,Rg) € Ri
that satisfy

RK S I(u//YS)/
Rpr, > I(Uy; Xy|L =€) — I(Uy; Ys).

We start analyzing the secret key rate. For a fixed £ € £ and s € S;, we have

H(K;) = H(K/|L = ¢)
= I(Ky;; MyY!|L = £) + H(K¢|M,Y!'K, L = ¢),

where K is a deterministic function of M, Y" and L = /, i.e., K = f(M,Y",L=1{),

H(Ky) < I(Kg; MgYE|L = £) + H(K|K)
I(Kg; MY |L =€) + ¢, (A21)
I

(KZ;MAL = 6) + I(K[M[,YSHL = E) +€n

<
<

n .
= I(Ky; My|L = 0)+ Y I(KeMg; Yo | Yi 'L = {) + e,
i=1

n .
= I(Ky; My|L = 0) + Y I(KgMgYE 5 YL = £) 4y
i=1
n .
< I(Ky My|L = 0)+ Y I(KeMX[ 5 Yo i L =€) + ey (A22)
i=

= I(Ky; My|L = £) + nl(Uy; Y5|L =€) + €q, (A23)

where (A21) holds for €, = 1+ Pr{K # K} log K;; and follows from Fano’s Inequality and (A22) from
Y= — KMX'~! — Y; forming a Markov chain. This comes from

Peayi-ixiory, (km, v 2y = Yo N pe(x ) pe(xi) pe(xf ) Pra (K, m ™) W (yi, i) Ws (')
X X

i+1
= Pyiigy, (¥ km, y) Ws (v )
= po(x1) Pr(k, m, y;| X ) We(y'Hx' ).
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We define U,; = (KgMgX’[l). The Equality (A23) is obtained using a time-sharing variable
T uniformly distributed over {1,...,n} and independent of all other variables. Setting U = (Uy;),
X =Xp;and Y =Y, for T = i, we obtain

n n
Y KM XS LY L= 0) = Y I(Uy; Yei|L =)
i=1 i=1

= nl(uﬂ,T? Ys,T T,L= ‘€)

= nl((Uy,r, T); Ysr|L =€)
= nl(Uy; Ys|L = 0).

Dividing by 1, we get

1
;I(KZ/MZ|L_€)+I(UIIYS/ :€)+*

11
< I(Ui Yo L= 0) + A + te

%H(Kz)

where the last inequality holds with A, ; — 0 for n — co (see [11]).
Assuming the rate pair (Rpy, Rg) is achievable, we have that € < 1 + §log K, and obtain

1  1+dlogk,

R =8 < I(Ug Yo, L= ) + Ay + -+ (A24)

n

We continue with the privacy leakage. For a fixed s € S; we have

I(Xy; My) = I(Xy; My|[L = 0)
= H(My|L =) — H(My|Xj, L =)
> H(M,|Y{, L ={) — H(K;M|X}, L =)
= H(K;M,|Y!,L = ¢) — H(K|MY"K) — H(K;M,|X}},L = ¢)
(KzleYs”,L = () — H(K|K) — H(K;My|X},L = {)
(KeMy|Y{, L =€) — ey — H(Ky;My| Xy, L = £)
= I(K,My; X} yL =) — I(K;Mg YL = £) —€),

ALY
T T

M:

n .
Z I(KeMy; Xpi| X578 L= 0) = Y I(KeMy; Y |Yi Y L= 0) — ey

I\
—_
I
—

I(KZMZY;*;YS,I-, L=1/)—e,

M:
[\1:

(KM X} X L= £) —

Il
_
Il
_

M:

I(KeMeXp 5 X L= 0) = 3 I(KeMeX) ™5 Y L= 0) = en

.M:

Il
—
Il
—

= nl(Uy; X¢|L =€) — nl(uz,Ys|L =1{) —en.
Dividing by n, we get

1 1
(X} M) 2 I(Ug Xg|L =€) = I(Ug Yo|L = 0) + —en.

Assuming (Rpr, Rg) is achievable, we have that e < 1 + dlog K, and obtain

1+ élogK,

Rpp +06 > I(Uy; Xy|L = £) — I(Ug; Ys|L = £) + .

(A25)
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We have shown that €5(Qyy) C Nyer Cr. This means that if (Rpr, Rx) € €5(Qyy) holds, then
we have that (RPLI RK) € ﬂ[el: Cg. Equivalently, if (RPLr RK) ¢ mfe/: Cé‘, then (RPL/ RK) ¢ Q:G (DXJ})-
Assume (R};,Ry) ¢ Nyeg Co- This implies that there exists a £ € L such that, for all auxiliary
channels V, we have that (Rp;,Ry) ¢ R(V,{), which implies that (R};,Ry) ¢ €c(Qxy). This
completes the converse and therewith proves the desired result.

It remains to derive the bound on the cardinality of the auxiliary random variables U. Let £ € £
be arbitrarily but fixed and U be a random variable fulfilling Pyxy (1, x,y) = V(u|x)Qs(x,y) for all
s € S(¢). We show that there is a random variable U with range || = |X| + |S/|

I(U; X) - 1(U Y) I X)—I(U;Y), (A26)

foralls € S;. We have that Xy, (-|u) € P(X) having p-measure p,. Then, it holds that

Zpu ) fx( ZX( “|u)) = p(x),
ZPu )8s(Zx, (-lu)) = H(Y|U),

Zpu(u (Zx, (|u)) = H(X|U),

foralls € S;. According to (Lemma 15.4, [27]), there exists a random variable U fulfilling the Markov
condition with valuesinif = {1,---,|X| + |S/|} and (A26) holds (see also Lemma 15.5 in [27]). O

Appendix B. Proof of Theorem 4
Appendix B.1. Achievability of Theorem 4

The achievability proof of Theorem 4 is very similar to the achievability proof of Theorem 3,
where first the index of marginal distribution ¢ over A" is estimated. The difference is that, in this
model, we use a generated secret key Ky, in a one-pad system to conceal the uniformly distributed
chosen key K over the set K; as in [11], it is additionally sent together with the generated helper
message My, and the index of the estimated marginal distribution L over the public message, i.e., the
helper datais M" = (My,q, K® Ky g, L). The error analysis is similar to the error analysis for Theorem 3
and the key is already uniformly distributed; however, we should take a deeper look into the privacy
leakage and the secrecy leakage. We perform the privacy amplification step as in Appendix A to show
that the strong secrecy is fulfilled.

Appendix B.1.1. Privacy Leakage

Another condition that has to be fulfilled by an achievable privacy secrecy rate pair is that the
information rate provided by the helper data about the sequence X" is bounded. We show here that
this condition is fulfilled.

For every source realization s € S, we have an ¢ = /(s) such that Qs € Qyy . We have

1

; A 1
NI(XN; My o, K@ Kyg,0,Ug, L) < & |£|

- N

(XN MES,K @ Ky g, 0,Uy|L). (A27)

Z
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We analyze the second term of the right-hand side of (A27)
! I(XN; M), ., K® Ky ,,0,Uy|L)
N ’ [’g/ Z,g/ » Ud
< Pr{L = 0} 1 1(XN; M}, K& Ky, ©,UglL = ) + Pe(L 1} V18 1Y)
- 1 i A .
< Pr{l =/} x NI(XN,-M;/g,K@KLg,@, Uy|L =) +es(n,i, | X])log|X|.
Similar to (A11), we have
lI(XN-Mf K®Ky,,0,Uyll)
N 7 flg/ Z,g/ 7 d
1 ; 5 )
< NI(XN; My o, K@ Kyg, 0, Uy|L = 1) + €5(n,i, | X]) log | X]. (A28)
In [11], the authors show that, for every ¢ € £, it holds
1 I(XN; M, K@Ky, 0,Uyl =)
N ’ [,g/ é,g/ s Ud -
1 ; . 1 A
< NI(XN;MZg/@I UalL = £]]Qs € Quy ) + GHK @ KpglL = ]|Qs € Quvyye)
1 ; .
— NH(K D K€,g|Xn/ Mz,g/ @/ ud/ Kélg/ L= f)
1 N xgi . 1 1
S NI(X ,Mzrg,@, Ud|L = Z”Qs S D/’yy,[) + N IOgKN — NlogKN
1 ; .
< N HX M, 0,UalL = €]]Qs € Quy,r)
< I(UX|L = £)]Qs € Quy,e) — I{U; Y]IQs € Quy,e) + (8", UL 1V]) + (&', U], | X])
d+1

which proves the bound on the privacy leakage.
Appendix B.1.2. Secrecy Leakage

For every source realization s € S, we have an / = /(s) such that Qs € Qyy 4. Following similar
steps as for the privacy leakage, it can be shown that the secrecy leakage is upper-bounded by

I(K; M;,g, K® Ky, 0,Uy, L) = I(K; M;,g, K® Ky, 0,Uy|L). (A30)
We analyze the right-hand side of (A30):
I(K; My o, K ® Ky g, ©,Uy|L) = z Pr{L = 7} I(K; M}, o, K ® Ky ¢, 0, Ug| L = 7)
el
= Pr{l = (}I(K; M}, ,, K® K4, 0, Uy|L = £) + Pr{L # (}1(K; M o, K® Ky 0,0, Uy|L # 0).

For every ¢ € L, it holds
I(K; My, K® Kpg, 0, Uy|L = £) <log |K| = H(Kpg|L = €) + 1(Kyg; My o, ©,Uy|L = £)
< log |K| —log | K| + I(Kyg; My, ©,Uy|L = 0). (A31)

The last inequality follows from (A13). Substituting Kyg with K, combining (A31) with (A19) and
letting i, n — oo, we obtain the desired result.
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Appendix B.2. Converse of Theorem 4

The converse of Theorem 4 can be shown using the same lines of arguments as for the converse
of Theorem 3. [J

Appendix C. Proof Lemma 1

For every channel V: X — P(U), for every s; € S; and s, € Sy, we have the following
effective sources:

V(ulx)Qs, (x,y),
V(u|x)Qs, (%, y)-

PUXY,51 (u/ x/ ]/)

PUXY,SZ (ul X, y)

Let dy(Qxy,,Qxy,) < € then there exists a sy € & and s € S, such that
(V,s1,5) = argmax dy(Qxy,, Qxy,). Then, we have that

IPuxvs; — Puxvslltv =Y, Y. |Puxvs (u,xy) — Puxys (1, x,y)|

ucl x,yec X xy

=Y ) V@x)Qs(xy) - V(ux)Qs (x,y)]
ucl x,yec X xy

=) )Y IV (Qs(xy) - Qalxy))l
ucl x,yec X xy

=) )Y VuQs(xy) - Qs(xy)l
ucl x,yec X xy

= ) (1Qs(xy) = Qalxy)l Y V(ulx))
x,yeX xy uel

= E Qs (x,y) — Qs (v, )|
x,yeX xy

<e, (A32)

and

ltv =Y. Y Puxvs(ux,y) — Puxvs(,xy)|
uel x,yexXx)y

= Z | Z V(ulx)(Qs; (x,y) — Qs (%, )]

ucl x,yexXxy

<)Y X VlQs(xy) - Qs(xy))l

uel x,ye X xy
<e. (A33)

”Pll,s'l - PLI,s‘z

For every channel V: X — P(U), for every s; € S; and s, € S, there is an ¢; = /(4(s1) and
Uy = ly(s7) the region R(V, ¢;,s;) with i = {1,2} is rectangular. Therefore, to calculate the Hausdorff
distance between regions, we are only interested in the corner points:

RK,si = I(uﬁi;YSi)/
RPL,S,' = I(ufi/‘XZ,') - I(uzi;YSi)'

Let V be arbitrary but fixed. Then, for every s; € &1 and s, € Sy, we have

[I(Uy,; Ys, — I(Uy,; Ysy)| = [H(Uy, ) — H(Uyg,) + H(Ys,|Uy,) — H(Ys,| Uy, )|
< [H(Uy,) — H(Uy,)| + [H(Ys,|Uy,) — H(Ys,|Ug, )|
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For V, s1 and s, there is a /7 = /{1(s7) and f = /(s3). Using [27, Lemma 2.12] and

Using Lemma 1 in [22], we get

I(Ug; Ye — I(Ug; Ys,)| < 2elog|V| + 2Hs(€) — elog |7€|
Following the same line of arguments as for (A34), we get

(U Xp, — I(Uyg,; Xp,)| < 2elog|X |+ 2H;(€) — elog |Z—|

Hence, for every channel V: X — P(U), s; and s3, we have
DH(R(V/ [115_1)/ R(V/ [2/ 5_2)) S 5(6)/

with dé(e) = 01(€)2+62(€)?, where 61(e) = 2elog|Y| + 2Hz(e)
dr(e) = 2elog|V||X| +4Hz(e) — 2elog ﬁ
For fixed ¢; and /», we denote

R(V,él): m R(V,El,sl),
5;€57
R(V,b2) = () R(V,l2,52),

5;€S)

R(€1) = U R(V,El),
V:X—=PU)
UI<| X[ +Se,

Rt)= U R0

V:X—-PU),
UI<IX +iSy,

We have

DH(R(V,el),R(V,Zz)):DH( m R(V,El,sl), ﬂ ’R(V,EQ,SQ))

51€8] 52€5,

=Du( |J R(V,&,5)5 | RV, l2,5)°)

S1€8) $2€8,
DH(R(VI [175_1)C1 R(Vr [Zr 5_2)C>

<
< d(e).

(A34)

(A35)

(A36)

— €log ﬁ and

(A37)

(A38)

Equation (A37) holds since the Hausdorff distance between two sets equals the Hausdorf distance
between the complements of each set. Inequation (A38) holds since V,si, 5, is the index of the sets

that maximises the Hausdorf distance. It also holds that

Dy (R(41),R(¢42)) = Dy ( U RWV.4), U RV.GL)

V:X—PU) V:X—=P(U)
IS <1 x4,

D (R(V,1,1)", R(V, l2,$)°)

<
<d(e),
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and
Dy (€c(Qayi), €c(Quye)) = Du( [ R(1), [ R(£))
(€L, beLly
=Dy( U R(H) U R)9)
Kleﬁl ngCZ
S DH (R(V/ [1/ s_l)cl R(Vr [2/ S_Z)C)
< é(e).
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