On Universal Sequential Classification from
Sequentially Observed Empirical Statistics

Chia-Yu Hsu
Realtek Semiconductor Corp.,
Hsinchu, Taiwan
Email: zxc586794a@gmail.com

Abstract—The focus of this paper is on binary classification
of a sequentially observed stream of i.i.d. samples, based on
sequentially observed empirical statistics. The decision maker
(classifier) sequentially observes a sequence of testing data i.i.d.
sampled from one of two unknown distributions P, and P;. In
addition, it receives two sequences of training data which are also
sequentially sampled from the two unknown distributions in an
ii.d. fashion, respectively. Since the distributions are unknown,
it is natural to put a constraint either on the expected stopping
times or on the error probabilities that has to be satisfied
universally over all possible pairs of distributions (Fo, P1). For
both settings, we develop tests that are asymptotically optimal
within the class of tests that satisfy the respective universality
constraints. For expected-stopping-time universality, the optimal
error exponents are shown to be the Rényi divergences of
order i, where « is the ratio of the length of a training
data sequence to that of the testing data sequence. For error-
probability universality, the optimal expected stopping times
normalized by the logarithm of the error probability are the
reciprocal of the a-weighted generalized Jensen-Shannon (GJS)
divergences. The proposed sequential tests are both based on
threshold tests of two statistics, each of which is the a-weighted
GJS divergences of the type of the testing sequence from that of a
training sequence. Interestingly, to achieve asymptotic optimality,
the stopping and decision rules in the two different universality
setups take a ‘“matching” and a ‘“discriminating” viewpoint
respectively in designing the threshold tests.

I. INTRODUCTION

For hypothesis testing problems, it is well known that
sequentiality in taking samples for making decisions achieves
significant enhancement in the reliability. For the binary hy-
pothesis testing problem of an i.i.d. sampled sequence from
either Py (hypothesis Hg) or P, (hypothesis H1), Wald’s Se-
quential Probability Ratio Test (SPRT) [1] has been shown to
be optimal in the sense that among all sequential tests with the
same power, it achieves the smallest expected stopping time
[2]. To clearly see the benefit of sequentiality, alternatively
one could set a constraint on the expected stopping time to
be less than equal to a nominal length n, and investigate the
error exponents, which are the rate functions of the vanishing-
with-n type-I and type-II error probabilities. In sharp contrast
to the non-sequential (fixed-length) binary hypothesis testing
problem where there is a natural trade-off between the two
error exponents [3], in the sequetial setting, such a trade-off
is completely eradicated, and the achievable error exponents
can reach the two extremes, namely, the two KL divergences
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D (Py||Py) and D (Py||Py), simultaneously. Such observations
have been made in the literature [2], [4], [5].

While Py and P; are critical for computing the statistics in
SPRT, in real-world problems such as machine learning and
clinical trials, Py and P; may no longer be fully known. An in-
teresting question is whether or not the benefit of sequentiality
carry to the case when the ground truth distributions (P, and
P;) are unknown. Since P, and P; are unknown, the above
question should be addressed under a universal guarantee on
certain performances. The natural choice in this sequential
setup is to lay the universality constraint either on the two
expected stopping times, or on the two error probabilities.

Towards answering this question, the most closely related
work in the literature is [6], in which Haghifam et al. consider
the classification of a sequentially observed stream of i.i.d.
samples (termed the “testing sequence” hereafter) into one of
the multiple unknown hypotheses. Each of the hypotheses cor-
responds to an unknown distribution, based on multiple non-
causally observed fixed-length sequences of i.i.d. “training”
samples (termed the “training sequences” hereafter) respec-
tively drawn from each of these distributions. The problem
formulation can be viewed as a semi-sequential version of
Gutman’s fixed-length setup [7], and the proposed sequential
test was shown to improve the Bayesian error exponent over
the non-sequential case.

However, Haghifam er al. [6] are not concerned about the
universal guarantee on the expected stopping time, and it
turns out that the expected stopping time of the proposed
sequential test in [6] depends implicitly on the unknown pair
of distributions (P, P1). As a result, sequential tests with a
universal guarantee either on the expected stopping times or
on the error probabilities over all possible pairs of distributions
remain open, let alone the existence of optimal sequential tests
subject to respective universality constraints.

In this work, we make progress in a fully sequential
setup of the binary classification problem with empirically
observed statistics [7], where the testing sequence and the
two training sequences are all sequentially observed. At each
time slot, the number of training samples received so far is
assumed to be linearly scaling with that of the testing samples
received so far, where the ratio is assumed to be a > 0.
Our contributions are summarized as follows. Firstly, for the
setup with expected-stopping-time universality, we propose a



type-based fully sequential test, called the Sequential Type
Matching Test (STMT), and show that its expected stopping
time is not greater than n regardless of the ground-truth
hypothesis and the pair of ground-truth distributions. The
decision rule is inspired by [6], [7], while the main difference
is that the decision is declared whenever the a-weighted GJS
divergence of the type of the testing sequence from the type
of the training sequence drawn from the accepted distribution
is smaller than a time-varying threshold. Furthermore, it is
shown to achieve exponentially vanishing-with-n type-I and
type-1I error probabilities, with the largest error exponents
among all sequential tests satisfying the universal expected
stopping time constraint. The optimal error exponents turn out
to be Rényi divergences D_o_ (P1 [ Fp) and D o (P F1).

Secondly, for the setup with error-probability universality,
we propose an alternative type-based fully sequential test,
called the Sequential Type Discriminating Test (STDT), and
show that its error probability is universally upper bounded
by a prescribed constant S regardless of the ground-truth
hypothesis and the pair of ground-truth distributions. The de-
cision rule is similar to [6]-[8] where the decision is declared
whenever the a-weighted GJS divergence of the type of the
testing sequence from the type of the training sequence drawn
from the rejected distribution is larger than a time-varying
threshold depending on 3. Furthermore, it is shown to achieve
the minimum asymptotical scaling of the expected stopping
times among all sequential tests satisfying the universal error
probability constraint. The optimal expected stopping times
turn out to be asymptotically (GJS(Py, Py, ) tlog(1/8)
and (GJS(Py, P1,)) tlog(1/8) as 3 — 0 under hypotheses
Ho and H; respectively.

Finally, to see the benefit of sequentiality, we compare
Gutman’s fixed-length test and STMT in terms of their error
exponent regions subject to the same nominal n — oo,
similar to what we do in comparing fixed-length hypothe-
sis testing and sequential hypothesis testing. We show that
Dlia (P1||Py) > GIS(Py, P1, ), and hence the error expo-
nent region of STMT subsumes that of Gutman’s test.

Notation: A finite-length sequence (x1, 2, ...,x,) is de-
noted as x™. Logarithms are of base 2 if not specified. P(X)
is the set of all probability distributions over alphabet X. We
denote the support of a distribution P as supp(P).

II. PROBLEM FORMULATION

Consider a finite alphabet X with |X| = d > 2 and two
distributions Py, P, € P(X). We assume

Py # P1, supp(ly) = supp(P1) = X (1)

to avoid degenerated cases where the divergences may be-
come 0 or oo. Furthermore, Py and P; are unknown to the
decision maker. The decision maker observes three mutually
independent sequences including a testing sequence and two
training sequences. The testing sequence {Xj}i>1 consists
of i.i.d. samples following Py, where # equals to either 0 or
1, and Hy is the ground truth hypothesis. The two training
sequences {70 ;}r>1 and {11 }x>1 consist of i.i.d. samples

following Py and P; respectively. The ratio of the number of
training samples to the number of testing samples converges to
a positive constant « as they tend to infinity. More specifically,
at time k, there are k testing samples and Nj, = [ak] training
samples from each distribution, denoted as (X*, T2Vs TN%),
The objective of the decision maker is to decide whether 6 is
0 or 1, based on the observed samples. Here we first give the
formal definition of such tests.
Definition 1 (Sequential Classification Test): A sequential
classification test is a pair & = (7, J) where
e 7 € N is a stopping time with respect to the filtration
{Fi}us1, that is, {7 < k} € Fp, = o( X, T, T,
« The decision rule § : (X7, 73", T") — {0,1} is a F,-
measurable function.
To evaluate the performance of a sequential classification
test, we consider the error probability and the expected stop-
ping time of a sequential classification test.

o The type-I and type-II error probabilities are
Tipo(®) = Po{d(X7, Ty'", T)\") = 1}
and 7TO|1((I)) = Pl{(s(XT7TONT7TlNT) = 0}

respectively. Py is the shorthand notation for the joint
probability law of the testing samples and the training
samples when the ground truth hypothesis is Hg.

o The expected stopping time is denoted as Ey[7] when the

ground truth hypothesis is Hg.

Since Py and P; are unknown, it is natural to ask for a
universal guarantee on the above performance metrics. We are
also interested in the asymptotic performance of a family of
tests subject to such a universality constraint. The asymptotes
can be compactly described by a pair of error exponents.
The two universality constraints and the corresponding error
exponents are defined as follows.

1) Universality Constraint on the Expected Stopping Time:
Given n € N and a sequential classification test @, we say that
D satisfies the universality constraint on the expected stopping
time with n if V (Py, Py) satisfying (1),

Eo[T] <n and El[T] <n. (2)

Definition 2 (Error Exponents subject to Expected-Stopping-
Time Universality Constraint): Consider a family of tests
{®,} with vanishing error probability for all (P, P;) sat-
isfying (1). If each ®,, satisfies the universality constraint on
the expected stopping time with n, we say that {®,,} satisfy
the expected-stopping-time universality constraint. The error
exponents of {®,,} are defined as

. —log7r1|0(<I>n)
eo = liminf ——————~

n—00 n

o _logﬂ_O\l((I)n)
, e = liminf —————~=.

n—00 n

2) Universality Constraint on the Error Probability: Given
B € (0,1) and a sequential classification test ®, we say that
® satisfies the universality constraint on the error probability
with 5 if V (Py, Py) satisfying (1),

Ty o(®) < B and 7o () < 6. 3)



Definition 3 (Error Exponents subject to Error-Probability
Universality Constraint): For a family of tests {®s} where
each ®g satisfies the universality constraint on the error prob-
ability with 3, we say that {®3} satisfy the error-probability
universality constraint. The error exponents of {®g} are
defined as

5 limi f—logﬁ 5 — liminf
€ =11IMmiNl ————, €1 = 1min
0 B—0 EO[T] ol B—0

—log B
El[’?’} '

Remark 1: Definition 2 and 3 consider the limits of error
probabilities in two different asymptotic regimes. Similar
definitions have appeared in the literature of sequential hy-
pothesis testing. For example, [4], [S] consider error exponents
similar to Definition 2, while [6], [8]-[10] adopt asymptotic
performance metrics similar to Definition 3.

III. PRELIMINARIES

In this section, let us first briefly revisit the results in se-
quential hypothesis testing [1], [2] and Gutman’s fixed-length
classification problem from empirically observed statistics [7],
in terms of the error exponents. They serve as the baselines of
our main results. Let us begin with a few necessary definitions
for the exposition of the results.

Definition 4 (Type (Empirical Distribution)): Consider a
sequence z¥, where each testing sample z; € X. The type
(empirical distribution) of 2* is denoted as IL,», where

Moi(a) = 2% 1{z; =a}, a € X.
Definition 5 (Generalized Jensen-Shannon Divergence):

Given o > 0 and P, Q € P(X), the a-weighted generalized
Jensen-Shannon (GJS) divergence of () from P is defined as

_ aP+Q aP+Q
GIS(P,Q.a) = aD (P||*252) + D (@[ 2252).
Definition 6 (Rényi Divergence): Given a € (0,1) U (1, 00)

and P, Q € P(X), the Rényi Divergence of order a of P from
@ is defined as

D (PQ) = 325 e x Pl@)*Qla)

A. Sequential Hypothesis Testing

In the classical sequential hypothesis testing problem where
Py and P; are known, the asymptotic performance of SPRT
(the optimal test [2]) could be investigated subject to the
expected-stopping-time constraint as in Definition 2 or the
error-probability constraint as in Definition 3. It turns out that
the corresponding pairs of error exponents are not the same.
The following proposition summarizes this observation.

Proposition 1: A family of SPRT indexed by n € N with
proper selection of the upper and lower threshold so that (2)
is satisfied for all » € N achieve

o =D(P1[|Fy), e1 =D(Po[|Py). @)

A family of SPRT indexed by 5 € (0, 1) with proper selection
of the upper and lower threshold so that (3) is satisfied for all
B € (0,1) achieve

éo=D(P||P1), é1 =D(P||F). (5)

For the sake of completeness, the proof of this proposition is
given in Appendix A of the extended version [11].

Proposition 1 tells that for the sequential hypothesis testing
problem, the two pairs of optimal error exponents in the two
different regimes are flipped in the sense that ey = €; and
e1 = €g. As shown in our main results, this difference remains
in the sequential classification problem. Moreover, the former
(eg and e1) change from KL divergences to Rényi divergences,
while the latter (ég and é€;) change from KL divergences to
GJS divergences.

B. Fixed-Length Classification

In the fixed-length setting, the length of the testing sequence
is n, and the length of each training sequence is N = [an].
Let A € R, Gutman’s decision rule [7]

0 if GJS (Htév,l_[mn,a) <A
(I)()\Gm)(xnvtév7tiv) =
1 if GJS (Hté\r,Hwn,Oz) >

achieves error exponents eo(d)(/\G“‘)) =\ el(@f\G”t)) = F(a, )
where

Fla,\) = aD(Qol|Po) + D(Q1]| 1) -

min

(Qo,Q1)eP(X)?
GIS(Qo,Q1,a)<A
Furthermore, Gutman’s test is asymptotically optimal in the
sense that among all (eg, e1)-achievable tests with eq > A for
all pairs of distinct distributions (Py, P1), e; < e1(®"). In
other words, the universality constraint is set on the type-I
error exponent, and Gutman’s test attains instance-optimality
for the type-II error exponent, that is, different pairs of
(P, Py) give different optimal type-II error exponents.

One may view {(X, F(a,A))} as the optimal trade-off
between the two error exponents, reminiscent of that in binary
hypothesis testing [3]. See Figure 1 for an illustration. Note
that as observed in [7], [12], the supremum of A that allows a
constant type-II error probability less than 1 is GJS (P, P, «)
(the square in Figure 1), while the supremum of F'(«, A) over
A>0is D e (Po[[P1) (the diamond in Figure 1).

As shown in our main results, Rényi divergences appear
in the instance-optimal error exponents when the universality
constraint is set on the expected stopping times, while GJS
divergences show up when the universality constraint is set
on the error probabilities. It is interesting to note that the a-
weighted GJS divergence has the following variational form:

GIS(P.Q.0) = min {aD(PIV)+D@V)}.  (©)

Meanwhile, in the objective function above, if P,V are
swapped in the first KL divergence and @,V are swapped
in the second, the Rényi Divergence of order —*- emerges:

14+«
Do (PIQ) = min {aD(VP)+D(VIQ)}. )

%
Such duality has been observed in the literature of fixed-length

classification problems [12], [13]. It turns out that GJS (-, -, &)

and D _e_ (-||) play a dual role as well in the sequential setup.
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Fig. 1: The error exponents of Gutman’s test under ground

truth distributions Py = [0.4,0.6], P, =[0.9,0.1], and o = 3.

IV. MAIN RESULTS

Our main result is the characterization of the optimal error
exponents of the sequential classification problem under either
the expected-stopping-time universality as in Definition 2,
or the error-probability universality as in Definition 3. In
particular, two type-based tests (tests that declare stopping
and make decision only based on the testing type and the
training types) are proposed. The two proposed tests satisfy
(2) and (3) respectively, no matter what the ground truth
distributions are. Moreover, they achieve the optimal error
exponents. The converse part (asymptotic optimality) of the
two main theorems are proved in Section V. The proofs of
the achievability parts are based on the method of types [14]
and left in Appendix B and C of the extended version [11].

A. Expected-Stopping-Time Universality

Definition 7 (Sequential Type Matching Test): Given integer
n > 2, define STMT &) = (7,6) as

r=inf{k>n—1:GJS (HtNk,ka,a) < f(k)
or GJS (HtNk,Hwk,Of> < f(k)},
0 if GIS (M. TL,e a) <

S ty) T 1) =
o 1 if GIS (T,n, , T,r ) <
1

where f(k) =

Intuitively, STMT declares the decision if the type of the
testing sequence is “close enough” to the type of one of the two
training sequences, where GJS divergence measures “how far”
two distributions are. Note that when the number of samples
is still small, the resolution of a type is too coarse and the
threshold is loose so that the GJS divergences have higher
probability to get below the threshold at the wrong side. To
avoid stopping too early and making wrong decisions, STMT
always first observes a fixed number of samples.

2dlog(k+1) , dlog(Ni+1)
k k .

The asymptotic optimality of STMT subject to the expected-
stopping-time universality constraint is summarized in the
following theorem.

Theorem 1: Let (Py,P;) € P(X)? be the ground truth
distributions satisfying (1). For any family of tests {®,,}
satisfying the expected-stopping-time universality constraint,
and €1 S D o (-P()H-Pl) .

1+«

eo < D o (P1]|F)

Moreover, STMT <I>£LM) satisfies the universality constraint on
the expected stopping time with n, and {(D%M)}nzg achieves
these upper bounds.

Remark 2: As a« — oo, the optimal point converges to
(D(P1||Py),D(Pol|Pr1)), the same as (4).

Remark 3: It is worth noting that STMT does not stop
earlier than n — 1. Meanwhile, it still satisfies the expected-
stopping-time universality constraint with n and improves the
error exponents comparing to the fixed-length tests. This is
because in the fixed length setting, the instances that result in
error are rare. Spending longer time on these instances would
not add much to the expected stopping time. The details can
be found in Appendix B of the extended version [11].

Remark 4 (Benefit of sequentiality): STMT achieves
eo = Do (P1||Po),e1 = Do (Fo[[Pr). Compared with
Gutman’s result in Section III-B, one could assert the gain
in error exponents by sequentiality if D o (P1[[Fy) >
GJS (P, P1, «). Indeed this is true and proved in Appendix D
of the extended version [11].

B. Error-Probability Universality

Definition 8 (Sequential Type Discriminating Test): Given
B € (0,1), define STDT &3 = (7,6) as

r=inf{k € N: GJS (HtNk,Hﬁ,a) > g(8, k)
0
or GJS (HtNk,Hmk,a) > g(8, )},
0 if GJS Hti\lT,HI‘r,a > g(B,7),

S, 7 ) =
1 if GJS Htév,,Hﬁ,oz > g(B,7),
where (8, k) = —8@GW=D) o r (k).

In contrast to STMT, STDT declares the decision if the type
of the testing sequence is “far enough” from the type of the
other training sequence. To decide how far is enough, we use
a threshold g(g, k), which is time-dependent and grows as
decreases. The threshold is chosen judiciously to achieve the
target error probabilities.

The asymptotic optimality of STDT subject to the error-
probability universality constraint is summarized in the fol-
lowing theorem.

Theorem 2: Let (P, P1) € P(X)? be the ground truth
distributions satisfying (1). For any family of tests {®s}
satisfying the error-probability universality constraint,

éo < GJS(Pl,P(LOz) and él < GJS(Po,Pl,a) .



Moreover, STDT @%D) satisfies the universality constraint on

error probability with 3, and {@gD)}BG(O,l) achieves these
upper bounds.

Remark 5: As o« — oo, the optimal point converges to
(D(Pol|P1),D(P1]|Fo)), the same as (5).

Remark 6: STDT is modified from the test proposed in [8],
and the achievability proof is essentially the same. In [8], they
consider an outlier detection problem where the distributions
are unknown. The test plugs in the empirical distribution to the
likelihood ratio test. Through some calculations, the likelihood
ratio in [8] can be written as k times the subtraction of two GJS
divergences between the empirical distributions. Moreover, it
turns out that we can omit the second GJS divergence. The
details are given in Appendix C of the extended version [11].

Figure 2 gives an illustration about how the optimal expo-
nents in the two settings grow as « increases.

1.0
.08 -
a
3
=]
5]
=1
&
= 0.6
IS)
I
2
o
=
g 0.4
£:0.
=

0.2 — STMT

-- STDT
@ SPRT under expected stopping time constraint
y B SPRT under error probability constraint
0

0 02 04 0.6 0.8 10
Type-I Error Exponent

Fig. 2: The error exponents of STMT and STDT with dif-
ferent o under ground truth distributions Py, = [0.4,0.6],
P, = [0.9,0.1]. The error exponents of STMT and STDT
approach the error exponents of SPRT under two constraints
respectively, as « increases from 1.571° to 1.5'°. The two
marked crosses in the middle correspond to o = 1.

V. PROOF OF CONVERSE

We first present two lemmas that will be used in proving
the converse of Theorem 1 and Theorem 2. Proofs of the two
lemmas are given in Appendix E of the extended version [11].

Lemma 1: Let 0 € {0,1} and (P}, P)), (P}, P}") € P(X)?
be two pairs of distributions satisfying (1). Consider a sequen-
tial classification test ® = (7, ). For any £ € F,

d(Py(€), P1_p(£))
< By [7] D (Pg||Piy) +Ef [N:] (D(Fg]| Py) + D(P{I|IPY))

where d(p,q) = plog% + (1 —p)log };75 is the binary KL-
divergence and [Ej, is the expectation taken under ground truth

distributions (P}, P/) and hypothesis Hg.

Lemma 1 is proved by the data processing inequality of KL
divergences and the optional stopping theorem, similar to the
converse part in [15, Theorem 15.3]

Lemma 2: Define the function h : (0,1) x (0,1) — R as

dl —p.q)

h(p,q) = —— Toe q

Then, lim(p,q)—>(0,0) h(p, q) =1.

Due to the space constraint, here we only sketch the proof
of the upper bound for one error exponent. The other one
can be proved by a similar argument. Details can be found in
Appendix E of the extended version [11].

A. Under Expected-Stopping-Time Universality Constraint

Consider any family of tests {®,,} satisfying the expected-
stopping-time universality constraint. For each ®,, = (., 7,),
let us employ Lemma 1 with § = 1, P} = Py, P/ = P,
and £ = {5n(XT",TON’“,T1N’”) = 1}. By the universality

constraint that E/ [7] < n, we have

d (1 — iy (@), 7r1|o<<1>n))
< B [7] D(P|| Ry) + EY [Ny, ] (D (|| Po) + D (P P1))
< n[D(P{||Po) + aD (|| Po) + aD (P P1)] + o(1).

Since 74, (®n) — 0, m1)0(Pn) — 0 as n — 0o, we can apply
Lemma 2 and get

eo < D(P{|[Ro) + oD (Fg||Py) + aD (Py|| Py).

Since this is true for all (P}, Pj) satisfying (1), we can
minimize the RHS with respect to (P}, P{) and leverage (7)
to get eg < Dﬁ (P1||P0).

B. Under Error-Probability Universality Constraint

Consider any family of tests {®g} satisfying the error-
probability universality constraint. For each ®3 = (g, 73),
let us employ Lemma 1 with § = 0, P = Py, P{ = P, and

N,, N,
E={63(X™,T, 7, T, ”) = 0}. Then we have

d (1 — m1)0(Pp), 776/\1(@/3))
< Eo [75] D(Ro||PY') +Eo [V

8

| (D(R||P) +D(A1PY))

Itis clear that Eq [73] — oo as 8 — 0. Moreover, my), (®5) <
[ by the universality constraint. By Lemma 2, we have

éo < D(R|IPY) + aD (R Fy) + aD (P Py') .

Since this is true for all (P}, P{’) satisfying (1), we can
minimize the RHS with respect to (Py/, P;’) and leverage (6)
to get g < GJS(Pl,Po,Oé).
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APPENDIX
A. Proof of Proposition 1
Recall that a sequential probability ratio test ® = (7, ) is defined as

T:inf{kENZSkZBOI'SkS—A}

57 0 if S, > B,
€T =
1 ifS, < —A,

where Sj, = Zle log gl)g‘;; is the logarithm of the probability ratio, and A, B > 0 are two thresholds. Following the proof
of [15, Theorem 15.3], it can be shown that if Ey[7] < oo, then

Eo[S7] = Eo[7]D (Pol| 1), )

and for every event £ € F,, we have
Eo[1{€}] = B, 25 1{£}].

Hence
m10(®) = Po{S, < —A} =E, 25 1{S, < —A}] <274 ©)
Let 79 = inf{k € N : S, > B} and observe that 7 < 79. By (8),
Eo[S,] B+c
Eol7] < Eglro] = 9 < , 10)
ol = Bl = 5 ey = DlPy) (
where ¢) = max;cx ‘log i‘f% ‘ Similarly we can show 71 (®) < 275 and E4[7] < %.

For (4), consider a family of SPRT indexed by n € N with 4,, = nD (P1||P) — ¢o and B,, = nD (FPy||P1) — co. By (10),
(2) is satisfied. Using (9), we have

. ..o n
ep > liminf
n— oo

=D(P1|FR),

e > liminfw _D
n— 00 n

D(P1[|Po) — co
n

(PollPr) -

For (5), consider a family of SPRT indexed by 8 € (0,1) with Ag = Bg = —log 8. By (9), (3) is satisfied. Using (10), we
have

1
&0 > liminf — 1280
g—0 —logB+ ¢y

&y > liminf —— 2808
s—0 —log B+ coy

B. Achievability with Expected-Stopping-Time Universality

D(FRl|P1) = D(HllPr),

D(P1[|Py) = D (P Fo) .

1) Method of Types: First we state some notations and properties about the method of types [14]. The collection of all
possible realization sequences z* is denoted as 77(? , and

Ph < (k+ 1) (11)

The collection of all length-k sequences that have the same type as ITx is denoted as T'(IIx), so-called type class of IT_x.
If 2 consists of i.i.d. samples following P,
PER{XF € T(IT,e)} < 27 FP(er [[P), (12)
2) Expected-Stopping-Time Universality: Using these properties, we show that <I>$LM ) satisfies the universality constraint on
expected stopping time with n. Express the expected stopping time as

Eolr] =Y Po{r>k}<n—1+ > Po{r>k}. (13)
k=1

k=n—1

Next we aim to upper bound Py{7 > k} such that the sum is less than 1.

Py {r >k} <Py {rk] (GI8 (T, Ty, ) > f(i))}

i=1



<P, {GJS (HTyk,nxk,a) > f(k:)}
_ 3 Py {X* € T(IT,.)} P {Tév’“ c T(Ht(z)vk)}
(Hmk,Htévk>€Plfx7’f’“

GJS(Hté\r,C Ak 704) 2f(k)

< > 011 7o)~ eP(1 [ ) (by (12))
(Hmk ,HtNk > ePf ngk
0
GJS(Htévk Ik ,a) 2f(k)
< Z o—kf(k) (by the definition of the GJS divergence)

<Hmk,HtNk)€/P§X,Pyk
< (k+ 1) (N + D4k + 1)U N +1)"% (by (11)
=(k+1)7¢

Since (k + 1)~ is decreasing, we have for all n > 2,

S > o0 _1)-(d-1)
> Po{r>k}< Z(kﬂ)*dg/ (u+1)*ddu:%§1'
k=n—1 k=n—1 n—2 o

Combining (13) and (14) gives us Eg[7] < n. Using the same argument, we can show E;[7] < n.
3) Error Exponents: First we upper bound the error probability.

7_[_1'0(@5:”)) = ]P)O {5(X77T(3]VTvTiZVT> = 1}

G (GJs (Hvak,HXk,a) < f(k:))}

k=n—1

P, {GJS (Hlevk7HXk,a) < f(k)}

1

:]P)O

——

> R R P CR L) S

1 N
k k
(Hmk ’Htiv’“ ) ePhxP)

IN

N EINE

GJS<Ht]1Vk Ak 7a> <f(k)

Define

A(n, Py, P;) = 1 D (V|| P D(V1||Py) .
(n, Py, P1) (V,Vl)EP(X)Z:GI?SI?V,Vl,a)gf(n—l)a (V|IP1) + D (V1| Py)

Using (11) and the fact that f(k) is decreasing, we can upper bound (15) by

dlog(Nn,l-;-l)]

0 dlogn
§ : 27k[A(n,PO,P1)7 B — T

k=n—1

(14)

5)

(16)

Note that GJS(V, V1, ) is jointly convex in (V,V7) [6, Lemma 4], and the objective function is strictly jointly convex in

(V,V1). By the continuity of optimization problem [13, Corollary D.1],
A(n,PmPl) — DH% (P1||P0) as f(’fL — 1) — 0.

Moreover,
dlogn  dlog(N,—1+1)
n—1 n—1
Hence, for any € > 0, we can find N > 0 such that
dlogn  dlog(Ny,—1+1)
n—1 n—1 B

—0and f(n—1) = 0asn— oo.

Vn > N, |A(n, Py, P) — Do (PiPy)| <e



_ (P1[|Pp), then for all n > N, (16) can be further upper bounded by

D . _(P1]|Po)— 6) 9 —(n— 1)(D o (P1]|Po)— 6)

2" .
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1

Now pick some € < D

k
- (P Po).

Take 7 to infinity and get g > D = (P1F) — €. Since € can be made arbitrarily close to zero, we have ¢g > D o
Similarly, e; > D_o_ (P P1).

C. Achievability with Error-Probability Universality
1) Error-Probability Universality: First we show that <I>(ﬂD) satisfies the universality constraint on error probability with

7Tl|0(‘I)(ﬁD)) = ]P)O {5(XT7TONT5T1NT) = 1}

< i]}% {r =k axt 1 =1}

k=1
[eS)

<3 P {GIS (Tm Txe ) = g(5, ) |

1

>
Il

(k + 1)4(Nj, 4 1)%27F9(B:k) (by the same method as in Appendix B2)

Mg

k=1
<BA-1)Y (k+1)7
k=1
<5(d—1)/000(u+1)_ddu:6

2) Error Exponents: For é(ﬁD), define
7o = inf {k eN:GJS (HtNk,Hwk,a) > g(ﬁ,k)} .
1

Lemma 3: 3N > 0, ¢ > 0 such that for @gD), Py {0 >k} < %2 k for any k > N
Proof:
Po {0 > k} < Po {GIS (T 1 Txien,a) < g8,k — 1)}
<P, {GJS (Hvak_l,HXk_l,a) <g(B,k—1)and D (HTlNk_l
+P {D (HTINk,I P1) > e} +Po {D(ILyues [ Py) > e}

QJs (HTN,H : kafl,a) < g(B,k—1)+GJS (HTNH , HX,H,a)
0
Pl) < eand D(Iyr1|Py) < €

P1> < eand D(Ixr 1| Py) < e}

(i)
<P !
and D (H Ny
Tl

P1> > e} + Po {D(Iye1]|Py) > €}
1)} 4 de*(k*l)E 4 (Nk;—l + 1)d 27Nk,16

+ Py {D (HTIN’“’I

(i1)

< Py {GJS (HTN,H , ka_l,a) >a—g(8, k —
0

(k— 1)5 (Nk—l + 1)(1 27Nk,_1e

1
< k3 (Njoy + 1)? 27 (k=D gdo-
= Bd-1) (Ng-1+1) “+
1
< EZ_C’“ Vk > N for some ¢, N > 0 independent of n
where (i) is because GJS (H Nu_1, I xxs—1, ) is nonnegative. For (ii), since Py # P;, when ¢ is chosen to be sufficiently
small, it follows that ¥V Qo, Q1 € P(X), if D(Qol||P) < € and D(Q1]|P1) < ¢, then GIS(Q1,Qo, ) > a
]
Lemma 4: As 5 — 0,
T0 as. 1

“logB  GIS(PL, Py a)



Proof: By the strong law of large numbers, as k — oo,
My =% Py, v, =3 Py, Tpwy =5 Py
0 1
With the continuity of KL-divergence, we have
QJs (HTlNk,HXk,,a) % QIS(Py, Py, a) as k — 0o

By Lemma 3, 7y is finite a.s. Hence with probability 1 under Py,

1 +log(d — 1
GIS (I, Txro.) > g8, ) = — 2P HIBEZL  piy an
T T0
1 1 -1
GJS (HTNTOI,HXTM,@) <g(Bm—1) = 8P to (ig(ld ) fry— 1), (18)
Next we show that 79 = oo as 3 — 0:
Po {0 <k} =Py {GJS (H Nrg 7HX70,OZ> > g(8,70); 10 < k‘}
1
<P { mln aD H ¥ V) JrD(HXmHV)D >10gﬁ(d—1)}
<P {k mm H 70 V) +D(HXTOHV)D >10g6(d1—1)} where & = max {a, 1}
<Py {Qka > log 1 =) } (Since Jensen-Shannon divergence < 1)

logﬁ +log(d — 1)
2a

Taking S — 0, we have 7 %Y 0. The result follows from (17) and (18).

= VEk < —

|
Lemma 5 {710;0 5 }ﬁe(o,o‘g] is uniformly integrable.
Proof: Given any € > 0,
To To
Eo |- 1< — >
’ [ log 3 { log§ = ”H
1
= _logﬂEO [To]l{TQ 2 —v logﬁ}]
1 o]
= - P 1{rg > —vl >k
108;5,; o {rol{ro > —vlog B} > k}
1 1 =
< ——— (~vlog ) Po {1 = [~vlog 5] S Pofrozk}
og logh,_ 53
=[~vlogf]
v 1 >
< Zo—el—vlegBl _ ___- Z g ¢k (by Lemma 3 if we choose v such that [—v1og0.9] > N)
s Blogf, .
=[—vlog 5]
<oprt o1 P
Blogl 1—-2—¢
1
<0.9%71 (v - 10g09(1—2—c)> if v is large enough such that cv — 1 >0
<e if v is large enough
|
By Lemma 4 and Lemma 5, we have
. T0 ].
lim E - =0.
i H “logB  GIS(Py, Py, ) }

By definition, 7 < 79, hence eg > GJIS (P1, Py, «).



D. Benefit of Sequentiality
Our goal is to show the following inequality for all P,Q and « > O:

D_o_(P|Q) > GJS(Q,P,a).

1+a

First we introduce Hellinger distance of order a

(555) -1
Hel (PJQ) = Ex~g -0

By definition, Rényi divergence of order a is related to Hellinger distance as

Da (PlIQ) = log (1 + (a — 1)Hel, (P[|@)) .

a—1
Hence
D

1
2 (PIQ) =~ Do (1 - Hel e (P1Q)).
Since —log(1 — z) > (loge)x for x > 0,

Do (P|Q) = (loge)Hel = (P[Q).

It remains to show that
(loge)Hel = (P[|Q) = GIS(Q, P, ).
Note that Hel .« (P[|Q) is a f-divergence with
fu@®) = —(a+1) (ta%7 — 1) + alt — 1),
and GJS(Q, P, «) is a f-divergence with

1 (a+ 1)t
tlog M
T Ttes T

fa(t) = alog z

The proof is complete if we show (loge)fu(t) > fa(t) for all ¢ > 0. To do this, we calculate the derivatives of fi(¢) and
fa(t):

fit) = a (1-77) (19)
7(t) = ai 1t*§*ﬁ (20)
fa(t) = 1og(°%1t>t @n
50 = toze) (3 - ;) @)

Consider p(t) = (loge) fu(t) — fa(t). It's clear that p(1) = 0. So it suffices to show p(1) = 0 is a global minimum of p(¢).
Combining (19) and (21), we have p’(1) = 0. Next we show that p(t) is convex by examining its second derivative. By (20)
and (22),

a+1 o+t
+2
a(loge)t™ a+1 ( 1
a+t—(a+1 ta+1)
(a+1)(a+1t) ( )
,Lﬁ h

It is obvious that % is positive for ¢ € (0,00). Let n(t) = o+t — (o + 1)¢t=+1. We have n(1) =0, /(1) = 0 and
n'(t) = QLHF% > 0 for ¢ € (0,00). Hence 7(t) is convex and n(1) = 0 is a global minimum. Using the fact that 7n(t) is

non-negative, we obtain p”(¢) > 0. Therefore p(t) is convex and p(1) = 0 is a global minimum.



E. Converse

1) Proof of Lemma 1: The proof is similar to the converse part in [15, Theorem 15.3]. Using data processing inequality of
divergence:

d(Py(€),P]_4(E)) <D(P/H 1 )f

=E, Zl P” +Zl P” —|—ZlogP,/ )
= Ej [7] (P9|]P1”_9) + EZ; [NT] (D (PollPé') + D(PlHP{')) ;

where the last equality is by Doob’s Optional Stopping Theorem.
2) Proof of Lemma 2: Given any ¢ > 0, we aim to find 6 > 0 such that for all p,q € (0,9), |h(p,q) — 1| < €. For
p,q € (0,6), if § < 0.5,

d(1—-p,q) >d(1—4,q)

1—
=(1-¢)log 6+(5log

1 1
:(1—6)10g§+(1—6)log(1—6)+5log(5+5log17

1 2
>(1—-9)log - — i A 0,1 I > -
> ( )ogq (since Vx € (0,1), xlogz > eln2)

eln?2
For the upper bound,

—p p 1
1 <log—-+41 .
+pog1_qiogq+ Ogl—é
Hence
d(1—p,q) 5 2 1 - 2 1

log & eln2log; — 7eln210g%’

and §log 15 §log 1=
- o) 0
d(1 1177 q) <14 &) 11—5 < g 11—5 .
log 7 log 71 log 5
It suffices to choose § > 0 small enough such that

2 1 dlog(1 —9)
- d——=<e
eln2log6<6an log 6 <€




