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Abstract— Motivated by real-world machine learning applica-
tions, we consider a statistical classification task in a sequential
setting where test samples arrive sequentially. In addition, the
generating distributions are unknown and only a set of empiri-
cally sampled sequences are available to a decision maker. The
decision maker is tasked to classify a test sequence which is
known to be generated according to either one of the distrib-
utions. In particular, for the binary case, the decision maker
wishes to perform the classification task with minimum number
of the test samples, so, at each step, she declares that either
hypothesis 1 is true, hypothesis 2 is true, or she requests for
an additional test sample. We propose a classifier and analyze
the type-I and type-II error probabilities. We demonstrate the
significant advantage of our sequential scheme compared to an
existing non-sequential classifier proposed by Gutman. Finally,
we extend our setup and results to the multi-class classification
scenario and again demonstrate that the variable-length nature
of the problem affords significant advantages as one can achieve
the same set of exponents as Gutman’s fixed-length setting but
without having the rejection option.

Index Terms—Sequential classification, empirically sampled
sequences, error exponents, variable-length.

I. INTRODUCTION

UICK and accurate classification is crucial in many real-
life applications. For instance, to diagnose haematologic
diseases based on blood test results, a physician wishes to
detect the pattern, deviations, and relations in the blood
samples of a patient as quickly as possible to make treatment
plans. Similar challenges can be found in a broad range of
applications such as genomics analysis, finance, and abnormal
detection where there is an inherent trade-off between speed
and accuracy.
In many real-world applications, classical hypothesis testing
is infeasible due to the fact that the probability distributions
of the sources are unknown. In practice, one often encounters
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classification problems in which one has access to training
samples and is required to classify a set of test samples
according to which distribution this set is generated from.
To incorporate the real-life requirement of classifying the
test samples as quickly as possible, one can consider the
sequential statistical classification setup. This setup addresses
the problem of classifying test samples given training samples
with the additional requirement that the decision maker is
required to make his/her decision based on as few tests samples
as possible; it is however, known that all the test samples
originate from the same distribution.

The problem of classification using empirically observed
statistics has been studied in many prior works. Gutman in [2]
formulated a problem in which a decision maker has access
to two training sequences which are generated according
to two distinct and unknown distributions. Then, a fixed-
length test sequence is given to the decision maker, and the
decision maker is tasked to classify the test sequence. For
this problem, Gutman proposes an asymptotically optimal test.
The results in [2] are obtained in the asymptotic regime when
the length of the training sequences tends to infinity. In this
regard, the non-asymptotic and second-order performance of
the Gutman’s test is analyzed in [3] where it is shown that
Gutman’s test is, in fact, second-order optimal. Moreover,
Ziv [4] studied the relationship between test rules for the
binary classification problem and universal data compression
methods. Unnikrishnan and Naini [5] and Unnikrishnan [6]
extended Gutman’s proposed test for the case with multiple
test sequences and obtain an optimal test rule for a certain
matching task between multiple test sequences. Furthermore,
Unnikrishnan and Huang in [7] showed how one can apply
the results on the weak convergence of the test statistic
to obtain better approximations for the error probabilities
for statistical classification in the finite sample size setting.
Kelly et al. [8] considered the classification problem with
empirically observed statistics for large alphabet sources. They
consider a scenario in which the alphabet size grows with
the length of the training and the test sequences, and the
authors characterized the maximum growth rate of the alphabet
size for which consistent classification is possible. The related
problem of closeness testing has been investigated in [9], [10].
Another related problem in this area is estimating prop-
erties of distributions using empirically observed statistics.
This problem has been considered in various setups such as
estimation of the support of distribution [11], [12] and the
estimation of the order of a finite-state Markov chain [13], etc.
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Recently, Acharya et al. in [14] proposed an optimal method
for the estimation of certain properties of distribution using
empirically observed statistics which is applicable for a wide
range of property estimation problems. The authors in [15]
studied the problem of distributed detection in the setting
that the central node has access to noisy test and training
sequences. Finally, [16] considered the Gutman’s setup with
the difference is that there is a mismatch between the gener-
ating distribution of the test sequence and that of the training
sequences, which they called “mismatch". In this setup an
optimal classifier was proposed in [16].

In this paper, we consider an information-theoretic formu-
lation of sequential classification. Recall that in the simple
sequential binary hypothesis testing scenario, a decision maker
is given a variable-length test sequence and knows that it is
either generated in an i.i.d. fashion from one of the known
distributions P; or P,. It is well-known that the sequential
probability ratio test (SPRT) is optimal for sequential binary
hypothesis testing [17]. However, we consider a scenario that
the decision maker does not know both generating distribu-
tions, i.e., P, and P,. Instead the decision maker has access
to two fixed-length training sequences, one is drawn i.i.d. from
P, and the other i.i.d. from P,. Then, the task of the decision
maker is to classify a test sequence which is drawn i.i.d.
from either P; or P». The decision maker observes the test
sequence sequentially and may choose when to stop sampling
once she is sufficiently confident. At that time, she makes
a final decision. Also, we extend our framework beyond the
binary classification setting and consider a sequential multi-
class classification problem without the rejection option.

A. Main Contribution

Our contribution in the paper can be summarized as follows.
In this paper, we extend the statistical classification problem
with empirically observed statistics to the case when the
decision maker observes the test sequence sequentially. First,
we consider the binary classification problem and propose a
test for the sequential setting. We analyse the performance
of this test in terms of type-I and type-II error exponents
(Theorem 2 and Corollary 1). Then, we show that this test
outperforms Gutman’s test [2] in terms of Bayesian error
exponent (Theorem 3). Furthermore, we generalize the prob-
lem setup to the multi-class classification. For this case,
we describe an achievable scheme and provide a characteriza-
tion of its error exponents (Theorem 5 and Corollary 3). As a
consequence of our results, we show that our test achieves
the same performance as that of Gutman’s but our test is
arguably simpler as it does not consist of the rejection option
(Theorem 6).

B. Paper Outline

The remainder of the paper is organized as follows.
Section II describes the problem setup and summarizes the
main results for the binary classification. In Section III we
extend the problem to the multi-class classification prob-
lem and presents our main results. Sections IV-B and IV-D
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are devoted to the proofs of the results provided in
Section II and III.

C. Notations

For each m € N, let [m] = {1,...,m}. The set of all
discrete distributions on alphabet X is denoted as P (X).
We use upper and lower letters to denote random variables
and their realizations, respectively. For a vector of length n,
we use the notation =" = (z1,x2,...,2,) € X™. Given a
vector 2" = (z1,22,...,2,) € X", the type or empirical
distribution is defined as

. Al
Qun (a) = - Z {z; =a}, VaeX,

i=1

where 1{-} denotes the indicator function. Also 7,, represents
the set of types with denominator n. The set of all sequences
of length n with type () is denoted by I'f) (we sometimes omit
n if it is clear from the context). In addition, we use E [-] to
denote expectation, and, when not clear from context, we use
a subscript to indicate the distribution with respect to which
the expectation is being taken; e.g., Eq [] denotes expectation
with respect to the distribution ). Other notation concerning
the method of types follows [18, Chapter 11] and [19]. If P
is a distribution on X then P" is the n-fold i.i.d. product
measure on X", i.e.,

P (") = l_IP(xi)7 V" e X"
i=1

The notion a,, = b,, means that %log ‘;—ﬂ — 0 as n — oo.
Similarly we can define g and 2 For other information-
theoretic notations we use the standard definitions, see e.g.,
[18]. Also, for a function f N — R, we say that
g(n) = O(f(n) if limsup,, .. |f(n)/g(n)| < oo, g(n) =
o(f(n)) if lim,,—oq | f(n) /g(n)] = 0, and g(n) = w(f(n))
if liminf, .o |f(n)/g(n)] = oco. Hence, for example, o(1)
denotes a vanishing sequence.

II. BINARY SEQUENTIAL CLASSIFICATION
A. Problem Statement and Existing Results

We assume that a decision maker has two training sequences
of length N. The first and second training sequences are
generated in an i.i.d. manner according to P, € P(X) and
P, € P(X) respectively. The underlying distributions (Py, P»)
are unknown but fixed (i.e., remain unchanged throughout).
The training sequences are denoted as X3 € XV and X2 €
XN, We fix a certain distribution P;« where i* € {1,2} which
is unknown to the decision maker. Then, at each time n € N,
a test sample Y,, € X as generated from P;« and Y,, is given
to the decision maker. The objective of the decision maker is
to decide between the following two hypotheses:

o Hy: The test sequence up to the current time {Yj}}_,
(which is generated i.i.d. according to P;-) and the first
training sequence X{V are generated according to the
same distribution.

Authorized licensed use limited to: The University of Toronto. Downloaded on November 15,2022 at 20:23:51 UTC from IEEE Xplore. Restrictions apply.



HAGHIFAM et al.: SEQUENTIAL CLASSIFICATION WITH EMPIRICALLY OBSERVED STATISTICS

o Hy: The test sequence up to the current time {Y},}7_, and
the second training sequence XJ¥ are generated according
to the same distribution.

To achieve this goal, the decision maker at each time n can
take three actions:

1) Stop drawing a new test sample and declare the test
sequence and the first training sequence are generated
according to the same distribution.

2) Stop drawing a new test sample and declare the test
sequence and the second training sequence are generated
according to the same distribution.

3) Continue to draw a new test sample from P;-.

In contrast to sequential hypothesis testing [20, Section 15.3]
where the two distributions are known, in this setup, the deci-
sion maker does not know either of the distributions. Instead,
the only information decision maker has about P; and P» is
through the two training sequences X1 and X2V generated
in an i.i.d. fashion according to P; and P» respectively.
Moreover, the problem considered here is different from
[2]-[6] where the classification is studied for the cases that
the length of the test sequence is fixed prior to the decision
making. In our setup, we let the length of the test sequence
be random. In fact, the total number of samples is a stopping
time determined by the decision maker’s action, i.e., this is a
variable-length setting. Next, we provide a precise formulation
of this problem. We begin with the definition of the test for
the aforementioned setup.
Definition 1 (Test): A test is a pair & = (T, d) where
e The integer-valued random variable 77 € N is a
stopping time with respect to the filtration F,, =
o{ XN, XN v1,...,Y,} generated by the training sam-
ples and the test samples up to time n.
e The map d (XM, XY, YT) — {Hy,Hs} is a
JFr-measurable decision rule.
Definition 2 (Type-I and Type-II Error Probabilities): For a
test & = (T, d), the type-I and type-II error probabilities are
defined as

P (@) =P; (d (XY, X5, YT # H;)

for ¢ € {1,2} respectively. Here P; denote the
probability distribution under H;. Also, note that for
any S C XN x AN x A" we have P;(S) =
Z(xf’,xév,y")es PN(XM)YPN(XN)Pr(y™). Also, E; denotes
the expectation under P;.

Definition 3 (Error Exponents): For a test ® = (T, d) such
that P (@) — 0 as N — oo and for i € {1,2}, we define
the type-¢ error exponent as

— log P9 (®)

e; (?) = liminf E: 7]

N —oc0
where E; [T] represents the expected value of the stopping
time under hypothesis H,.

Remark 1:  Note that the error event,
ie, d(X{',Xy¥,Y") # H; and the random variable
T depend on N. Furthermore, E; [T] indicates the average
number of the test samples under H; before the decision is
made.
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Gutman [2] considers the setup in which the decision
maker has a test sequence Y™ of fixed length n which is
independently generated from X{¥ and X2'. Note as N — oo,
n also diverges but we have limy , oo T—AIZ = «. For example,
we can think always think of N = |na]. To present Gutman’s
results, we need the following definition.

Definition 4 (Generalized Jensen-Shannon (GJS) Diver-
gence): Given a € Ry and (Py, P;) € P(X)?, the gener-
alized Jensen-Shannon (GJS) divergence is defined as

GJS (Py, P2,0) = aD(Py||P.) + D(P||P.). (1)
where P, = %.

Theorem 1 summarizes Gutman’s main results concerning
with achievable error exponents and the converse results for
the binary classification task using non-adaptive tests.

Theorem 1: (Gutman [2, Thm. 1]) Let % =aand A € R;.
Then Gutman’s decision rule

Hy if GIS (Qxp, Qyn o) <A,

Pour(A, ) = , Py ~ )
Hy if GJS QX{V,Qyn,Oé > A\,
has the following type-I and type-II error exponents
. —log PIT (Pgur(A, @)
= >
e1(Pgur(A; @) =lim inf N/a PN )
—log P§™ (@ A
&2(Pcur (A, @) =lim inf = ]\(f/aGUT( Dk (@, A),
“)
where
F(Oé,)\) £ min ) OéD(Q1||P1) —|—D(Q2||P2)
(Q1,Q2)eP(X)
subject to GJIS(Q1,Q2, ) < . 5)

Also, Gutman’s decision rule is optimal in the sense that
among all non-adaptive decision rules ®, satisfying e; gb) >
A for all pairs of distinct distributions (P;, P») € P (X)~, one
has e, (q)GUT(A; Oé)) > ey ((I))

Remark 2: The intuition for Gutman’s test in (2) and the
bounds in (3) and (4) are as follows. The rule in (2) posits
that we should choose H; if the type of the first set of training
samples X{¥ and the test sequence Y are “close”. The appro-
priate measure of closeness in this scenario is the GJS with
parameter o because the GJS arises naturally as the exponent
when one uses Sanov’s theorem to establish the exponential
rates of decay of the error probabilities and carefully takes into
account the different lengths of the training and test sequences
(see Lemma 2 and Lemma 5). The bounds in (3) and (4)
are natural consequences in view of Sanov’s theorem. In fact,
similar to the Neyman-Pearson rule, Gutman’s test is optimal

(cf. [3]).

B. Main Results

We now describe our sequential classification test. Fix a
threshold parameter v € R,. The proposed test for the
sequential classification is Pgeq(y) = (Tieqs dseq) Where Tieq
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and dgq are defined as

Tieq = inf {n >1:3i € {1,2} such that

N
—) zvN}ANQ,

nGJS (@XINa @Y”w n
(6)

and

] Hy if TiegGJS @Xév,éyneq,%eq > YN .
seq — . ~ ~ )
Hy if TieqGJS QX{V,QYTW,% >N

respectively. In (6), A denotes the pairwise minimum opera-
tion, i.e., a A b = min(a, b).

We can view the the decision rule in (7) as assigning a score
at each time n € N, i.e., score;[n] = nGJS (@Xizv, @yn, % ,
to each class. At the first time that the score of one of the class
exceeds the threshold, i.e., YN, the decision maker outputs
the class with the least score. As an illustrative example,
Figure 1 shows a realization of ®q(7) for two ternary source
distributions P; = [0.1,0.7,0.2] and P, = [0.05,0.55,0.4].
The threshold is v = 0.02. The test sequence is drawn from
P» and the length of the training sequence is N = 400. Note

that the stopping time defined in (6) is Tyq = 141 since at
n = 141, the score for class 1, i.e., nGJS Q\X{V,Q\Yn N

‘n )
exceeds the threshold ~. Therefore, based on (7), we declare
Hs as the final decision.

Remark 3: Note that in the definition of Tiq in (6), N 2 can
be replaced by any function 4 (-) : N — N with the following
properties: 1) h(N) = w(N%) and, 2) +logh(N) = o(1).
It can be verified that h(IN) = N? satisfies the aforementioned
conditions.

Before, presenting our main result on binary classification,
we need the following definition.

Definition 5: The Chernoff information between two prob-
ability mass functions P € P (X) and Q € P (X) is defined
as

A : n 1-n
C(P.Q) % - min log;(P @)"Q ). ®

In the next theorem, we present the main result of this
section which is on the properties of test ®yq(y) and the
achievable type-I and type-II error exponents of the pro-
posed test for the binary classification problem. The proof of
Theorem 2 is provided in Section I'V-B.

Theorem 2: Fix pair (P, P,) € P(X)* and v €
(0,C (P1, )] Define 85 € R, to be the solution of

GJS (Pg7 Py, ﬁ;) =065 )
Similarly, define 65 € R to be the solution of
GJS (Py, Py, 0%) =467, (10)

Then, the proposed test has the following properties:

o P (Dyeq(7)) < exp (—N7)
o By [T = % (14+0(1))

o PST (Dyeq(7)) < exp (—N7y)
o [y [Tseq] = eﬁ (1+0(
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score for Class 1: nGIS(Qx . Qyn. ¥)
144 score for Class 2: nGJS(Qxy, Qyn, ¥
=== Threshold: vN'
12

scores

0 50 100 150 200 250 300 350 400
number of test samples

Fig. 1. A realization of the sequential test ®Pseq(y) = (Tieq,dseq) in
(6) and (7).

The following corollary summarizes our results on the
achievable Type-I and Type-II error exponents.

Corollary 1: The achievable Type-I and Type-II error expo-
nents of the proposed test are given by

€1 ((I)seq(’}/)) > GJS (P27P1aﬁ;) ’
€2 ((I)seq('Y)) > GJS (P17P2a9;) )

(1)
12)

where 607 and 5; are given by in (9) and (10) respectively.
Remark 4: In this remark we provide a partial converse
bound for our results in Corollary 1. It is easy to observe that
the performance of the SPRT provides an upper bound on the
performance of our test. Therefore, combining [20, Thm. 15.3]
with (11) and (12), we obtain the following upper bound

€1 (Pseq(7)) €2 (Pseq(7)) < D(P1[P2)D(P||Py),
and lower bound
el(¢seq(7))e2(®seq(7)) >GJS (P27 Py, 5;) GJS (Plv P, 9;)

Indeed, if we let v — 0 which corresponds to the case that
By — oo and 65 — oo we have that
5 ,%i;nloo GJS (Py, P»,05)GJS (Py, Py, 32)

= D(P||P1)D(P1[| P2)

This is because of our results in Lemma 4. This shows that
our sequential scheme can recover the optimal performance in
the case that 35 — oo and 6 — oc.

C. Comparison to Gutman’s Scheme

In this subsection, we compare the proposed sequential test
with the Gutman’s fixed-length test. We adopt a Bayesian
approach in which we assign prior probabilities 7 € (0,1)
and mo = 1 — m; to H; and Hs respectively. In this case,
the overall average probability of error is given by

P (@) =mP (d (X{", X3, V") # Hi|H,)
+mP (d (X1, X2, Y") # Hy|Hy)  (13)
We define the error exponent for the Bayesian scenario as

—1 Perr (P
elgayesian ((b) = lim inf LU

N—oo N (19
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To make a fair comparison, let us assume each of the
schemes, sequential and Gutman, has two training sequences
of length N. For Gutman’s test, as usual we let % = « and
we consider the following variation

Hy if GJS (Qxy.Qvr.a) < A,

Peur(\, ) = . DU
Hy if GJS (Qxn,Qyn, o) = Ay,

, (15

in which A in (2) is replaced by A« here without loss of
generality. For ®gur()\, ), it can be readily shown that

SByesian (Povr(, @) = muagemin (A, B2 (e A)} - (1)
where
1
F 047)\ = min D P +—D P
LN 2 min e D@+ D@z 72)

subject to

éGJS (Q1,Q2,a) <A (17)

In the next lemma, we study the impact of « on the Bayesian
error exponent €gayesian (PGur).

Lemma 1: The function o — €f, g (Pour(A*, a)) is
decreasing.

Proof: Tt is straightforward to show that the objec-
tive function of (17) is decreasing in «. Also, because
%GJS (Q1,Q2, ) is decreasing in «, we conclude that the
feasible set is enlarged as « increases. O

Gutman’s test is designed for the case that a fixed-length
test sequence is provided to the decision maker. On the other
hand, from Theorem 2 we know that in the sequential test
the average number of the test samples under H; and H
are different and given approximately by N/33 and N/0%
respectively. In light of Lemma 1, we will assume, for the
sake of comparisons (between Gutman’s test and ours), that
Gutman’s test is provided with N/min{6%, 35} test samples,
i.e.,, the (deterministic) number of samples in the testing
sequence used by the Gutman’s test is equal to the largest
expected sample complexity of the sequential test under any
of the two hypotheses. We assert that under this assumption,
it is fair to compare the sequential and Gutman’s tests. The
next theorem presents our results concerning the comparison
between these two tests.

Theorem 3: Consider the scenario in which N/min{63, 35}
samples are available to be used in Gutman’s test. Then,
achievable Bayesian error exponent of the sequential scheme is
strictly greater than the Bayesian error exponent of Gutman’s
test.

Proof: The proof is provided in Appendix IV-C. O

We showed that €, (Pseq(7)) > 7, and we know v €
(0, C(Py, P2)]. In the next Corollary we provide the maximum
achievable Bayesian error exponent of ®geq(7).

Corollary 2: The maximum achievable Bayesian error
exponent of the sequential scheme Pyeq(7y) is C (Pr, ).

In Figure 2, we provide a numerical example to quantita-
tively illustrate the gain of our proposed test versus that of
the Gutman. We plot an achievable Bayesian error exponent
based on our sequential scheme compared to the Bayesian
error exponent of Gutman’s test versus min{6%, 35 }. We con-
sider a ternary alphabet X = {1,2,3}. In Fig. 2, we set
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—#— Gutman test
—*— Sequential test

=
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=
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=
o
2

Achievable Bayesian Error Exponent

0.02 | \K‘M

3 4 5 7 8 9 10

6 7
min{3*, 6*}

Fig. 2. Comparison of Gutman’s test and the sequential test in terms the
Bayesian error exponent for P; = [0.1,0.3,0.6] and P> = [0.45,0.45, 0.1].

P, =1[0.1,0.3,0.6] and P = [0.45,0.45,0.1]. As the problem
in (17) is a convex problem, we used CVXPY package [21] to
perform the optimization. This example shows that sequential
test significantly improves the Bayesian error exponent over
Gutman’s fixed-length test.

III. SEQUENTIAL CLASSIFICATION: MULTI-CLASS
CLASSIFICATION PROBLEM

In this section, we extend the binary classification setup to
the scenario in which we have M > 2 classes.

A. Problem Statement

In the classification problem with M classes, the decision
maker has access to M length-N training sequences denoted
by {X} }Z\il Each training sequence is generated in an
ii.d. manner according to one of M unknown distributions
(Py,...,Py) € P(X)™. We fix a certain distribution P;-
where i* € {1,..., M}. At each time n € N, a test sample,
denoted by Y,,, is generated according to P;~ and is given to
the decision maker. The decision maker is tasked to classify
the test sequence {Y} }}_,, i.e., assign it a label from the set
{1,..., M}. More formally, the decision maker has to decide
between the following M hypotheses:

e H; where i € {1,...,M}: The test sequence {Yj}}_,
(which is generated i.i.d. according to P;+) and the ith
training sequence X/ are being generated according to
the same distribution.

For the described setup, the test, the error probabilities, and the
error exponents can be defined analogously to Definitions 1, 2,
and 3, respectively. However, here the stopping time 7' is now
adapted to the filtration F,, = o{{XN}M,,¥7...,Y,}, and
the terminal decision rule is a function of ({XV}2M, V7).

The multiclass classification problem has been considered
from information-theoretic perspectives in [2]-[6]. There are
two main aspects that distinguish our work with previous
studies. First, the lengths of the test sequence is fixed in [2]-
[6]; however, we let the length of test sequence be random.
Second, the M-class classification problem is often studied
with the rejection option in the literature; our setup does not
include the rejection option. More precisely, in [2]-[6] the
decision maker has the following M + 1 hypotheses:
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o H; for each i € [M]: The test sequence Y and the
ith training sequence XV are generated according to the
same distribution.

e H,: The test sequence Y™ is generated according to a
distribution different from those in which the training
sequences are generated from.

Provided that the length of the test sequence 7 is fixed, in this
framework, the error probabilities and the rejection probability
are defined as

Py (@) =P, (d ({XN}L,,Y") ¢ {Hi, H}) (18)
Pi9(®) = P; (d ({X]N}M,,Y") = H,) (19)

for i € [M]. Here note that we are considering realizable case
in which we know that the test sequence and one of the training
sequences are generated according to the same distribution.
In (19), P;(®) denotes the probability that the decision maker
declares H, as the terminal decision (the rejection option is
taken here). The main result for the setup with fixed-length
test sequence and the rejection option is by Gutman [2]. Note
as N — oo, n also diverges but we have limy 5, % = .
For example, we can always think of N = |na]. In [2] the
following questions are addressed: What is the largest A € R
for which
1) for i € [M], we have

rr M
H g — 108 PE (261 (A, @)

n—oo n

where ®37)(\, ) denotes the Gutman’s test; and

2) the rejection probability tends to zero as n goes to
infinity?
The next theorem provides an answer to the aforementioned
question.
Theorem 4: (Gutman [2, Thms. 2 & 3]) Assume % = qa.
Then, the maximum A satisfying both conditions mentioned
above is

> A (20)

A= min

GJS Pi,P‘,Ot .
i,jE[M),i#j (i By )

21

Moreover, if \ > X, the rejection probability goes to one as n
goes to infinity.

B. Main Results

In this section, we present our proposed test which does not
utilize the rejection option. Let v € Ry be a fixed threshold
for the test. For n € N, define the set

\Ilné{z’e{l,...,M}:Ell<k<nsuchthat

k638 (Qr Qe ) 220V

(22)
Then, the proposed stopping time is
TGD 2inf {n > 1: |0, >M -1} AN (23)
Also, at time Ts(eq , the terminal decision rule is
digq) 2 [MI\ W pan. (24)

The proposed test is denoted by @Séﬁ?( )= (Tg(ejg), dﬁé;“).
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Fig. 3. A realization of the sequential test @5%4) for the multi-class
classification.

Figure 3 shows a realization of @Seq (7) for three ternary
distributions P, = [0.1,0.7,0.2], P, = [0.4,0.5,0.1], and
P; = ]0.3,0.3,0.4], and v = 0.03 where the test sequence
drawn from P» and the length of each training sequence is
N = 300. Note that the stopping time defined in (23) is
Ts(ej(\l/[) = 40 since at n = 40, we have |Ur3| =2 =M — 1.
Then, according to (24), the final decision rule is Hj. We
now recall that C' (P;, P;), defined in (8), denotes the Chernoff
information between F; and P;. This will feature in the next
theorem.

Theorem 5: Fix (Py,...,Py) € P(X)™M. Let M £
{(,5) € [M]*,i # j}. Then, for any ~ €
[O ming jyeam C (B, P; )}, the proposed test achieves

o Per(@ (7)) < exp (—N7)
° E’L {Ts(eq )} =

where Gy(j),v

N
Wi e ] 71 0 ) 0 ] (14+0(1))
is given by the solution to the following equation

GJS (P] 91(]) 'Y) = ’)/9:(])’7, \ (Z,]) € M

Corollary 3: The achievable error exponents of the pro-
posed test under H; is given by

(25)

—1 Perr Q)EM)
e: (2% (7)) = Timinf —= (Peq” ()
> in GJS(P;, P, 6%, 26
_jEU\H}I]%# ( I Z(J),v)’ (26)

for all i € [M]

C. Comparison to Gutman’s Test for the Multiclass
Classification Problem

In this section, we compare the Gutman’s test for the mul-
ticlass classification problem using the test <1>§£q” ). We adopt
a Bayesian approach in which we assign prior probabilities
mi,4 € [M] to hypotheses H;,i € [M]. In this case,
the average probability of error is given by

M
) = ZTLL'IP d
i=1

Here, we are interested in the Bayesian error exponent defined
in (14). The main result by Gutman in Theorem 4 can be

P (® (XXMM YY) # Hy | H) . (2D)
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restated in terms of the Bayesian error exponent as follows.
The maximum Apayesian for which we have

™ M
eBayesian ((DE}U])“()‘) 0&)) > )\Bayesiam

and the rejection probability defined in (19) tends to zero
as N — oo is
* . GJS(Pi,Pj,()é)

Bayesian — min :

28
(i,7)EM Q (28)

It can be shown that Aj, .., is a decreasing function of a.
We follow the same approach as in Section II-C where we
compared Gutman’s scheme with our proposed test for the
binary case. We argue that assigning « to be min; jye 91.*0.)
where 91,*( i) defined in (25), ensures that the comparison of the
achievable Bayesian error exponents of Gutman’s scheme and
the sequential test is fair. From Theorem 5, it is straightforward
to show that

egayesian ((bgel\(;[) (,Y)) > - (29)
Here, we claim that setting o = min; jye m 91,*@) in (28),
we get
L GIS (P, Py mingi jyerd 07, )
Bayesian (I,k)eM ming ;e m 9:(],)’7
=, (30)

where the last step can be proved as follows: For all (I, k) €
M, we have

>~ min 6 3D

GJS | P,P;, min 6, N
( DR G ) (jyem O

yem
The reason for (31) is as follows. Define f,;(8) =
GIJS (P, Px,0) — ~0. Note that fl,k(ez(z),y) = 0. Fur-
thermore, for 0 < 92(1)77 we have f;;(0) > ~6. Since
ming ;e m 91,*(34)77 < 91:(1),w we have (31) as required. There-
fore, we showed that the Bayesian error exponents of Gut-
man’s test and the sequential test are the same. However, recall
that the sequential test achieves this performance without the
rejection option. The next theorem summarizes our discussion
in this section.

Theorem 6: The achievable Bayesian error exponent of
the sequential test, i.e., @gég) (7v) is equal to that of the
Gutman’s @éﬂg%(v) Gutman’s test achieves this performance
by introducing the rejection option, while the sequential test
does not have this option.

Corollary 4: The maximum achievable Bayesian error

exponent of the sequential scheme @ﬁé‘f )('y) is

C(Piapj)v

min

(i,5) €M) i#j

where C (P;, P;) is Chernoff information between P; and P;.
Remark 5: It is interesting to note that the possibility of
removing the “rejection region” provided that sequential tests
are allowed has been shown in other contexts. For instance,
in [22, Theorem 6] and [23, Theorem 1] this phenomenon
was shown in the context of block coding and streaming
data transmission, respectively. However, to the best of our
knowledge, none of the previous works consider scenarios in

(32)
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which the distributions are unknown or partially known. This
works aims to formalize this idea the more practical statistical
learning scenario in which one has partial, noisy information
about the underlying distributions in the form of finite-length
training samples.

IV. PROOFS OF THE MAIN RESULTS
A. Preliminary Lemmas

Subsection IV-A is devoted to some preliminary lemmas that
will be used in the sequel. We first start with Lemma 2 which
provides a variational representation of the GJS divergence.

Lemma 2: Let v and w™ are two sequences with types
@1 and @5 over the alphabet X, respectively. We form the
following optimization problem.

1
. - n+N (,,N . n
min - log P (v W )
subject to P € P (X). (33)

Then, the optimal value of (33) lower bounded by
GJS (Ql,Qg,%). Also, the optimal solution is given by
P* — %Ql"l‘QZ

1+
Proof: We begin the proof by rewriting

ND(Q1]P) +nD(Q2||P)

Q1 Q2
_ NEo, [bg? +nEq, [log 2 (34)
Q Y0Q14+Q2
_ _ @ e
—NEQI log Y0+ —I—NEQl P
1+
0 - Q1+Q2
2 1+
1+
N N1+
=nGJS (Ql, Q2, —) + (N+ ’I’L)D(LNQQHP)
n 1+
(36)

Then, from [19], we have
Pn-{-N (UN,’LUn) _
exp (=N (D(Q1[P)+H (Q1)) —n (D(Q2l|P)+H (Q2)) )
(37)
N
= exp ( —nGJS <Q1, Qo, E) — NH(Q1) — nH(Q2) —
Q1+ Q2 |P))

1 N

(N +n)D( (38)

< exp (—nGJs (@1, s, %) _ NH(Q1) - nH (Q2>)
(39)

In (38), we plug (34) into (37). Finally, the last step follows
due to non-negativity of KL divergence. The upper bound

: : _ Ti14Q:
can be achieved by setting P = BT Therefore, we can
" N
conclude that the optimal solution is P* = % O
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Intuitively, if one wishes to find a probability measure that
maximizes the joint probability of observing two sequences
with different length and different types, then GJS naturally
arises as a lower bound for the exponent of the desired
probability.

In the next lemma, an interesting connection between the
GIJS divergence and mutual information is established.

Lemma 3: Let X and Y are two independent random
variables drawn according to probability distributions P and
@ respectively over the same alphabet. Also, W is a Bernoulli
random variable independent of X and Y with probabilities

% and = for a € Ry, respectively. Let us define the
X ifW=
random variable Z as Z £ 1 W=0 . Then, we have
Y iftW=1
1+a)I(Z;W)=GIS(P,Q,«) (40)
Proof: We have
I1(Z;W)=H(Z) —H(Z‘W)
1
=H((Z)-H((Z|W = —HZW:1
(2)-H(Z] =11
(e o)
reX (1 To
« 1
1 —P
. og<1+ <x>+1+a@<x))
+1+QZP x)log P (x ZQ )log @ ()
reX xeX
=— P, 41
2GS (P.Q.a) @
which gives us the desired result in (40). O

Lemma 4 provides several properties of the GJS divergence.
Lemma 4: For any pair of distributions P and @ in the
interior of P (X') and o € R, we have the following facts.
1) GJS(P,Q,«) is a concave function in « for fixed P
and . Moreover, lim, ., GJS (P, Q,a) = D(QHP)
2) For a fixed o € Ry, GJS (P, Q, ) is a jointly convex
function in (P,Q).
3) For fixed P and @, the necessary and the sufficient
condition for the equation GJS (P, Q, «) = A« to have
a non-zero solution is A < D(P]|Q). Also, the solution
is unique.
Proof: e Proof of Part (1): To begin with we start by
deriving the first and the second derivatives of GJS (P, @, ).
We have

9GS (P,Q, )

aP+Q

e = PPIg) 42)
0°GIS (P.Q0) 1 Q) - P)
rE 1+a§P("’”> aP @)+ Q@ P

We can manipulate the second derivative as

| QWP
1+a;€;P( )P T 0@

LU (i (0 Pe)
_1+aZP()(1 aP(x)+Q(x)>

reX
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- (- el
Slia<1_EP[ag(+o)oPu(c)>o] ) “
=0,

where (44) is obtained obtained by applying Jensen’s inequal-
ity to the convex function 1/x for x > 0. Thus, we conclude
that the second derivative in (43) is negative. Moreover, letting
« tend to infinity in (1), we obtain the claim stated in the first
part of Lemma 4.

e Proof of Part (2): Consider two pairs of distributions (P,
Q1) and (P, Q2). For 0 < 0 < 1, define Py = 0P +
(1 —=0)P; and Qp = 0Q1 + (1 — 0) Q2. Then, consider

GJS (Pt9a QG;Q) =

P P
aD(6P1 + (1 — )P2||eo‘1fw+(1—9)o‘ff?)
FD(IQu+ (1-0) Q™ 4 (- g ST

SHGJS(Planv ) ( - )GJS(P%Q%O‘)

where the last step follows due to the convexity of KL
divergence [18, Thm. 2.7.2].
e Proof of Part (3): Let f (o) £ GJS(P,Q,a) — \a. First,
note that f(0) = 0 and f («) is a concave function. It is
straightforward to see that f(«) has at most one non-zero
root. Assume that there exists o* > 0 such that f (a*) = 0.
By the mean value theorem, we know there exista & € (0, a*)
such that f’ (&) = 0. Knowing this fact and considering the
strict concavity of f (a), we must have f’ (0) > 0 which using
(42) we have A < D(P||Q). For the other direction, assume
that A\ < D(P||Q). Then, there exist an ¢ > 0 such that for
0 < a < € we have f(«) > 0. Then considering the fact
that lim,—,o f (&) = —o0, f must have a root in the interval
€, 00). O

Lemma 5 states an upper bound on the probability that
the GJS divergence of two sequences (of different lengths in
general) drawn from the same probability distribution exceeds
vN.

Lemma 5: Assume XV and Y are two sequences drawn
from the same probability distribution P € P (X). Then,
we have

]P’(nGJS (@XN,@Y?L, %)ZvN)gexp (—'yN)(n—i—N—i—l)‘Xl.
(45)
Proof: Define R = {(Ql,Qz) e Pn(X) x

P (X) [nGIS (Q1,Q2, %) > yN}. From the method of
types, we can write

P (nGJs (@XN, Qyn, %) > vN)

< Y e (-ND(@iIP))exp (—nD(QsllP)) @6)
(Q1,Q2)ER

= > ew(-nes(@eny))
ER "

(Q1,Q2)
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X exp (— (N +n)D(2 (47)

>

(Q1,Q2)ER

N
< exp (—Nv) (N+n+1)%! Z P( B(/n]
(Q1,Q2)ER

ClQl + Q2 ||P)>
+

n

%Q1+}Q2

<exp(—N
< exp(—Nv) .

(N +n)D( I1P))

exp (—

n+N
el NQj/n+Qo )
1+N/n

(48)

< exp(=Nv) (N +n+ 1), (49)

where the first step is due to the independence of the two
sequences and an application of Sanov’s theorem. Equa-
tion (47) is obtained by using (36) and in (48), we used [18,
Theorem 11.1.4] concerning the probability of a type class. [

Lemma 6: Consider two probability distributions P &
P (X)and Q € P (X). Fix v > 0 such that C(P,Q) > 7 and
C € R as an arbitrary constant. Denote o as the solution of
GJS(Q, P,a*) = ya*. Let X denote a sequence consisting
of N i.i.d. samples drawn according to ). Also, a3, denote the
solution of GJS (@XN,P, oy | = yaly if exists, otherwise
set o)y = C. Then, as IV tends to infinity o’y converges in
probability to .

Proof: Consider ¢ > 0. Define Sy = {QXN €
TN|D(QXN||P) > ~}. From Lemma 4 Part 3, we know
that under the event Sy, there exists a solution for
GJS (@XN, P, a’;\,) = yay. Then, we can write

Pllay —a’[ 2 €) =P({lay —a’[ 2 ¢} N {Qx~ € 5n})
+P({lay —a™| 2 e} N{Qx~ ¢ Sn})

P({|ak — a*| > e} N {Qx~ € Sn}) +P(Qx~ ¢ Sn).
(50)

Let f(V,a) : P(X) x R — R defined as f(V,a) =
GJS (V, P,a) — ya. First of all note that since D(P||Q)

C(P,Q) >+, o* exists (see Lemma 4 Part 3). Also, note that
on the event Sy we know there exists a solution a’; such
that it satisfies f(Q XN a’y) = 0. From the implicit function
theorem [24], since aa|a—a* # 0 and f is a continuously
differentiable function, there exists a unique continuously
differentiable function g : U — R and a open set U which
contains @ such that g(V)) = a and f(V, g(V')) = 0 for every
Ve UA Therefore, we can find a sufficiently small 6 > 0 such
that [|@x~ — Q| < 4 then |a, — a*| < €. Note that we need
to choose § so that {||Qx~ — Q| <} C U. Hence the first
term of (50) can be written as

P({lay —a™| = e} N {Qx~ € Sn})

<P{llQ@xy — QI =2 0} N{Qx~ € Sn}).
Due to the fact that @ x~ converges in probability to Q) as
N — o0, we conclude that the first term converges to zero as

N — o0. Using the Sanov’s theorem, the second term in (50)
can be written as

P(Qxv ¢ Sy)< exp(—N

Y

(51

min
viD(V|IP)<7)

< exp(—N7)

D(V[Q))

(52)
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The reason behind the last line is
{v € R mmVeP(X):D(VHP)gyD(VHQ) > 7t =
[0,C(P,Q)]. Therefore we showed that both term in

(50) converges to zero as N — oo, as was to be shown. [
Lemma 7: Consider the optimization problem

m
Zwiei

m

Z le;| <0,

min
(€1,ee6m ) ER™

subject to

(53)

Here, w1, ..., w,, and § > 0 are constants. Then, the optimal
value of the optimization problem in (53) is

é <min w;j — max wj> .
2 \jelm] j€lm]
Proof: Note that in this proof, the optimal value of
variables are denoted using an asterisk in the superscript.
We assume without loss of generality that w;’s are all distinct.
Otherwise, assume wy, and wyg, are equal. Assume that we
add another constraint to the optimization problem in (53) to
get

(54)

min
(€1, r€m ) ER™

m

E W;€;
i=1

m

E |€’L| < 5;
i=1

m

> €=

i=1
Ekl = Ekz.

subject to

(55)

We claim that the optimal value of the optimization problem
in (55) and (53), denoted by OPT; and OPT,, are equal. The
reason is as follows. First of all since the feasible set of (55)
is a subset of (53) we conclude that OPT; < OPT,. For the
other direction, assume {€; ; };c[,) are the optimal value of
(53). Then consider setting €; = € forz ¢ {ki,ko} and g, =
€y = ekhl + €}, 1- Since |Ek1 1+ €y, 2‘ < ‘ekl 1‘ + ‘ekl
these values give us a feasible point for (55). Thus we have
OPT; > OPT,. This result shows that given that wy, and
Wy, are equal we can write wg, €g, + Wk, €g, = 2W, €k, , and
instead of optimizing over €, and €;, we can only optimize
Over ¢, ,. So, in the sequel, we safely assume all w;’s are

distinct. We introduce new variables e;" > 0ande; > 0 for
i € [m)]. letting €; = €;” — ¢; , we rewrite (53) as
m
. + —
 min ;w (F—¢)
m
subject to Y (e +¢€,7) <6,
i=1
m m
dd=2a
i=1 i=1
e e, >0 Vie[m] (56)
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Note that by |e;| = ¢ +¢€; and ¢; = €] —¢; we implicitly
impose the condition €} ¢; = 0 without loss of optimality [25].
The optimization problem in (56) is a linear program, and
the optimal solution can be found by considering the Karush-
Kuhn-Tucker (KKT) conditions [26, Chapter 5]. Then, we can

write the Lagrangian function of (53) as
({€+}z 1’{ }’L 1’9 v, {AJ’_}'L 1’{)\ }’L 1)
_Zwl +V<Z(i+€i)_5>

i=1
m m

—Z)\j‘e;" —Z)\;ei_ +9§: (e+ — €,
i=1 i=1 i=1

where v > 0, )\;r >0, A; >0, and 0 are dual variables.

Taking the derivatives of Lagrangian with respect to e;r and
¢; and setting them to zero, we get

wi +v* — (\[) +60°=0, and (57)

—w; + v — (A7) = 6" =0, (58)

respectively. Note that given that wy, ..., w,, are not all-zero,
it can be verified that there exists at least two indices ¢, j € [m]
such that we have €} > 0 and €; < 0. In this way, for €} and
ey, (57) and (58) can be written as
w; = —v* — 0%, (59)
w; = v — 6%, (60)
In (59) and (60), we have used complementary slackness,
e, AFer” =0 and /\jjeJ = 0. Here we claim that there
are exactly two indices for which |¢f| > 0. The reason is that
as seen in (59) and (60), —v* — 60* and v* — 6* can only
take two values. So, given that w;’s are all distinct (59) and
(60) can only be satisfied by exactly two indices. Therefore,
searching among all ('}') combinations of choosing two out of
m indices, it is straightforward to see that the optimal solution
of (53) is given by

% if 7 = argmin, wy,
€ = —g if ¢ = arg miny, wy, (61)
0 else.
Thus, the claim stated in the lemma follows. O

B. Proof of the Results for the Binary Case

In this section, we provide the steps toward proving Theo-
rem 2. Specifically, this section consists of three parts. First,
we present our results on the expected value of the stopping
time. Then, the error probability analysis is provided. Finally,
we conclude with the derivation of the error exponent.

For brevity, we present the result for the case that the true
hypothesis is Ho, i.e., the underlying probability measure is
P5. The extension of the results here to the case that Hy is
the true hypothesis can be readily done by replacing P; by
P, and vice versa. The following lemma will be used in the
the next theorem.
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Lemma 8: Assume f(xz) = GJS (Q\X{V,PQ,J?) —yx =10
has a solution in x and let 03, be the solution. Consider

A o) N
UL(6) & max o GIS(Qupy,Vi0)
1
subject to D(V||P,) < Nina (62)
and
_(0) £ mi Qxn,V,0
U-(6) £ min  GIS(Qxy,V.0)
subject to D(V[|P,) < — (63)

Then, for sufficiently large N, we can construct 67, and 6y
which have the following properties.

1) 05 >0y
2) 0% — 03 = O (5aK)
3) Oy < 0%
4 0 0y = 0 (53m)
Furthermore, 6} and 0} satisfy
Ut (6%) <~0%, and (64)
U_(0y) >0y (65)

Proof: The proof consists of explicit constructions of 9;(,
and 6. The proof is tedious and deferred to Appendix A. [
Before presenting the main properties of the stopping time,
we present the following lemma which provides an almost
sure lower bound on the stopping time.
Lemmg 9: The stopping time defined in (6) is greater than

(ﬁ) N almost surely.
Proof: Define

A A Zn,l
Zn,2
where Z,, 1 and Z,, » are distributed according to Q XN and

Qyn respectively. Also, following the same notation as in
Lemma 3, let W,, be a Bernoulli random variable Bern(
From the results of Lemma 3, we can write

nGJS (Q\X{\HQ\Y”, %)

it W, =1

, 66
it W, =2 (66)

)

—n <1 + %) I(Zu;Wa) (67)

N N
n<1+z>Hb<N+n> (68)
< (n+N)(2log2), | " (69)
- SN Ny

< (2log2)vnN.
Here, (68) follows due to the fact that I(Z,;W,) <
Hy, (W,) = Hb( N) where Hj(p) is the binary entropy
function defined as Hy(p) = —plogp — (1 — p)log (1 — p).

Finally, in (69) we use H; (p) < (2log2)4/p (1 — p). There-
fore, considering the stopping time in (6), we can conclude

that )
o
Toeq > N
sed = (210g2)

(70)
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By replacing @ xn with @ xx in the definition of the random
variable in (66), we get the same lower bound as in (70) so
the lower bound is agnostic to the true hypothesis. O

Before presenting the next results, we will define a nota-
tion. Let X and T are two random variables, and B is
a o(X)-measurable set. We define E[T|X,X € B] a
a o(X)-measurable function as E[T|X,X € B](x) =
E[T|X](z)1p(x), where 1p denotes the indicator function
takes value of 1 on B.

Lemma 10: Define the set

$12{Quy € TN‘D(@X{VHPQ) >4},
The stopping time in (6) has the following properties:
D) E2[Tig| Qs Qxy € 81] 2 2F (1 - 0(1))
2) E2[Tieg | Qxp Qxy €8] < 75 (14 0(1))
3) 2 [Tieq] = 7+ (1+0(1))

where 9;(, and 0, are defined in Lemma 8. Also, 6* is the
solution of

w2

(71)

GJS (Pl,PQ,e*) :79*. (72)

Proof: First of all, note that for all @ XN € S1 (the set 3
was defined in the statement of Lemma 10), we can assert that
there exists a solution to the equation GJS (@ XN P, 0% ) =
v0~ (See Part 3 of Lemma 4).

Proof of Part 1: We obtain

E2 |:Tseq|éxf\f7@x{\f € 51} :ZP2 (Tsquk‘@x{\H@x{V €$1>

E>1

=z

> P2 (Tseq > k‘Q\X{W@X{V 6Sl)

k=1

N N -~ ~
> ﬁ(l - PQ(]- < Tseq < ﬁ|QX{VaQX{V € Sl))

N y 2 N  ~ ~
:ﬁ(l—Pz((m) NﬁTseqS ﬁ}@X{\’vQX{V 6'51)7

(73)

where in (73) we have used Lemma 9. Next, we show that
the probability term in (73) is o(1). To do so, we obtain (74)
and (75), shown at the bottom of the page. (74) is due to the
definition of the stopping time in (6) and the union bound. To
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Then, we provide an upper bound for the second term in (75)
as follows. Let f : N x P(X) — R be

Flk, Qxp) = D(V|P).

min
VEP(X):kCGIS (QXN v, %) >y N
1

Then, consider

% N
Z P, (kGJS (@x{\u@ym?)zN’ﬂ@x{v,@x{v € S1)
2

b=(amez) N

(76)
%
< > B exp (< kf(k, Q) (77
k:(212g2)2N
D N
N XY e N
< 2 G ew (-ghgg)” NG Qxy)
h=(z10g3)" N
(78)
N [X]+1 v
< (ﬁ_‘_l) eXp(—(210g2) \/N), (79)

where in (78) we have used the fact that the function
kGJS (P,Q,%) is increasing with k. Therefore, as we
increase k, the value of the optimization problem in (78)
decreases. Finally, the last step comes from the property of
0} in Lemma 8 which argues that

-+ > ~ N -+
Wy 2 Vep(¥) GJS (Qxl 'V, QN)
subject to D(V[|P,) < i

VN

This completes the proof of Part 1 of Lemma 10.
Proof of Part 2: We begin with bounding the tail probability
of the stopping time. We can write

N
PQ <Tseq > -
GN

= Z P (ﬂeq_k+1'Q\X{Va@X{V 681)

k>-AL
N

(80)

(81)

@X{V ) @X{V € 51)

(82)

N ~ N N N
<3 P (kGJs (ng,czyk, z) < WN‘QX{V,QX{V c 81)

k>

<

obtain the first term in (75), the result of Lemma 5 is used. (83)
N
N "~
’y ~ ~ ~ ~ ~ ~
PQ((QlogQ)QNSTSC"Sﬁ|QXfV’QXfVGsl)SPQ( U {kGJS (Qxé"aka,E) ZNWHQX{V,QX{V € S1)
k:(QIZgQ) N
N
ot
N ~ ~ N
+ P U {kGJS (QX{\HQYME) ZN’V}‘QXJ\MQXN €S) 74
k=(213g2)2 N
N
ot
N [xX] N N R N - R
< _ﬁeXP(_W) (@ +N+1> + >, P (kGJS (QvavQym E) > vN‘Qva,QX{v € $1> (75)

Authorized licensed use limited to: The University of Toronto. Downloaded on November 15,2022 at 20:23:51 UTC from IEEE Xplore. Restrictions apply.



3106

< Z(k—&—l)‘x‘exp( k min D(V||P2))
Sl Ver(x kGJS(@ %)
" (84)
< 3 ew(lios(h+ Doy (-%) 55)
< exp (—@ (1+ 0(1))> (86)
9N

Here, (85) is obtained using the results of Lemma 8 and the
fact that kGJS (P, Q, %) is an increasing function in k. Then
the last step follows from some manipulations. Finally, from
(82)-(86), we deduce that

EQ [quq

N N |~ ~
< —P» (Tseq < _‘QXNaQXN € 31) +
9N HN 1 1

> (k+1)Py

k>N

Q\X{V; @X{V € 31]

(Tseq =k+ 1‘@;@,@@ € 81) (87)

22'

(I1+0(1)), (88)

< 9_
which is the desired result.

Proof of Part 3: By the construction of 9]"{, and 0 in the
proof of Lemma 8, when IV diverges to infinity, it can be seen

that 03 — 0% _o(ljvgN) and 0% — 0 _0( . Also,
4
from Lemma 6, we know that 8%, converges in probablhty to

0. Considering the definition of Tiq in (6), we can write

Eg [Tieq) = E2[E2([Tieq | Qx| 1{Qx» € S1}]

+ Eo[E[Tieq | @X{V]l{@X{V ¢ Si}] (89)

_ 95 (14 0(1)) + NPy (Qxy € 61) (90)
x

= é\j (1+o0(1)) +o(1) 1)

Here, for the first term of (90) we have used [27, Thm. 2.3.4]
to leverage the convergence in probability for 63, — 6* into
convergence in expectation. Note for the final step we have
used (114) and Sanov’s theorem to write

P2 (Qxp ¢ S1) < exp (-N7) 92)

and Tiq is, almost surely, at most N 2 which is subexponen-
tial. O
Corollary 5: When the true hypothesis is Hi, we have

B [Tieq] = B (1 +0(1)), (93)
where, 5; is the solution of
GIS (P2, Pr, 33) = 735 (94)

Therefore, considering the results in Part 3 of Lemma 10
and Corollary 5, the claim in Theorem 2 regarding the stopping
time follows immediately.
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The following lemma presents bounds on the error proba-
bility of the proposed test.

Lemma 11: Under the two different hypotheses, the error
probabilities of P, satisfy

P (Pseq(7)) <

eXp(—Nmin {’y, min D(V||P2)}).
VeP(X):D(VIPy) <y+en
95)
P5™ (Pseq(7)) <
exp (— N min {~, min D(V|P)}).
VeP(X):D (V|| Py) <v+ely
(96)

where ¢ and €’y are sequences that tend to zero as N — oo.

Proof: To compute error probability, we define test
Dirunc(7) as a truncated version of ®geq(7y). Using Pyync (),
the decision maker follows the same decision rule as ®gq(7)
in the interval [1, N?]. However, if the stopping time Tyeq
has not occurred in the interval [1, N 2} , the decision maker
declares error. It is easy to verify that the error probability of
®runc(y) is an upper bound for that of ®q(7y). Hence, we can
write

Pgrr(q)seq('Y)) < P (Purunc (7)) 7
N? R R N

=Py (U {065 (@ @ 7 ) 209}
k=1

+ Py (Tieg 2 N?) ©8)

where the first and second term in (98) correspond to the
events of “wrong decision" and “no decision" respectively.
From Part 3 of Lemma 4, we know that in order to to have
a 03 which satisfies GJS (Q x~, P2, o) = ya, we require

the condition D(@ XNHPQ) > ~. Also, from the results of
Lemma 8 we know that 6, can be constructed using 6%, given
that 6% exists. In fact, the map between 0% and ¢, is one-
to-one. Let us define the following set

Ay £ {Q\X{v € Ty |36} such that

- N
QJs (QXfV,PQ,ej*V) — 0% and 0y > N2} 99)

Next, we argue that since 6% is a continuous function of ~,
An has another representation which is given by

Ay ={Qxp € T [D@xplIP2) 2y +en}  (100)

where € > 0 goes to zero as [N goes to infinity because as
N goes to infinity, 07, is greater than zero, and this condition
can be satisfied by having D(QXN | P2) >~ (See Lemma 4).
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Then, we can write
Py (Tseq > NQ‘QX{\U QX{V € AN)

< ¥ (g -+ ) -

k>N2

> (101)

=l

< exp <_\]/\7_; (1+o0 (1))) (102)
< exp (—N% 1+o0 (1))) (103)

where in (101) we have used (82)-(85) and the fact that N2 >

XN Then, we obtain

On

Py (Tiq > N?)

< E [PQ (Tseq > NQ’@)({V) ]I{Q\X{V € -AN}}
+ Py (D(Qxp[P2) <7 +ew)

< exp (~NF (1+0(1))) + P (D(QxplIB) <7 +en)
(105)

(104)

< exp (—N% (1+o0 (1)))

-N min

D(V|Pr)
VeP(x):D(V|[P:) <v+en

+ exp (106)

Here, in (105), we have used (103). Also, the last step follows
from Sanov’s theorem. Therefore, we obtain

P (@seq (7))
< N?exp (—N7) (N + N+ 1)+ exp (-N% (1+0(1)))

+exp | —N min D(V||P) | (107)
VeP(X):D(V||Py) <v+en
< exp| =N min{~, min D(VHPl) ,
VeP(x):D(V|[P:) <v+en
(108)
where the first term in (107) follows by Lemma 5. O

Equipped with the analysis of the stopping time and error
probability, we conclude the proof of Theorem 2 by deriving
the desired achievable error exponent. We write

. — log P (Dyeq(7))
€5 (Pyeq(y)) = liminf (109)
( q( )) N oo EQ [ﬂeq]
> ¢* liminf min {’y, min D(V||P1)}
N—oo VeP(X):D(V||Py) <v+en
(110)
= 6" min {'y, min D(VHPl)} (111)
VePx):D (V| P:) <y
— 0%y (112)
=GJS (P, P, 0%). (113)

Here, in (110), we have used Lemmas 10 and 11. The equality
in (111) follows from the continuity of the optimal value of
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min{El ((I)GUT,I) 5 =) (®GUT,1)}

— E1 (Pcur,1)
AT GIS(P1,Pp,c)
«@

Fig. 4. The performance of the Gutman’s test when the first training sequence
is used.

the optimization problem with respect to ey [26, Sec 5.6].
In (112), we used the fact that

min D(V|P) =~} =1[0,C (P, P)).
VeP(x)D(V| )<y
(114)
Finally, the last step in (113) is obtained due to the defintion
of 9; in (10). Note that the extension of the results here to the
type-I error exponent can be readily done which leads to the

statement in Theorem 2.

C. Proof of Theorem 3

In this part, we denote $gur,1 to denote the test described
in (15). The subscript 1 in ®$gyr,1 represents the fact that
the test uses the first training sequence. In this subsection,
we prove Theorem 3 which states that the proposed test
outperforms the Gutman’s test in terms of Bayesian error
exponent defined in (14). We first begin with proving a
property of the Gutman’s test which will be used in the main
proof.

For the test described in (15), we have

—log PS(®
E, (@GUM)é%ninf s 1N( Gur.1) >\, and (115)
—log P (®
Es (Bour1) 2 liminf —08TZ (PGULL) o b 3y
’ N—oco N
(116)

A schematic of min{E; (®Pgur,1),E2 (Pcur,1)} versus A is
depicted in Figure 4. Two important observations are in order.
e« For A\ > éGJS (P, Py,a), we  have
min{E; (Pgur,1),E2 (Pcur,1)} = 0 as a consequence
of (17) .
e A} in Fig. 4 denotes the maximum achievable Bayesian
error exponent as defined in (16).

It is important to note that although two training sequences
are produced, only one of them X{V is used in (15). One can
suggest the following test which resembles the one in (15) but
uses the second training sequence as

Hy if GJS (Qxy,Qyr.a) < Ao,

~ ~ .11
H; if GJS QXév,Qyn,Oé > A,

Dgutn =

Note that the ®gut; and Pgyr, depend on av and A, but we
do not want to show the dependence due to the notational
convenience. The extension of the Gutman’s main theorem to
the test in (117) is given by the following lemma.
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min{E; (Pcur,2) , E2 (Pcur,2)}

- ~e E2 (Pour,2)
A5 GJS(Py,Py,a)

Fig. 5. The performance of the Gutman’s test when the second training
sequence is used.

Lemma 12: Among all decision rules ® such that for all
pairs of distribution (Py, P2) € P (X )2,

— 10g Pgrr(q)GUT,z()\, 0&))

lim inf > 11
e N =4
the test ®gut2 in (117) satisfies
. . — log P?r(q)GUT 2) . . — 10g P?r((b)
= > _
1}\I]Il}£lof I > l}\rfrililof N (119)
Also, given that @ = Tﬂ) we obtain
— log P$™ (O
By (Bours) = liminf 08PT (Paur2) o gy
’ N —o0 N
(120)
_1 Perr @
Es (gur.s) = liminf ——2-2 (®ura) - (121)
’ N —o0 N
where
1
Fola, \) = min D(Vi||Py) + —=D(Va]| P,
o ) (V1,V2)eP(X)? ( i 2) o ( d 1)

subject to lGJS Vi, Va,a) < A (122)
a

In Figure 5, we show a schematic plot of
min{E1 (q)GUT,2) s E2 (@GUT’Q)} versus EQ (@GUT’Q). Similar
to Figure 4, we observe that

e For ) > éGJS (P2, P ), we

min{E; (Pgur,2), E2 (Pcur,2)} = 0.
e Also, )5 in Fig. 5 depicts the maximum achievable
Bayesian error exponent of ®guyr,2.

have

Lemma 13: The maximum achievable Bayesian error expo-
nents of ®gyr,1 and Pgyr,2 are equal.
Hence, the Bayesian error exponent of Gutman’s test is agnos-
tic to which training sequence is being used.

Proof: Here, we want to prove that A\] = A3. The proof
is by contradiction. Assume that A} < 3. Consider the
tradeoff of type-I and type-II error exponents in Figure 5.
Then, denote AT as the solution to F5 (o, AT) = A%. Since
AT < A5 and Fs (o, ) is decreasing function in A, it can
be verified that At € (A3, 2GJS (P, Py, «)). Therefore,
we have AT > A5 > \7. Here, we want to prove that A" being
greater than A} contradicts with optimality of Gutman’s test
described in Theorem 1. Assume that AT > \¥, we can argue
that the test based on the second training sequence achieves
the type-I error exponent equal to A7 while its type-II error
exponentis AT > AT. This contradicts with the fact that among
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all tests that achieve the same type-I error exponent, Gutman’s
test has the largest type-II exponent. By the same argument,
it can be shown that A5 < A} contradicting Lemma 12. Thus,
we have A7 in Fig. 4 is equal to A\ in Fig. 5. O

Now, the result of Lemma 13 allows us to prove Theorem 3.
Consider the following two scenarios separately.

1) oggﬁ;: Given that 0* < [(*, we have ~ =
2 GJS (Py, Py, 6*) as shown in Theorem 2, and 7 is the

maximum achiavable exponent of ®q(7y). Considering
o = 0* for Gutman’s test,

32 aIs (P Pya) jo Y GIS (P Pov62) 02 < .

Here, (a) is by Figure 4, (b) follows since a =
min{07, 85} = 6%, and (c) is due to Theorem 2.
2) 9; > ﬂ;: In this case, for the sequential test we have

N = B%GJS (P2, Py, %), and .

(a) b c
N5 < GIS(Po, Prya) [a2GIS (o, P, BY) /630 2 .

Here, (a) is by Figure 5, (b) follows since a =
min{60%, 35} = 3}, and (c) is due to Theorem 2. Then,
using the fact that A5 = A} = €f, cgan (Pour(A*, @),
the claim stated in Theorem 3 is proved.

D. Proof of the Results for Multi-Class Classification
Problem

This section consists of three parts: stopping time analysis,
derivation of the error probability, and finally characterizing
the achievable error exponent.

Our main result on the expected value Ts(eﬁf
the next lemma.

Lemma 14: Denote Hz(jm

) is presented in

as the solution of the equation

GJS (Pj,Pi,oj(m) =10y G €M) i A (123)

) satisfies

Then, the expected value of ﬂ(eﬁf
N
}: : _ (1+0(1)),
mlan[M]J#i{oi(j)ﬁ}

(124)

seq

E; [TW)

forall i e {1,...,M}.

Proof: Let us assume that the test sequence generated
from P, i.e., belongs to Class 1. The extension to other cases
is straightforward. Define the set

S0 2] (@ Q) [ (@) €
ﬁ {@X;V €Ty ‘D(@x;vllPl) > 7} } (125)
=2

Conditioned on S, we can find 0% 1(;) such that 65,
satisfies

GJS (QX}V’PM"?VJ(ﬁ) =051y J €2, M},
(126)
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Also, define
N1 2 je{min {0515}, and (127)
j* & argmm {9N 1)} (128)
Je{2,..

In addition, we substitute P, with P and @y with Q x in
J

Lemma 8 to obtain 67 NG and 60, NG following the same
procedure as described in Lemma 8. We start with providing
a lower bound on the expected value of the stopping time.
We can write

E, [Tq(ey)\{@XN}zgngvSfM)}

= Zpl ( seq ) > k‘{QXN}2<j<M7S(]W ) (129)
N
ot
N,1(5*) R )
> S P (TUD = k{Qxxhegyear, S)  (130)
k=1
> (1 -Pi(1<TH" < +N {Qxn}aci<n, M)
6)N,l(j ) N,1(5*) 7
(131)
_ _
NG
v M A (M)
P1(<2log2) N <TG < N,l(j*)HQXJN}QSjSM’SI )

(132)

where in the last step we have used Lemma 9. Moreover,
define

Ti(M) = inf {n >1 : nGJS (@XNaQ\Y"a E) > 'YN}
i n
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as the time that empirical GJS divergence between the test
sequences and the i-th training sequence exceeds the threshold.
Then, we upper bound the probability term in (132) shown at
the bottom of the page in (134)-(137).

Here, the first term on the LHS of (136) is obtained by the
same reasons as those for (76)-(79). Also, the second term on
the LHS of (136) follows from Lemma 5. Thus, we conclude
from (132) and (137) that

(1—o(1)).

(138)

2 M N
B [ﬂ(eﬁl)HQxf}%ng’Sf ) > o%

At the bottom of the next page in (139)-(142), an upper bound
on the tail probability of Tq(el(\f) is derived which leads to an
upper bound on the expected value of Tq(eM). Here, (140) is
obtained using the fact that the event { iﬁl) =k + 1} has
the same probability as the event that there exists at least two
indices (i,7) € [M]> such that Ti(M) > k and T;M) > k.
Then, (142) follows from the definition of j* in (128) which
attains the minima. Then, following the same line of reasoning
as (88) we obtain

By [T80 | {QxYasicnr 5] £ —— (14 0(1)

O 1(%)

(143)

Finally, note that as it was proved in Lemma 6, 97\,71(].)
converges in probability to 9* for je{2,...,M} as N
goes to infinity. Also, since mln function is continuous in
its argument, the continuous mapping theorem [28] implies

(133) that 6%, converges in probability to minje(as,j21{67 ;) ,}-
T2 (M) N (M)
Pi((575)? N< TGP < SA)
2log?2 sed NG
5 N NG N
M A A A M
<Pl Mmoo i) < g () {0638 (g Qe ) a8 @y hassean. S
g N,1(5*) n=(or2es)’ N :
N
NG

+ P ( U

n=(zr%z)” N

2
N
2log 2 3 9N1(j*)

N |X|+1 2 N
< T +1> exp <— <21Py 2) \/N) ++7
0N 16 08 O 1)

~ ~ N ~
{nGJS (Qva,Qw, g) > 7N> [{QxxYozion, 51™)

{@va}nggM,3§A4)> +P1( U

(134)

N

ON1G*) R R N
[nQIS (Qva, Oy z) > 4V})

n=(s13)" N

(135)
||
exp (—yN) <9+ +N+ 1) (136)
N,1(5%)
(137)
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To conclude the proof, we write
Eq [Tg(eﬁi)} =
~ ~ M
| {QXJ{V}QSJ’SJW]]]-{{QXJN}QSjSM € S{ )}]+
b
(144)

(1+0(1))+ NP1 (@ eS{™)

Eq [, [T

seq

EA[E1[Tieq [ {Qx v ba<jen] H{ Qv baycnr ¢ 81

N
M 2110 4}

T minge|
(145)

N
]7j¢1{gf(j),y}

Note in the second term of the final step we have used (161)
to write

1=P1 ({Qxnhosjen € S1) Sexp(-N7)  (147)

and Tg]e‘g
tial.

Lemma 15: The error probability of the test <1>§e§ )( ) is
given by

PEH (@) (7)) <
exp ( —

(1+o0(1)) + o(1) (146)

T minje(y

is, almost surely, at most [V 2 which is subexponen-

D(VIIP)}),

(148)
M}

N min {'y, - min min
IEMLIZy.D (V|1Py) <ytesw

where €; 5y > 0 is a sequence for each j € {1,...,
converging to zero as N tends to infinity for all ¢ € [M].

Proof: We define a test <I>t(nm2 to be a truncated version

of @gét]) in an exactly similar way as we defined @fruig in the
proof of Lemma 11. Then, we can write
err err M
PET(@Ly) < PI™(@and) (149)

N2

<P U

{635 (Qxp e T) 2]
n=1

1P, (T(M> > N2)

seq

(150)
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Note that the first and the second term in (150) correspond to
the event “wrong decision" and the “no decision". Following
the same line of reasoning as in the proof of Lemma 11,

M .
we consider the event () {D(Qxn~||P1) > v+ &; n} where
' i

(3
g;,n = 01is a sequence goes to zero as N goes to infinity. Con-

ditioned on this event we can conclude that there exists 0%, | )

which satisfies equation GJS (@XN,Pl, 0% 1(1.)) = 797\/.1(1‘)
for i € {2,..., M} by Part 3 of Lemma 4 . Define 0 1)

following the method described in Lemma 8. Introducing@-? N
let us have N2 > N/Oy . fori € {2,....,M}. Also, let

N,1(3)
Ox. 160 mmie{Qw’M}{HN’I(Z.)}. Then, we can write
~ M ~
Py(T" = N [{Qxr o<z, (YD (Qx~lIP1)>v+ein})
! i=2
k
< Z exp (|X|log (k+ 1)) exp (——) (151)
k>N2 VN
M (M —1) < N? )
e ——(1+o0(1 152
< e (= 1o (152)
M (M -1 3
- ¥exp (—Ni (1+o(1))) (153)

where in (151) we have used (139)-(142) and the fact that

0y, L) 2 N/N?. We obtain

P, (T(M> > N2)

seq

E; [Py (ﬂ(eﬁl) > NQ‘{@XN}QSjSJ\i) X

n{ﬂ{ (QxxIIP1) > 7 +ein 3]

+ Py (Cj {D(@XM\Pl) < 'Y+5i,N}>
< MM 1) (]\g i) exp (—N% (1+ 0(1))) +

N N oo
P, (Tsiﬁf - sz}z<]-<M,8{M)> = > P (Tseé“ =k+ 1‘{wa}z<]<M,s<M)> (139)
01\1,1(]'*) 7 pe N
ON1G%)
g > > P, ( O s g, M > k {éva}ggng,S{Mv (140)
N (i1,i2) €[M]? iy #ig ‘
9N,1(J*)
= N
-~ -~ A M
< Z D ! (kGJS (ngvlew ?) < VN‘{QX;V}%JSMS{ )>
(i1,d2) €[M]? i1 #ig,i1=1 k=—2N
N,1(3%)
oo N N N N
+ > Y, B (kGJS (ng\lr,ka, z) < VN‘{QX]N}%J'SM,SfM)) (141)
(i1,i2)€[M]? i1 #ig,i1 #1 k=—2
ON1G*)
M(M -1 N
L MM-D (— j/_ 1+ 0(1))> (142)
2 .
N,1(5*)
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M
> exp | -N min D(V|P) | (154)
st VeP(X):D (V|| P ) <vtein
Plugging (154) into (150), we get
P§ (@0 (7)) < N? exp (—yN) (N + N2 + 1)
M(M -1
$ M2 o (N 4o (1)
M
+Zexp -N min D(VHPi)
= VeP(X):D (VP ) <vtein
(155)
< exp (— Nmin Y, min min V| P;
( { EIMN{1} yep(xy: D(V||P1)<"/+€7 N ( )})
(156)
0

Using Lemmas 14 and 15 we can characterize the achiev-
able error exponent of <I>geq (7) as follows

err Al
—log P& (@l (7))
Ei {Ts(e{\q/[)}

e; (@gé‘g) (’y)) = lim inf

N —o0

> min {607  }x

JE[M],j#i
liminf min ¢ v, min min D(V”Pj)
N—o0 JelM]\{i} V:D(VIIPi,) <ytejN
(157)
pu— 1 6*
seltifin i)
X min<{ v, min min D(V||Pj)
Je[M\{i} V;D(VHR:)S'Y
(158)
_ ) o 159
Bty i -
— min CJS(P,P, 160
B, O (PPt ) e

where in (157) we use Lemma 15. Then, (158) is obtained
using the fact that the optimal value is a continuous function
of € n, and €; x converges to zero as N — oo. We have
(159) because

min min

v O {JE[M Li#tyep(x)p(v|P) <~y

0, min C(F;, P;
= [0, ;min C( )]

D(VI|F;) > v}}

(161)

where M £ {(i,j) € [M]*,i # j}. Finally the last step
in (160) follows from (123). Thus, we conclude that the
achievable error exponent is obtained as stated in Corollary 3.

APPENDIX A
PROOF OF LEMMA 8

Lemma 16: Let A > 0 and let XV be a sequence drawn
from the product distribution Q. Also, let o, satisfy the

3111

equation GJS (@ xn~, P, a’;\,) = Aay. Here, we assume that
the solution exists. Consider the optimization problem

£ 9 N
U(a) = Vrelg(xx) GJS (QX ,V,a)
st D(V|P) < \/Lﬁ (162)

Then, o, = a%+0 (logN ) satisfies the following inequality
4
U (o) < Aajg.
Proof: We begin the proof by rewriting the objective
function as

QJs (@XN P, a)
(2 (a@XN (2) + V(z)) log1/W (z))

ZEX

= min
WEP(X)

—oH (@XN) —H(V)
<- (Z (0B (2) +V () log S G (Z)>

1+«
zEX
+a ) Qxn (2 )+ > Vi(z

zEX

zeX

(163)

logQXN YogV (z) (164)

where the first step is obtained by using Lemma 2 where we
show that GJS can be written in the form of an optimization
problem. Setting W = P in the second step, we find an upper
bound on the objective function of (162). Then, we obtain

GJS (@XN P, a) < GQJS (@XN,P, a)

O[QxN +P B Otéij-f—P
+D(VI=170—) (P55 —) (165)
~ ~ Oé* @\XN-FP
< GIS(Qxn, Pay ) +D(Qxn || =2——) (a — a))

Qo 010 L) o
N P
+> (P (2)- z))mgo‘QX 1(j_)+ (Z)+H(P)—H(V)
zeX @
(166)
~ ~ Oé* @\XN-FP
< GIS(Qxn, Pay ) +D(Qxn || =——) (a — a))
Qo) Qe S o
aQxn~ (2) + P (2)
+Z(P z) =V (z))log
o 1+«
ip_ P2 =Vl
[P =V log EI (167)

Equation (165) follows from the definitions of GJS and KL
divergences. Step (166) comes from the fact that GJS is a
concave function in « as shown in Lemma 4. Finally, in the

last step we have used [18, Thm. 17.3.3]. Therefore, we have
max GJS (QxN,‘/,OZ)

ver)D(V|P)<

aQxw (2)+P (2)

< max (P(2)—V (2))log
ve7>(X):D(v||P)§\/—1N ZEZX 1+ o
V2 |X|N3 _
+ —Flog | ——— | + GJS ~, P o}
NI g NG (QX N)
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P~ ' @XN + P *
+D(QXN||N1+70[7V) (@ —ay), (168)
where (168) is because Pinsker’s inequality [18,

Lemma 11.6.1] and D(V[P) < —i-. Considering the
optimization problem in the RHS of (168), we need to
provide an upperbound for

aQxn (2)+ P (z)

P — I
pmax ;eX( (2) =V (2))log it o
2
st [v-prh<Y2 (169)

1
1

Let us define e, = V (2)— P (z) for all z € X'. We can rewrite
the optimization problem in (169) as

max (170a)

€ cx €=

- Z . log aQxn (2) + P(2)

gt 1+«

f

(170b)
zeX

—P(z)gezgl—P(z) Vze X (170c)

Because min,cz P(z) > 0, as N becomes large, it is
straightforward to verify that the constraints in (170c) will
not hold with equality at the optimal point since if so, this
would contradict (170b). Thus, we can omit the constraint in
(170c). With this simplification, the optimization problem in
(170) is in the form of that in Lemma 7, and the optimal value
is given by

max.ex{aQxn~ (2) + P (2)}
minex{aQxw (2) + P (2)}
We can further upper bound the optimal value as
V2 o max.cx{aQx~ () + P (2)} -
Ni min.ex{oQxn (2) + P (2)} ~
V2 (maxzex P <z>) V2 maxex Qv (2)

N min,ex P (2) Ni max,cz P(2)

Therefore, plugging (172) into (168) we can provide an upper

bound for the optimal value of (162). Finally, letting the upper

bound be less than Ao, we obtain the desired result. O
Lemma 17: Let oy as defined in Lemma 16.

V2
- lo
N1

(171)

I=

A ; N
Ula) = Vg?/\e) GJS (QXN,V,a)
1

S.t. D(V|P) < —. 172
(VIP) < = (172)

Then, we have U (ay) > Aay, where

1
v=ay—0 173
ay = ay (Ni> (173)

Proof: In Lemma 4, we proved that GJS is a convex
function in its second argument. Therefore, we can write

GJS (@XN v, a) > (IS (@XN, P, a)

1+ a)P(2)
log — Viz)—P(2)),
P> OéQXN()JrP()( F-rE)

zZEX

(174)
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where we have used the fact that for a convex function f,
we have f(z) > f(y) + Vf(y)'(zx — y) for all z and
y. Plugging (174) into (172), we arrive at the following
optimization problem:

(1 )P
min Z log — + P () (V(z) — P(2))
VeP(X) aQxn (2) + P (2)
V2
s.t. V=Pl < N (175)
Here, in (175) we have Pinsker’s inequality [18,

Lemma 11.6.1] in the first constraint. Using Lemma 7,
it directly follows that the optimal value of the optimization
problem (175) is

1 mmzex{ip(z)
log 2 ()4 P(z) (176)

\/ENZ maxzex{¢

aQy N (z)+P(2)

which is straightforward to show that the optimal value can
be lower bounded by

1 o min.ex P (2) . maXsex QxN (2)
V2Ni maxeex P(z)  2Ni maxsex P(2)
(177)
Plugging (177) into (174), we obtain
min GJS (@XN, v, a) (178)
veP(x):D(V|P) <t
~ 1 miney P (2)
> GJS ( P ) €
= G Qe B+ ot O e P )

a maxzexy Qxn (2)
_ . 179
V2Ni max.cx P(2) 79

< 6 < a};. From Taylor’s theorem, there exists an
oy — 0, a) such that
GJS

(QXN Pay — 9)

Ifi 0
0 € (a
—~ . ~ *0 ~N+P
= GJS (QXN,P, OéN) _D(QXN|O[N1Q_')_(70[7V)9
(2) — Qx~ (2)
2(1+0) ZQX

HQXN () +P(2)
> GJS (Qun, Pay)

(180)

_ D(Q\XNHM)H

1+ay
6° 1 Qxn (2)°
Ty <1+a* -2 Q)J(DN(E)) ) '
N zEX
Here, the final step follows by lower bounding the second

derivative term. Finally letting the lower bound in (179) be
smaller A (aw — @), we need to find 6 such that

62 1 Qxn~ (z
R ok - R

(181)

~ Qi QXN+P 1 maXZeX@XN (2)
6(-D N
(FPQ I )+ ANt maxer PG
n 1 min.ex P(2)  ay max.cx Qxn (z)_o
V2Ni “maxex P(z) 2Ni max,ex P(z)
(182)
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Finally, considering (182) is a quadratic equation in 6 and
ajy = ajy — 0, we obtain the desired result. O
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