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Abstract—Consider a data publishing setting for a data set
with public and private features. The objective of the publisher
is to maximize the amount of information about the public
features in a revealed data set, while keeping the information
leaked about the private features bounded. The goal of this
paper is to analyze the performance of privacy mechanisms
that are constructed to match the distribution learned from the
data set. Two distinct scenarios are considered: (i) mechanisms
are designed to provide a privacy guarantee for the learned
distribution; and (ii) mechanisms are designed to provide a
privacy guarantee for every distribution in a given neighborhood
of the learned distribution. For the first scenario, given any
privacy mechanism, upper bounds on the difference between the
privacy-utility guarantees for the learned and true distributions
are presented. In the second scenario, upper bounds on the
reduction in utility incurred by providing a uniform privacy
guarantee are developed.

I. INTRODUCTION

The disclosure of data with both privacy and utility guaran-
tees is a recognized objective in many applications. A common
approach to this problem is to process the data set through
a privacy mechanism that seeks to fulfill certain privacy and
utility guarantees. Information theoretic methods for designing
privacy mechanisms often rely on the implicit assumption
that the data distribution is, for the most part, known [1]-
[4]. However, in practice, the data distribution may only be
accessed through a limited number of observed samples.

In this work, we revisit this assumption, and study the
robustness of privacy and utility guarantees of information-
theoretic privacy mechanisms to partial knowledge of the input
distribution. In practice, this inaccuracy stems from the limited
availability of samples which, in turn, produces a discrepancy
between the learned and the true data distribution. To mitigate
the effect of this discrepancy, we also study the performance
of privacy mechanisms that, by design, are robust: they assure
privacy for every data set drawn from a distribution within a
neighborhood. Here, the neighborhood is given by an ¢;-ball
of radius 7 > 0 around a distribution estimated from a limited
number of samples. Our analysis can be applied when privacy
and utility are measured in terms of a broad range of metrics
based on f-divergences, or by probability of correct guessing.

Due to its natural interpretation and simplicity, we start
our analysis by letting » = 0. This corresponds to the
pointwise setting, where the privacy mechanism is fixed, and
its performance is evaluated in terms of a single distribution
learned from data. We provide bounds on the gap between
the privacy-utility guarantees computed under the empirical
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distribution and the de facto guarantees for the true data distri-
bution. This gap depends on the number of observed samples
and properties of the data (e.g. support size, probability of
least likely symbol), and improves and generalizes the results
presented by Wang and Calmon in [4].

We then extend our analysis to the more general uniform
setting. Here, a given level of privacy is uniformly assured for
all data sets drawn from distributions within a neighborhood
r > 0 of a target distribution (potentially learned from data).
Using large deviation results, we establish upper bounds on
the reduction in utility due to the uniform privacy guarantee
which, in turn, depend on the value of 7.

The paper is organized as follows. In Section II-A we
recall the framework of privacy-utility trade-offs. The formal
definitions for the uniform privacy guarantees are introduced in
Section II-B. In Section II-C we recall basic results from large
deviation theory related to the distance between the empirical
and true distributions. The definitions of f-informations and
probability of correct guessing are recalled in Section II-D.
Our main results for the pointwise and uniform results are
presented in Sections III-A and III-B, respectively.

II. PROBLEM SETUP AND PRELIMINARIES
A. Privacy-Utility Trade-Offs

Suppose that S is a variable to be hidden (e.g. political
preference) and X is an observed variable (e.g. movie ratings)
that is correlated with S. In order to receive some utility
(e.g. personalized recommendations), we would like to disclose
as much information about X without compromising S. An
approach with rigorous privacy guarantees is to release a
new random variable Y produced by applying a randomized
mapping to X. This mapping, called the privacy mechanism,
is designed to fulfill a certain privacy constraint.

In the sequel we assume that S and X are discrete
and let Pg x denote their joint distribution. The support
of Y can be any discrete set. We let L(Ps x, Py x) and
U(Ps, x, Py|x) be the privacy leakage and the utility generated
by a mapping Py|x for the underlying distribution Pg x,
respectively. Throughout this paper, specific instantiations of £
and U are f-informations and probability of correctly guessing.
The following definition captures the fundamental trade-off
between privacy and utility in the present setting.

Definition 1. For a given joint distribution Pg x and € > 0,
the privacy-utility function is defined as

H(Ps x;€) & sup U(Psx, Py|x), ()

Py |x €D(Ps, x;€)

where D(Ps7x;€) é {PY\X . L(PS,X7PY|X) S 6}.



This type of privacy-utility trade-off (PUT) has been in-
vestigated for several measures of privacy and utility, see, for
example, [3]-[5]. When the distribution Ps x is known, the
privacy-utility function in Definition 1 quantifies the best utility
achievable by any privacy mechanism providing the desired
privacy guarantee. In practice, the designer may not have
access to the true distribution Pg x, but only to independent
samples {(s;, ;) }"_, drawn from this distribution. In this case,
the privacy-utility Aguarantees for a distribution learned from
the samples, say Pg x, and the true distribution Pg x might
be different. For any given privacy mechanism Py |y, these
discrepancies are effectively quantified by

|L(Ps,x, Py|x) — ﬁ(PS,X,PY\X)L 2

and

\U(Ps,x, Py|x) —U(PS,X7PY|X)\- (3)

B. Uniform Privacy Guarantees

When privacy is a priority, a specific privacy guarantee for
the true distribution Pg, x may still be required, even though
the designer has only access to a distribution Pg x estimated
from the samples {(s;,z;)}? ;. We propose the following
procedure to overcome this difficulty: (a) use large deviation
theory results to find an upper bound, say r, for the distance
between Pg x and Pgs x; (b) provide a privacy guarantee for
all distributions at distance less or equal than r from the Ps x.
In the sequel, we measure the distance between two probability
distributions P and @ by their ¢;-distance,

1P = QI D IP(=) — Q2)l. )

zEZ
With this notation, we introduce the following definition.

Definition 2. Given 155, x, € >0, and r > 0, we define

Prx(Psxien)®  argmax U (Psx,Prix), )
Py |x €D(Ps, x€,7)

where D([:’& x; €, 1) is the set of all mechanisms Py x such

that £(Qs,x, Py|x) < eforall Qg x with || Ps x—Qs x||< r,
and

U.(Ps,x,Py|x) £ inf U(Qs,x, Pyix). (6)
Qs.x:l|Ps,x—Qs,x|I<r

For a given privacy mechanism Py |y, the infimum in (6)
equals the worst case utility attained by Py |x over all the
distributions ()g x at a distance less than or equal to r from
Ps x. Thus, by definition, Py y(Ps x;e,r) is the privacy
mechanism with the best worst-case performance among all
privacy mechanisms which ensure an e-privacy guarantee for
all the distributions at a distance less than or equal to r
from Ps x. In this context, it is natural to investigate the
utility degradation incurred by providing such a robust privacy
guarantee. For this matter, we introduce the uniform utility-
degradation function as follows.

Definition 3. Given ]557 x, Ps x, €>0,and r > 0, we define
A(Psx, Psxie,1) £ H(Ps.x;e) —U(Ps,x, Py x), (1)

where Py = Py (Ps xier).

Note that when r = 0, (7) measures the utility degradation
due to the mismatched estimation; while for » > 0, (7)
quantifies the utility degradation incurred by the uniform
privacy guarantee and the mismatched estimation.

C. Distance between the Estimated and True Distribution

The distance between the learned and true distributions is
the superposition of several errors, for example, estimation
error, observation and sampling errors, etc. All these effects
can be incorporated into the parameter r. Due to space
constraints, here we deal only with the estimation error.

A result by Devroye [6, Lemma 3] establishes that, for

every € > /20k/n,
E
n
Pr <§;|Vz — np;|> ne> < 3exp (—%62) , 8)

where (V1,...,V) is a multinomial (n,p1,...,px) random
vector. Note that the empirical distribution is a (normalized)
multinomial random vector. Hence, by taking k = M = |S||X|
and € = A\/20M/n with A > 1, Devroye’s lemma implies
that, with probability at least 1 — (),

20M
|Ps,x — Ps x||< M —— ) &)

where 8y 2 3exp(—4A\2M/5) and Ps x is the empirical
distribution obtained from {(s;,z;)}! ;. Even though in this
paper we focus on large deviation results, it is worth pointing
out that the order O(y/M/n) is present in other fundamental
settings, e.g., the minimax expected loss framework in [7,
Cor. 9].

D. f-Informations and Probability of Correct Guessing

We briefly introduce a few definitions that will be used
for privacy and utility metrics in the rest of the paper. Let
f :(0,00) — R be a convex function with f(1) = 0. The
f-divergence between two probability distributions P and @)
with P <« @ is given by [8]

Ds(PIQ) £ 3 Q) (g) (10)

More recent developments about the properties of f-
divergences can be found in [9], [10] and the references
therein. With this notation, the f-information between two
discrete random variables U and V' is defined by

I1(Pyy) = Ds(Puv|PuPy)

=Y Pu(u)Py(v)f

(R

Also, the probability of correctly guessing U, with no
additional information, is given by [11]

P.(U) & qulgzj(Pr(U = u). (12)

Similarly, the probability of correctly guessing U given V is

P.(U|V) & Z max Pr(U
veV

=u,V =v). (13)



ITT. MAIN RESULTS
A. Pointwise Privacy Guarantees

Now we study the discrepancy between the guarantees
provided for the empirical and true distributions by any fixed
mechanism when both privacy and utility are measured using
f-informations. For space brevity, all the results in this section
are stated using the same f-information to measure both
privacy and utility. It can be shown, mutatis mutandis, that
they hold true also when privacy and utility are measured using
different f-informations.

The main result of this section is based on the following
two technical lemmas. Before stating them, we recall the
following definitions. For a given function g : [0,00) — R
and u > 0, we let

Ky £ sup{|g(z)]: @ € [0,u™"]}. (14)

The constant K, is the so-called supremum norm of g on
[0, w™1]. In addition, if g is Liptschitz on [0,u ], we let L,
be its Lipschitz constant, i.e.,

min{L > 0: |g(a) —g(y)|< Llz—y|,Va,y € [0,u"]}. (15)

A function ¢ : [0,00) — R is called locally Lipschitz if, for
every ¢t > 0, it is Lipschitz on [0, ¢] with a Lipschitz constant
that may depend on t. For example, the function g(z) = 22 is
locally Lipschitz but not Lipschitz.

Lemma 1. Suppose that S; — X; — Y; for i = 1,2 and
Py,x, = Py,|x,. Let mg £ min{Ps,(s) : s € S,i € {1,2}}
and mx £ min{Px,(z) : # € X,i € {1,2}}. For notational
simplicity, let

Ap £ ‘If(PSI;YI)_If(PSZ7Y2)‘7 (16)
Ay £ |11 (Px,v;) = I1(Px,.v,)|- (17)
If f:]0,00) = R is locally Lipschitz, then, for all § > 0,
Ap < {Af|8|6+Bf,5||PS1,X1 _PS2,X2H mg < 0,
N Cf7ms|‘Ps1,X1 _P527X2H 0 <mg,
Ay < {Af|X|5+Bf’5”P5'1,X1_Psz,X2|| mx <9,
N Cf7mX||P51,X1 _Psz,X2|| 0 <mx,

where Af = 4Kf,mxy
Bys=Kpmx +2Kp5+ (207 + 1) L5, (18)
and Of,u = 2Kf,mx —|—(2’LL71—|—1)LL,”X with u € {ms, mX}.

Observe that the previous lemma implicitly assumes that
f(0) = lim,_,o+ f(z) is finite. Examples of f-divergences
satisfying the assumptions of Lemma 1 include the total
variation distance, the X2-distance, and the Hellinger distance
of order & > 1 (a one-to-one transformation of the Rényi
divergence of the same order). See [12] for further examples.
Note that, however, KL-divergence cannot be handled by
Lemma 1 as |log(z)|— oo as x — 07. Indeed, KL-divergence
has a different asymptotic behavior than the one obtained in
Theorem 1 below, see [13].

Due to limited sample size, not all outcomes of X may be
observable in the data set used to design the privacy mech-
anism, and can significantly impact performance depending

on the metric used. Indeed, by taking Pg, x, = Pgs x and
Ps, x, = ]557 x, we can see that the upper bounds for Ay,
and Ay in Lemma 1 become larger as myx gets smaller.
In order to address this issue, we propose a pre-processing
technique which combines the symbols with less observations.
Specifically, for v > 0 and x a symbol not belonging to X', we
introduce the pre-processing technique IL, with input alphabet
X and output alphabet

X, 2 {zeX: Px(z)>~}U{xo}, (19)

determined by

IL, () = {x Px(r) 27, 20)

To otherwise.

Consider the following lemma regarding this pre-processing
technique.

Lemma 2. Let v > 0. If X — Xy — Yo is a Markov chain
with Xo = I1,(X). Then, for every f-information,

If(PX;YO) :If(PXo,YO)' (2D
Although this lemma may look counterintuitive at a first

glance, its proof relies on the fact that the conditional distribu-
tions Py, x and Py, x, are essentially the same. Specifically,

Py x (ylz)
_ JPvxe(ylz)  wefrex: Px(ﬂi) >},
Py, x,(ylwo) € X\ {x € X: Px(x) >~}

The following theorem is the main result of this section.
It bounds the discrepancy of the privacy-utility guarantees
between the learned and true distributions.

Theorem 1. Let v > 0 and 1557 x be the empirical distribution
of n i.i.d. samples drawn from Pg x. Assume that

S— X — Xg— Y, (22)

where Xo = I1,(X) and Py,|x, is fixed. Let Psy, and ps’yo
be the joint distributions of (S, Yy) when the joint distributions
of (S, X) are Ps x and Ps x, respectively. Define Pxy, and
Pxy, in an equivalent manner. Let

ms 2 min{{Ps(s) : s € S} U{Ps(s) : s € S}},

mx £ min{{Px,(z) : 2 € X, } U{Px,(z):z € X,}}.
If f :[0,00) = R is locally Lipschitz and mx < mg, then,
with probability 1 — By,

. 20M
5 (Psy,) = It(Psy,)| < CrmsA — (23)

. [20M
‘If(PXo,Yo) _If<PX7Y0)| < nymx)‘ Tv 24

where M = |S||X|, Bx = 3exp(—4A2M/5) with X\ > 1 and
Ct,y is defined in Lemma 1.

Proof of Theorem 1: We first apply Lemma 1 with
0 =my, Psl’xl = Psto’ and PS2’X2 = PstO. In particular,
we obtain that

|If(P57Yo) - If(P57Y0)| < Cﬁms”PS,Xo - P57X0||7 (25)
|If(PX07Y0) - If(PXmYo)' < Cfﬂnx ||PS,X0 - PS;XOH' (26)



By the data processing inequality, we have

1Ps,xo = Ps,xoll< || Ps.x — Psx]. (27)
By the inequality (9), with probability at least 1 — (),

A 20M
1Ps.x — Ps.x[|< A/ — (28)

where 8y = 3exp(—4A\2M/5) and X\ > 1. Hence,

. 20M
¢ (Ps,v,) = 1 (Ps,yy)| < Crms A/ — (29)
. 20M
L5 (Pxo,vo) = 15 (Pxo,v0)l < Cramx A/ - (30)

By Lemma 2, we have that

If(PX7Y0) :If(PXo,Yo)' (31)
The result follows. [ |

B. Uniform Privacy Guarantees

Let P denote the set of all probability distributions over S x
X. Assume that prior information about the joint distribution
of S and X is available. In this case, we let Q C P be all the
joint distributions compatible with the prior knowledge. For a
given Pg x € P and r > 0, we define

Q- (Psx) 2 {Qsx €Q: |Qsx — Psx|<r}. (32

In this setting, a natural modification for the uniform privacy
mechanism Py is the following. Given Ps x € Q, e >0,
and r > 0, let

5 A
Py x(Psx;er) = arg max

U (Psx, Pyx) (33)
Py‘xe'DQ(ﬁ’s,X;E,T)

where

Do(Ps x;e,r) 2 ﬂ {Py|x : L(Qs,x, Py|x) < €},
Qs,x €Qr(Ps x)

U.(Ps,x, Py|x) £ inf  U(Qsx,Pyx)
Qs,x€Q - (Ps,x)

Finally, recall that
Ag(Ps,x, Psx;e,m) 2 H(Ps x;€) —U(Ps,x, Pyx). (34)

In order to simplify the notation, in what follows we
denote Ps x, Ps x, and Qs x by P, P and @, respectively.
For the privacy measures under consideration, f-information
and probability of correct guessing, it has been proved that
the optimal privacy mechanism for the PUT in Definition 1
requires an alphabet of size | X'|+1, see [5], [14] and references
therein. With this in mind, let IF be the set of all row stochastic
matrices of dimension |X|Xx(|X|+1). Note that the set F
models all privacy mechanisms Py x with |V|< |X]41. In
this case, the privacy-utility function in Definition 1 equals

H(P;e) = sup U(PF), (35)
FEF
L(P,F)<e
for all P € P. Note that, in principle, the robust privacy mecha-
nism in Definition 2, or the version in (33), may require the use
of more than |X|+1 output symbols. However, the following

lower bound for U(P, Py, ), which can be computed using
mechanisms with |X'|+1 output symbols, will be enough for
our purposes,

UP, Pyx) > sup inf

U@, F), (36
FGDQ(P;C,T) Q€eQ-(P)

where P € Q and

Dg(Pie,r) 2 (| {FeF:LQ F)<eCF. (37)

QEQ.(P)

The main result of this section provides an upper bound for Ag
whenever the leakage and utility functions satisfy a Holder-
like condition. Recall that a function f : R — R is said to be
Holder continuous of order o € [0,1] if there exists K > 0
such that |f(z) — f(y)|< K|z — y|® for all z,y € R.

Theorem 2. Assume that Q C P is a closed set and that for
every Q € Q the functions

F L(Q,F) and Fr—U(Q,F), (38)

are continuous and that (35) holds true. Furthermore, assume
that for a given P € Q there exist positive constants rg, «,
C'y, and Cy such that

|L(P,F) - L(Q,F)|< CL|P - Q| (39)
U(P,F) - UQ,F)|< Cu||P - Q| (40)

for all Q € Q,,(P) and all F € F. If P € Qry(P), then, for
all € > 0 and all r* < min{r§, (¢ — minp L(P, F))/CL},

AQ(P,]s; 6,7‘) < H(p, E—i—CL?“a)—H(]S; E—CL’I“Q)—F?CU’I“@.
(41

Remark 1. Under the assumptions of Theorem 2, if H(P; )
is Lipschitz continuous with Lipschitz constant L then

Ag(P, Pye,r) < 2(Cy 4+ LCL)re. (42)

The assumptions in (38), (39) and (40) might seem restric-
tive at a first glance. Nonetheless, as shown in the following,
they hold true for our measures of interest: f-informations and
probability of correct guessing.

1) f-Divergences: Assume that both privacy and utility are
measured by an f-information for a given convex function
f:(0,00) = R with f(1) =0, i.e.,

L(Qs,x,Pyix) £ Ir(Qsy), (43)
UQsx, Pyix) 2 I1(Qxy). (44)
A standard convexity argument, see, e.g., [14], shows that
H(Qs,x;e) = sup  If(Qx,y) (45)
S—»>X—-Y
I (Qs,y)<e
admits the expression in (35), i.e., it is enough to consider
privacy mechanisms taking values on Y = {1,...,|X|+1}.

Example 1. Consider the parametric case where

Qé{QeP:ZQ(s,m)zfyforallseS}

zeX

m{QeP:ZQ(s,m) > ~ for allxeX} (46)

seS



for some v > 0. Note that this corresponds to the case in which
S and X have full support and their marginal distributions are
bounded away from zero. In this case, Lemma 1 implies that
the assumptions of Theorem 2 are satisfied with rg = oo,
a =1, and

CrL=Cy=2K;,+ 2y ' +1)Ls,. (47)
In particular, if f(x) = |z — 1], then
CL=Cy <4y '+1; (48)
and if f(z) = 22 — 1, then
Cp=Cy <8y7% 49)

2) Probability of Correct Guessing: For ease of notation,
let Y ={1,...,|X|+1}. In the setting of the PUT, let

‘C(QaF) = Zgleag( Z Q(s,x)F(x,y), (50)

yey TEX
UQ.F) =) max) Qs.x)F(x,y). (51)
vey °57 ses

The above choice corresponds to the case when the measures
of privacy and utility are P.(S|Y") and P.(X|Y"), respectively.
In particular, for each € € [P.(S), P.(S|X)],

H(P;e)= sup P.(X|Y). (52)

S—=X—=Y

P.(S]Y)<e
This privacy-utility trade-off based on the probability of cor-
rectly guessing was recently studied by Asoodeh et al [5]. In
this case, it is possible to verify that L(P,-) and U(P,-) are
continuous.

For P,QePand F €F, let Ay 2 |L(P,F)— L(Q,F)|.
It can be verified that, for a;,b; > 0,

|max a; — max b;|< max|a; — b;|, (53)
K2 3 K3

and, in particular,

max(PF) (s.9) ~ max(QF) s y>\ (54)

seS

<> max|(PF)(s,0) - (@F)(s,9) (55)

Note that (QF)(s,y) =Y, Q(s,x)F(x,y). Thus, a straight-
forward manipulation shows that

Ap <Y max d |P(s,2) = Q(s,2)|[Fz,y)  (56)

yey zeEX

<33 N 1PGs,2) - Qs )| F(a,y) (57)
seES xeX yey

<|IP-qll. (58)

Similarly, it can be shown that
U(P, F) - U@ F<|IP-Ql. (59)

Hence, the probability of correct guessing satisfies the assump-
tions of Theorem 2 with rp =00, a =1, Cp, = Cy = 1.

Example 2. For p, q € [0, 1], we let

_((1=p)(1-q) (1-p)g
PiFq = ( P p(1 - q)) ’ (©0)

and Q = {p#q : p € [1/2,1],q € [0,1/2],p + ¢ < 1}. This
selection of Q captures the case when S is assumed to be
a Bernoulli random variable with Pr(S = 1) = p and the
channel between S and X is a binary symmetric channel with
crossover probability g. By Theorem 2 in [5], for all Q € Q,

1- +q—2
HQie) =1 —2(p+q—2pg) + L (61)
pP—q pP—q
whenever € € [p, 1 — ¢|. Hence, the bound in (42) becomes
. 25(1 — §
Ag(P, Pse,r) < MT, (62)

D—4q

where P £ p#4 € Q. By (9), for A > 1, with probability at
least 1 — f3y,

R H(1—§
Ag(Ps,x, Ps x;€,4\/5/n) < SP;_;)A\/E, (63)
where 8y £ 3exp(—16A2/5).
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APPENDIX A
PROOF OF LEMMA 1

The following auxiliary lemma will be used in the proof
of Lemma 1.

Lemma 3. Let S, X and Y be random variables supported
over finite alphabets S, X and ), respectively. Assume that
S — X — Y form a Markov chain in that order. Then, for
allse S, reXandyec),

Psy(s,y) Pxy(z,y) . -
, , < .
mes | oty Pty ) = (2 Pxe
(64)
Proof: Recall that

Z‘ a; Q;

Lei T - i}

S b S max b (65)

whenever a; > 0 and b; > 0. For a given y € ), let X, &
{z € X : Pxy(z,y) > 0}. Note that, given s € S and y € },

Pay(sy) | Seen, Porxslsn) “
P )Py (s) ~ Soen, Ps(5) Py (@9)
B ©
= e &
< ma %() - (gg;;me)) T @

where the last inequality follows from the fact that X, C X
and Pg x(s,z) < Pg(s) for all s € S and x € X. The rest of
the lemma is similar. ]

Proof of Lemma 1: First, let’s assume that mg < 9.
Let S; = {s € S : Pg,(s) < 4} for each i € {1,2} and
S+ =8\ (81 USs). By the definition of f-information and
the triangle inequality, we have that

Ap = |If(P517Y1)_If(PS2,Y2)|§I+H+IHv (70)

where
P5'17Y1 (S,y) >’
I= Pg, (s)P S LELAL O 71
sg;yze; s () ‘f (P&(S)PY1 (v) D
PS2’Y2(say) >
Ps,(s) P S2m )| (72
+s§1% s ()l ‘f (PS2(S)PY2 (y) 72)
— P517Y1(3>y) >’
= Ps, (s)P o 73
S;zy;y Sl Yl ‘f (PSI(S>PY1(y) (73)
+ 30N Py (s) Py ‘f (M) . (74)
s€S2 yeY 2 2
Ps, v, (5,9) )
11 = Ps, ()P P, vi(s,y) 75
Zsz;v( 5 (1P )] (Ps1<s>Py1 w) ™
P Z b
P, (5) Py, () (M)) '

By Lemma 3, we have that

max { PSl.,Y1 (Sa y)
Ps, (S)PY1 (y)’ Ps, (S)PYZ (y)

In particular, we have that
I < Kfmy (Ps,(S1) + Ps, (S1)). (78)

Since Ps, (81) + Ps, (81) = Ps, (81) — Ps, (81) + 2Ps, (S1),
the definition of S; implies that

<mX.

PS2,Y2 (Sa y) } -1 (77)

1
P51(81)+P52(81) < §||P51 _PSQ||+2|S|5' (79)
Note that

maX{HPSl_PSz ”7 ||PX1_PX2||} < ||PS1,X1_P5'27X2 ” (80)

Hence, (78) and (79) lead to

Km,
1< 2K |SI5 + =2 | Ps, x, = Ps,xall. - 8

Using a similar argument, we conclude that
Kf.mx
< 2Kf7mX|S‘6+T|‘P517X1 _Psz,XZH' (82)

By the triangle inequality 1II < III; 4 III,, where

L = > |Ps,(s)Py, (y) — Ps,(s) Py, (y)]
seSL yey
PSIYI(SZ/)N 83
Jrmene) @

My = > > Psy(s)Py,(y)

SES+ yey

f( Ps, v, (5,9) >f< Ps, v,(5,9) >‘

. Ps, (S)PYI (y) PS2(S)PY2(y)
(84

By the definition of S;, we have that, for all s € Sy and
yel,

PS17Y1 (Svy) _ P3'1|Y1 (Sly)

= (85)
Pg, (S)PYI (y) PSI(S)
1
< <o (86)
PSI (8)
Recall that | f(z)|< Ky for all z € [0,67!]. Hence,
Iy < K5 Z Z‘Psl )Py, (y) = Ps, (s) Py, (y)|
€€S+ yey
< Kjs Z Z (Py, (y)|Ps, (5) — Ps,(s)] (87)
seSyey
+Ps, (8)|PY1 (y) — Py, (y)|)
= K55 (1Ps, = Ps, [+ Py, — Prl)-
The data processing inequality implies that
||PY1 _PY2HS ||PX1_PX2||7 (88)
and by (80) we obtain that
Iy < 2Ky 5| Psy,x; — Psy.x, |- (89)



Similarly, for all s € S; and y € ) we have that
PS1 Y1(35y> PS2.Y2(37y) } —1
max : , : <6 . (90)
{PSI (S)PY1 (y) PSz (S)Pyz (y)

Recall that f is Lipschitz on [0, *
constant. In particular,

IIIQ<Lf(;ZZ 2 o

S€S+ yey 1 (91)
|P32 (S)PYZ (y)PShYI (S, y)

— Ps, () Py, (Y) Ps.v» (s, 9)-
By the triangle inequality,
‘PSQ (S)PY2 (y)PShYl (57 y)
is upper bounded by
Ps, v, (8,9)|Ps, (8) Py, (y) — Ps, (s) Py, (y)]
+ Psl (S)Pyl (y)|PS1,Y1 (Sa y) - Psz,Y2 (Sa y)|

Since Ps, v, (s,y) < Py,(y) forall s € S and y € Y, (91)
leads to

] and Ly s is its Lipschitz

_PSI (S)PYI (y)Psz,Yz (Say)| (92)

93)

W < Lps 3 Y gyl (9)Pn) = P ()P ()]
6€S+ yey 1
+ L.faé Z Z|P517Y] (Svy) - PS27Y2 (s,y)\
seSL yey
<67 Lys(IPy = Prl+11Ps, - Ps,))
+ Lf75||P517Y1 - Psz,Y2 H
(94)
By assumption, Py,|x, = Py,|x, and hence
||PSI’Y1 _‘PS2,Y2HS ”PSl,Xl _P5'27X2||' 95)
Therefore,
I, < (267" 4+ 1) Lys||Ps, x, — Py xull. (96)

Since Ay, <1+ II+ IIT; 4 III,, we obtain the upper bound
Ap < AKpmy|S|0+ Byl Psy x, — Psyx,ll,  97)
where nyg = Kf,mx + 2Kf’5 + (25_1 + 1)Lf’5.

Now assume that § < mg. In particular, we have that S; =
Sy = () and hence Ay < III; +1III, with ITI; and III, defined
as in (83) and (84), respectively. By Lemma 3,

Psl’Yl (8’ y) P52>Y2 (87 y) } -1 98
e { Ps,(8)Py,(y)" Ps,(s)Py,(y) <my . (98)

In particular, we have that
I < 2K ¢ | Ps, x, — Ps,. x| 99)
I, < (2mg"' + 1) Ly | Psy x, (100)

Hence,

- P527X2 H

AL S OmeSHPSlyXl - PSz,X2||7
(ngl + 1)Lf,mx-

Mutatis mutandis, setting X; = {x € X' : Px,(z) < 0} for
each i € {1,2} and X = X'\ (X} UXL), it can be shown that

(101)
where Cf g = 2K fmy +

Ay < 4K |X|6 + Bys||Psy x, — Ps, x, |, (102)
when myx < d. If § < my, it can be shown that

Ay < Crnx [Psy,x; — Psy x|, (103)

where Cy .y = 2K ¢y + (Zm)_(1 + 1)L gy u

APPENDIX B
PROOF OF LEMMA 2

Proof of Lemma 2: First, we define X; 2 [z €
X : Px(xz) > ~}. By the construction of X, we have that
Px,x(2'|z) = 1 whenever x € &} and o’ = z, or € Af
and &' = o; in all other cases Px,|x (z'|z) = 0. In particular,

- % Paie)

TeXT

Px,(x0) ) and Px,(x) = Px(z) for x € &j.
(104)

By the law of total probability and Markovianity

Px v, (2,y) = Z Px () Py x (z'|2) Py, x, (y]2"),
' €X1U{zo}
(105)
for all x € X and y € ). In particular, for all x € A7,
Px y,(z,y) = Px(x)Py,|x,(y|z). (106)
Similarly, for z € A7,
Px v, (z,y) = Px () Py, x, (y|To). (107)

By the definition of f-information, (104), (106), and (107),

If(Pxy,) = > Y Px(z)Py(y (PXYo(x’y)>

reX] yey PX (x)PY() (y)
(108)
PX7Y0 (:L‘7 y) )
+ Px (z) Py, — Yo\ I)
oc;fyze; X Y (PX(x)PYO(y)
(109)
PXD,YO (LC, y) )
= Px, (z)P —R0Yo ™ J)
1;1 yze; XO YO f <PX0 (x)PYo (y)(llo)
P )
+ 3 PralenPro)f (et )
y 0 0
" (111)
:If(PX(),Yo)v (112)
as required. -
APPENDIX C

PROOF OF THEOREM 2

Proof of Theorem 2: First we show that, for all r and
e with P € Q,.(P),
H(P;e) < H(P; e+ Cpr®) + Cyr®.

(113)
Since, for fixed P, both L£(P,-) and U(P,-) are continuous,

there exists F' € F such that L(P, F) < € and

H(P;e) =U(P, F). (114)
By assumption, we have that
U(P,F) —U(P,F)|< CyllP — P|*< Cyr®.  (115)
In particular,
H(P;e) <U(P,F) + Cyr®. (116)
Similarly, since
[L(P,F) — L(P.F)|< CL||P — P|*< Cur®, (117)



we have
L(P,F) < L(P,F)+ Cpr® < e+ Cpr®. (118)
Therefore, from inequality (116) and Definition 1, we have

H(P;e) < H(P;e+ Cpr®) + Cyr®. (119)

Next, we prove that
H(P;e — Cpr®) — Cyr® <U(P, F*) (120)
whe:re we denote P;’}‘ y by F*. Let Fy € FF be such that
L(P,Fy) <e—Cpr® and
U(P,Fy) = H(P;e — Cr®). (121)

Since for a fixed P, both U(P,-) and L(P,-) are continuous,
there exists at least one such Fj. By assumption, we have for

any Q € Q,(P),

L(P, Fo) — L(Q, Fo)|< Cu||P — Q|*< Crr®. (122)
In particular, we have that £(Q, Fp) < L(P,Fy)+Cpre <e.
Hence, Fy € Dg(P;e, r) and, from the lower bound in (36),

inf  U(Q, Fy) <U(P,F*). (123)
QEQ-(P)

Since, by assumption,
U(P, Fo) —UQ, Fy)|< Cul| P = Q||*< Cur®,  (124)
we have that
UQ, Fo) > U(P, Fy) — Cyr® (125)
=H(P;e — Cpr®) — Cyr®. (126)
In particular, this implies that

inf  U(Q, Fy) > H(P;e — Cpr®) — Cyr®.  (127)
QEQ(P)

Combining (127) and (123), inequality (120) holds. Combining
(113) and (120) together, we get the desired conclusion. H



