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Abstract

Via a unified view of probability estimation, classification, and prediction, we derive a
uniformly-optimal combined-probability estimator, construct a classifier that uniformly
approaches the error of the best possible label-invariant classifier, and improve existing
results on pattern prediction and compression.
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1. Introduction

Probability estimation, prediction, and classification, are at the core of statistics, informa-
tion theory, and machine learning. Using a unified approach, we derive several results on
these three related problems.

Let M,, denote the combined probability of all elements appearing p € {0, ...,n} times in
n independent samples of a discrete distribution p. Building on the basic empirical estima-
tor, the classical Good-Turing estimator in Good (1953), and their combinations, McAllester
and Schapire (2000) and Drukh and Mansour (2004) derived estimators that approximate
M,, to within (5(71*0'4), where this and all subsequent bounds hold with probability close

to one and apply uniformly to all distributions p regardless of their support size and prob-

ability values. These estimators can be extended to approximate M™ def (Mo, ...,My,) to

within ¢; distance of (5(n*1/6). In this paper, we:

1. Show that the above estimators perform best among all simple combinations of empiri-
cal and Good-Turing estimators in that for some distributions, any simple combination
of these two estimators aimed at approximating M", will incur ¢; distance Q(n~'/%).

2. Derive a linear-complexity estimator that approximates M™ to ; distance (5(71_1/ 4
and KL-divergence (’)(nfl/ 2), and prove that this performance is optimal in that any
estimator for M"™ must incur at least these distances for some underlying distribution.

3. Apply this estimator to sequential prediction and compression of patterns, deriving a
linear-complexity algorithm with per symbol expected redundancy O(n~'/2), improv-
ing the previously-known (’)(n_l/ 3) bound for any polynomial-complexity algorithm.
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4. Modify the estimator to derive a linear-complexity classifier that takes two length-
n training sequences, one distributed i.i.d. according to a distribution p and one
according to ¢, and classifies a single test sample generated by p or ¢, with error
at most O(n~'/®) higher than that achievable by the best label-invariant classifier
designed with knowledge of p and ¢, and show an Q(n‘l/ 3) lower bound on this
additional error for any classifier.

The paper is organized as follows. Sections 2, 3, and 4, address probability estimation,
prediction, and classification, respectively, providing a more comprehensive background,
precise definitions, and detailed results for each problem. Section 5 outlines some of the
analysis involved. For space considerations, the proof are relegated to the Appendix.

2. Probability estimation
2.1. Background

A probability distribution over a discrete set X’ is a mapping p : X — [0,1] such that

er yDPz = 1. Let Dy denote the collection of all distributions over X. We study the

problem of estimating an unknown distribution p € Dy from a sample X" ef x 1y, Xp of

n random variables, each drawn independently according to p. A probability estimator is a
mapping ¢ : X" — Dy associating a distribution ¢ def q(z™) € Dy with every sample z™.
For any distribution p over a finite support X, given sufficiently many samples, many
reasonable estimators, will eventually estimate p well. Take for example the empirical-
frequency-estimator E that associates with every symbol the proportion of times it appeared

in the observed sample. For example, given O (J;zil log %) samples, a number linear in the

distribution’s support size |X|, E estimates p to within ¢; distance § with probability
> 1 — € (see, e.g., Das, 2012). Paninski (2004) proved that no estimator can estimate all
distributions over X using o(|X|) samples. Orlitsky et al. (2005) showed that not only
p, but even just the probability multiset {p(x) : z € X'} cannot be uniformly ¢;-estimated,
and Valiant and Valiant (2011) proved that estimating the probability multiset with earth-
lolg/\\/‘)ﬂ

Estimation that requires a number of samples proportional or nearly-proportional to
the distribution’s support size suffers several drawbacks. Some common distributions, such
as Poisson and Zipf have infinite support size. Many practical problems, for example those
involving natural-language processing or genomics, have very large support sizes (the sets
of possible words or nucleotide locations). Additionally, in many cases the alphabet size is
unknown, hence no bounds can derived on the estimation error.

For these and related reasons, a number of researchers have recently considered distri-
bution properties that can be estimated uniformly. A uniform bound is one that applies to
all distributions p regardless of the support set X. As we saw, p itself cannot be uniformly
estimated. Intuitively, the closer a property is to p, the harder it is to uniformly approxi-
mate. It is perhaps surprising therefore that a slight modification of p, that as we shall see
is sufficient for many applications, can be uniformly approximated.

Good (1953) noted that reasonable estimators assign the same probability to all symbols
appearing the same number of times in a sample. For example, in the sample b, a, n, a,n, a, s,

mover distance < 0.25 requires Q( ) samples.
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the same probability to b and s. The performance of such estimators is determined by the
combined probability they assign to all symbols appearing any given number of times,
namely by how well they estimate the combined probability, or mass,

def
M, = g D
Tip=p

of symbols appearing p € {0,1,...,n} times, where p, is the number of times a symbol
x € X appears in the sample 2”. Let 15 be the indicator function that is 1 iff p, = p.

2.2. Previous results

Let @, denote the number of symbols appearing p times in a sample of size n. Empirical
frequency estimates M, by

E,=%.®,

3=

The Good-Turing estimator in Good (1953), estimates M,, by

def o+ 1
Gu'= —— Pyp1. (1)

The Good-Turing estimator is an important tool in a number of language processing appli-
cations, (e.g., Chen and Goodman, 1996). However for several decades it defied rigorous
analysis, partly because of the dependencies between p, for different x’s. First theoretical
results were provided by McAllester and Schapire (2000). Using McDiarmid’s inequal-
ity (McDiarmid, 1989), they showed that for all 0 < p < n, with probability > 1 — 4,

|GM—MM]:O< bg(j/é)<u+1+logg>>.

Note that this bound, like all subsequent ones in this paper, holds uniformly, namely applies
to all support sets X and all distributions p € Dy.

To express this and subsequent results more succinctly, we will use several abbreviations.
O and Q will be used to hide poly-logarithmic factors in n and 1/§, and for a random variable
X, we will use

X =0O(a) to abbreviate Pr (X # @(a)) <4,

5

and similarly X = Q(«) for Pr (X # Q(a)) < 0. For example, the above bound becomes

~(ptl
G- 11+ 6(10),

As could be expected, most applications require simultaneous approximation of M,, over

a wide range of 1’s. For example, as shown in Section 4, classification requires approximating

M (M, ...,M,) to within a small ¢; distance, while prediction requires approximation

to within a small KL-Divergence.
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Drukh and Mansour (2004) improved the Good-Turing bound and combined it with the
empirical estimator to obtain an estimator G’ with £, convergence,

m n d_ef ’ A 1
|G™ = M"||o = o?fgn‘G“ - Mu| N O(W)a
where G & (Gy, - - . ,GY,). With some more work one can extend their results to the more
practically useful ¢; convergence,
g def X 5( 1
|G —M\|1:Z|G#—Mu|?(’) 376 ) (2)
n=0

Subsequently, Wagner et al. (2006) considered ¢; convergence for a subclass of distribu-
tions where all symbols probabilities are proportional to 1/n, namely for some constants
¢1, ca, all probabilities p, are in the range [¢1/n, ca/n]. Recently, Ohannessian and Dahleh
(2012) showed that the Good-Turing estimator is not uniformly multiplicatively consistent
over all distributions, and described a class of distributions for which it is.

2.3. New results

First we show that upper bound (2) and the one in Drukh and Mansour (2004) are tight
in that no simple combination of G, and the empirical estimator F, can approximate M,
better. A proof sketch is provided in Appendix B.11.

Lemma 1 For every n, there is a distribution such that

n . ~ 1
Z min (|E, — M|, |Gy — M,|) v Q(l/ﬁ)
u=0 " "

In Subsections 5.3-5.5, we construct a new estimator F l’L and show that it estimates M,
better than G; and essentially as well as any other estimator. A closer inspection of Good
and Turing’s intuition in Gale and Sampson (1995) shows that the average probability of a
symbol appearing p times is

®,  n  E@,)]°

If we were given the values of the E[®,]’s, we could use this equation to estimate the M,’s.
Since we are not given these values, Good-Turing (1) approximates the expectation ratio by
just @,,41/P,. However, while @, and @, are by definition unbiased estimators of their
expectations E[®@,] and E[®, ;1] respectively, their variance is high, leading to a probability
estimation G/, that may be far from M,,.

In Section 5.4 we smooth the estimate of E[®@,] by expressing it as a linear combination
of the values of @, for y/ near y. Lemma 15 shows that an appropriate choice of the

—

smoothing coefficients yields an estimate E[®,]| that approximates E[®,] well.

Incorporating this estimate into Equation (3), yields a new estimator F,,. Combining it
with the empirical and Good-Turing estimators for different ranges of x4 and ¢,,, we obtain
a modified estimator F l; that has a small KL divergence from M, and hence by Pinsker’s
inequality, also small ¢; distance uniformly over all distributions.
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def

Theorem 2 For every distribution and every n, F'™ = (F|, ... ,F}) satisfies,
n
i pme def M,\ 1 m_ i A 1
D(M"||F"™) = E M, log (F/u) T O <n1/2> and ||F M"|y 17710(77,1/4 .

pn=0

In Section 5.7 we show that the proposed estimator is optimal. An estimator is label-
invariant, often called canonical, if its estimate of M), remains unchanged under all permu-
tations of the symbol labels. For example, its estimate of M7 will be the same for the sample
a,a,b,b,c as it is for u,u,v,v,w. Clearly all reasonable estimators are label-invariant.

Theorem 3 For any label-invariant estimator M , there is a distribution such that

n|| A n s 1 arn n 0 1

Finally we note that the estimator F//L can be computed in time linear in n. Also,
observe that while the difference between ¢; distance of 1/n'/6 and 1/n'/* may seem small,
an equivalent formulation of the results would ask for the number of samples needed to
estimate within a ¢; distance e. Good-Turing and empirical frequency would require (1/¢)%
samples, while the estimator we construct needs (1/€)* samples. For € = 1%, the difference
between the two is a factor of 10,000.

3. Prediction
3.1. Background

Probability estimation can be naturally applied to prediction and compression. Upon

. i def .. . . . .
observing a sequence X' = Xi,...,X; generated i.i.d. according to some distribution

p € Dy, we would like to form an estimate q(z|z’) of p(x) to minimize a cumulative loss
S fo(a(Xit1]XY), Xig1) (see for example Vovk, 1995; Merhav and Feder, 1998).

The most commonly used loss is log-loss, fy(q(xit1|2), zit1) = log(q(xit1|2?)/p(wit1)).
Its numerous applications include compression, (e.g., Rissanen, 1984), MDL principle, (e.g.,
Griinwald, 2007), and learning theory, (e.g., Cesa-Bianchi and Lugosi, 1999). Its expected
value is the KL-divergence between the underlying distribution p and the prediction gq.

Again we consider label-invariant predictors that use only ordering and frequency of
symbols, not the specific labels. Following Orlitsky et al. (2003), after observing n samples,
we assign probability to each of the previously-observed symbols, and to observing a new
symbol new. For example, if after three samples, the sequence observed is aba, we assign
the probabilities g(alaba), g(blaba), and g(new|aba) that reflects the probability at which
we think a symbol other than a or b will appear. These three probabilities must add to 1.
Furthermore, if the sequence is beb, then the probability we assign to b must be the same
as the probability we previously assigned to a.

Equivalently, Orlitsky et al. (2003) defined the pattern of a sequence to be the sequence
of integers, where the i** new symbol appearing in the original sequence is replaced by the
integer i. For example, the pattern of aba is 121. We use " and to denote a length-n
pattern, and ¥, to denote its ith element.
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The prediction problem is now that of estimating Pr(W¥,,41|¥"), where if ¥" consists of
m distinct symbols then the distribution is over [m + 1], and m + 1 reflects a new symbol.
For example, after observing 121, we assign probabilities to 1, 2, and 3.

3.2. Previous results

Orlitsky et al. (2003) proved that the Good-Turing estimator achieves constant per-symbol
worst-case log-loss, and constructed two sequential estimators with diminishing worst-case
log-loss: a computationally efficient estimator with log-loss O(n_l/ 3), and a high complexity
estimator with log-loss O(n~1/2). Orlitsky et al. (2004) constructed a low-complexity block
estimator for patterns with worst-case per-symbol log-loss of O(n~1/2). For expected log-
loss, Shamir (2004) improved this bound to O(n=3/5) and Acharya et al. (2012b) further
improved it to O(n~2/3), but their estimators are computationally inefficient.

3.3. New results

Using Theorem 2, we obtain a computationally efficient predictor ¢ that achieves expected

log-loss of O(n~1/2). Let F}, be the estimator proposed in Section 5.5. Let q(¥p,41|¥") = g—‘;

if ¥,,4+1 appears p times in ¥", and F{, if it is ¥,,41 is a new symbol. The following corollary,
proved in Appendix C, bounds the predictor’s performance.

Corollary 4 For every distribution p,
n n ~ 1

4. Classification

4.1. Background

Classification is one of the most studied problems in machine learning and statistics
(Boucheron et al., 2005). Given two training sequences X™ and Y™, drawn 4.i.d. according
to two distributions p and ¢ respectively, we would like to associate a new test sequence Z™
drawn i4.7.d. according to one of p and g with the training sequence that was generated by
the same distribution.

It can be argued that natural classification algorithms are label invariant, namely, their
decisions remain the same under all one-one symbol relabellings, (e.g., Batu, 2001). For
example, if given training sequences abb and cbc, and a classifier associates b with abb,
then given utt and gtg, it must associate t with utt.

Our objective is to derive a competitive classifier whose error is close to the best possible
by any label-invariant classifier, uniformly over all (p, q). Namely, a single classifier whose
error probability differs from that of the best classifier for the given (p,q) by a quantity
that diminishes to 0 at a rate determined by the sample size n alone, and is independent of
p and q.
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4.2. Previous results

A number of classifiers have been studied in the past, including the likelihood-ratio, generalized-
likelihood, and Chi-Square tests. However while they perform well when the number of
samples is large, none of them is uniformly competitive with all label-invariant classifiers.

When m = O(n), classification can be related to the problem of closeness testing that
asks whether two sequences X™ and Y™ are generated by the same or different distributions.
Over the last decade, closeness testing has been considered by a number of researchers. Batu
et al. (2000) showed that testing if the distributions generating X™ and Y are identical or
are at least  apart in ¢; distance requires n = (5(1{:2/ 3) samples where the constant depends
on J. Acharya et al. (2011) took a competitive view of closeness testing and derived a test
whose error is < ce©*"*) where ¢ is the error of the best label-invariant protocol for this
problem, designed in general with knowledge of p and gq.

Their result shows that if the optimal closeness test requires n samples to achieve an
error < €, then the proposed test achieves the same error with (5(123) samples. Acharya
et al. (2012a) improved it to O(n32) and proved a lower bound of Q(n7/6) samples.

4.3. New results

We consider the case where m = 1, namely the test data is a single sample. Many machine-
learning problems are defined in this regime, for example, we are given the DNA sequences
of several individuals and need to decide whether or not they are susceptible to a certain
disease (e.g., Braga-Neto, 2009).

It may seem that when m = 1, the best classifier is a simple majority classifier that
associates Z with the sequence X" or Y where Z appears more times. Perhaps surprisingly,
the next example shows that this is not the case.

Example 5 Let p = Un] and ¢ = U[2n] be the uniform distributions over {1,...,n} and
{1,....2n}, and let the test symbol Z be generated according to Uln] or U|[2n] with equal
probability. We show that the empirical classifier, that associates Z with the sample in which
it appeared more times, entails a constant additional error more than the best achievable.

The probability that Z appears in both X™ and Y™ is a constant. And in all these cases,
the optimal label-invariant test that knows p and q assigns Z to Uln], namely X™, because
p(Z) = 1/n > 1/2n = q(Z). However, with constant probability, Z appears more times
i Y™ than in X", and then the empirical classifier associates Z with the wrong training
sample, incurring a constant error above that of the optimal classifier.

Using probability-estimation techniques, we derive a uniformly competitive classifier.
Before stating our results we formally define the quantities involved. Recall that X™ ~ p
and Y" ~ ¢. A classifier S is a mapping S : X* x X* x X — {x,y}, where S(Z,7, z) indicates
whether z is generated by the same distribution as T or . For simplicity we assume that
Z ~ p or q with equal probability, but this assumption can be easily relaxed. The error
probability of a classifier S with n samples is

S 1 n yn 1 n yn
E” (n) = §Pr(S(X Y™ Z) :y]ZNp)—i—iPr(S(X Y. Z) =x|Z ~ q).

p,q
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Let S be the collection of label-invariant classifiers. For every p, ¢, let £ psf;q (n) = minges &€ fq (n)
be the lowest error achieved for (p,q) by any label-invariant classifier, where the classifier
Sp.q achieving 551;*‘1 (n) is typically designed with prior knowledge of (p, q).

We construct a linear-time label-invariant classifier S whose error is close to 555"1 (n).
We first extend the ideas developed in the previous section to pairs of sequences and develop
an estimator F}:p e and then use this estimator to construct a classifier whose extra error

is O(n=1/5).
Theorem 6 For all (p,q), there exists a classifier S such that

~( 1
€% (n) =&%a(n) + 0O (nm> :

In Appendix D we state the classifier that has extra error (5(71_1/ %) and prove Theorem 6.
In Appendix D.6 we also provide a non-tight lower bound for the problem and show that
for any classifier S, there exist (p, g), such that Efq (n) = 555‘1(71) +Q (n71/3).

5. Analysis of probability estimation

We now outline proofs of Lemma 1 and Theorems 2 and 3. In Section 5.1 we introduce
Poisson sampling, a useful technique for removing the dependencies between multiplicities.
In Section 5.2, we state some limitations of empirical and Good-Turing estimators, and
use an example to motivate Lemma 1. In Section 5.3 we motivate the proposed estimator
via an intermediate genie-aided estimator. In Section 5.5 we propose the new estimator.
In Section 5.6 we sketch the proof of Theorem 2. In Section 5.7, we sketch the proof of
Theorem 3 providing lower bounds on estimation.

5.1. Poisson sampling

In the standard sampling method, where a distribution is sampled n times, the multiplic-
ities are dependent. Analysis of functions of dependent random variables requires various
concentration inequalities, which often complicates the proofs. A useful approach to make
them independent and hence simplify the analysis is to do Poisson sampling. The distribu-
tion is sampled a random n’ times, where n’ is a Poisson random variable with parameter
n.

The following fact, mentioned without proof states that the multiplicities are indepen-
dent under Poisson sampling.

Fact 7 (Mitzenmacher and Upfal, 2005) If a distribution p is sampled i.i.d. Poi(n)

times, then the number of times symbol x appears is an independent Poisson random variable
e~ nPx (npz)l"

with mean np,, namely, Pr(pu, = p) = l

In Appendix B.1 we provide a simple proof for the following lemma, which shows that prov-
ing properties for Poi(n) sampling implies properties for sampling the distribution exactly
n times. Hence in the rest of the paper, we prove the properties of an estimator under
Poisson sampling.
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Lemma 8 (Mitzenmacher and Upfal, 2005) If when a distribution is sampled Poi(n)
times, a certain property holds with probability > 1—0, then when the distribution is sampled
exactly n times, the property holds with probability > 1 — ¢ - e/n.

To illustrate the advantages of Poisson sampling, we first show that Good-Turing estimator
is unbiased under Poisson sampling. We use this fact to get a better understanding of the
proposed estimator. It is proved in Appendix B.2.

Claim 9 For every distribution p and every p,

_pt1

E[G,] =

B[Py 1] = E[M,].

5.2. Limitations of Good-Turing and empirical estimators

We first prove an upper bound on the estimation error of Good-Turing and empirical esti-
mators. Proofs for variations of these lemmas are in Drukh and Mansour (2004). We give
simple proofs in Appendix B.3 and B.4 using Bernstein’s inequality and Chernoff bound.

Lemma 10 (Empirical estimator) For every distribution p and every p > 1,

Vi + 1log 5
M, — E,| = o <q5un .

Lemma 11 (Good-Turing estimator) For every distribution p and every pu, if E[®@,] >
1, then

(1 +1)log* %
| My =Gl =0 ( E[®y41] + 1% :

The following example illustrates the tightness of these results.

Example 12 Let U[k] be the uniform distribution over k symbols, and let the sample size
be n > k. The expected multiplicity of each symbol is T, and by properties of binomial
distributions, the multiplicity of any symbol is > 7 + \/% with probability > 0.1. Also, for
every multiplicity p, M,, = @, /k.

o The empirical estimate E,, = (15”%. For p> 7 + \/%, the error is @4/ % ~ @u%.

e The Good-Turing estimate G, = @#JAMTH and it does not depend on D,,. Therefore,
if two sequences have same D,,11, but different @, then Good-Turing makes an error
in at least one of the sequences. It can be shown that, the typical error is E[(Pu}% =

E[®,]E, as the standard deviation of D, is \/E[P,].

The errors in the above example are very close to the upper bounds in Lemma 10 and
Lemma 11. Using a finer analysis and explicitly constructing a distribution, we prove
Lemma 1 in Appendix B.11.
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5.3. A genie-aided estimator

To motivate the proposed estimator we first describe an intermediate genie-aided estimator.
In the next section, we remove the genie assumption. Although by Claim 9 Good-Turing
estimator is unbiased, it has a large variance. It does not use the fact that &, symbols
appear p times, as illustrated in Example 12.

To overcome these limitations, imagine for a short while that a genie gives us the values
of E[®,] for all 4. We can then define the genie-aided estimator,

— 1E|®

n  E[@,]

We observe few properties of ]\/ZH. By Claim 9 E[]\/IH] =E[G,] = E[M,], and hence ]/\4\” is an
unbiased estimator of M,,. It is linear in @,, and hence shields against the variance of ®,, 1.
For a uniform distribution with support size k, it is easy to see that M, = éu% = M,,. For
a general distribution, we quantify the error of this estimator in the next lemma, whose
proof is given in Appendix B.5.

Lemma 13 (Genie-aided estimator) For every distribution p and every pn > 1, if E(9,) >

1, then
o (x/E[%]MlogQ ?) '
n

E[®,]

)

1E|®
Mu_é,uu;t [Dpu+1]

Recall that the error of E,, and G, are @) (@) and O <w>, respectively.

In Appendix A we show that E[®, 1] = O(E[®,]). Hence errors of both Good-Turing
and empirical estimators are linear in one of y and @, and sub-linear in the other. By
comparison, the genie-aided estimator achieves the smaller exponent of both estimators,
and has smaller error than both. It is advantageous to use such an estimator when both u

and @, are > polylog(n/§). In the next section, we replace the genie assumption by a good
]E[@;Hrl}

estimate of Bb,] -

5.4. Estimating the ratio of expected values

We now develop estimator for the ratio Eﬁgz]l] from the observed sequence. Let E[®,11],

ﬁ@j be the estimates of E[®, 1] and E[®,,] respectively. A natural choice for the estimator

ﬁ@j is a linear estimator of the form 3 h,®,. One can use tools from approximation
theory such as Bernstein polynomials (Lorentz, 1986) to find such a linear approximation.
However a naive application of these tools is not sufficient, and instead, we exploit properties
of Poisson functionals.

If we can approximate E[®,] and E[®,,1] to a multiplicative factor of 1 £6; and 1+ do,
respectively, then a naive combination of the two yields an approximation of the ratio
to a multiplicative factor of 1 + (|01]| + |d2]). However, as is evident from the proofs in
Appendix B.7, if we choose different estimators for the numerator and the denominator, we
can estimate the ratio accurately. Therefore, the estimates of E[®,], while calculating M,

10
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and M, _q, are different. For ease of notation we use E/[Qfﬁ for both the cases. The usage
becomes clear from the context.

We estimate E[®, | as a linear combination > i ;1)@ -+ of the 2r 41 nearest @,’s.
The coefficients 7, (i) are chosen to minimize to estimator’s variance and bias. We show that
if max; |,(7)| is small, then the variance is small, and that for a low bias the coefficients
vr(7) need to be symmetric, namely ~,(—i) = ~,(i), and the following function should be
small when z ~ 1,

By (z) € 7 (0) + 3 7 (d) (2" + 27%) — 1.
=1

To satisfy these requirements, we choose the coefficients according to the polynomial

r? —rag|i| — By

'Y Z — B B 9
= ST 2 e, il = )

where ;- and S, are chosen so that > \_; v-(i)i? = 0 and ~,(r) = 0.
The next lemma bounds B,(x) for the estimator with co-efficients v, and is used to
prove that the bias of the proposed estimator is small. It is proved in Appendix B.6.

Lemma 14 If r|(z — 1)| < min(1, z), then
By ()] = O(r(z — 1))*.

The estimators for E[®,, | and E[®, 11] are as follows. Let r, = {W%J.
Ho 0

Let 8K = {u| | — p| < r}. Then,

Ho
E@u il = D s, (o +1 = )22
HESY 0
ST B
E[@uo] = Z Vru, ([o = 1) an’ Dy
nesto ™

where, aZO = HL!!MOMO_M and is used for simplifying the analysis. Note that @ used to
calculate M, anod M,,_1 are different. T, is chosen to minimize the bias variance trade-off.
The following lemma quantifies the quality of approximation of the ratio of E[CP%H] and
E[quo]- The proof is involved and uses Lemma 14. It is given in Appendix B.7.

5
Lemma 15 For every distribution p, if u, > log®>n and loén (10’;(2’”) > E®, ]| > log? %
then

El@u,+1]  E[Py, +1]

@] E[2,,]

5
and if E[®, ] > L (“O ) then,

logn \ logZn

_0 log? 5
o \ Vo B[y, ]\ /1g)* M )

E[@MOH] B E[@MOH] -0 logQ%
E[d,,] El@,] | o E(®,,|

11
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5.5. Proposed estimator

Substituting the estimators for E[®,] and E[®,1] in the genie-aided estimator we get the
proposed estimator as

1E[D,+;
F, =, T ER]
" E®,]

As mentioned before, for small values of @, empirical estimator performs well, and for small
values of ;1 Good-Turing performs well. Therefore, we propose the following (unnormalized)
estimator that uses estimator F), for p and @, > polylog(n).

max (GO,%) if p=0,
pon _ ) Bu if ¢, <log?n,
K max (G“, %) if 11 <log?n and b, > log? n,

min (max (FM, n%) , 1) otherwise.
Letting N def > p—o I, the normalized estimator is then [, def %F/}m. Note that the
Good-Turing and F), may assign 0 probability to M, even though @, # 0. To avoid infinite
log loss and KL Divergence between the distribution and the estimate, both estimators are
slightly modified by taking max (G#, %) instead of G, and min (max (Fuv #) , 1) instead of
F,, so as not to assign 0 or oo probability mass to any multiplicity. Such modifications are
common in prediction and compression, (e.g., Krichevsky and Trofimov, 1981).

5.6. Proof sketch of Theorem 2

To prove Theorem 2, we will analyze the unnormalized estimator F/’}m and prove that

IN—-1 = ) @(n_l/ 4) and use that to prove the desired result for the normalized estimator
10n—

F,i We first show that the estimation error for every multiplicity is small. The proof is in
Appendix B.8.

Lemma 16 For every distribution p, |Mo — F}"™| =, (@] (lof/%n), and for all p > 1,
4n=—

nlog™3n

M, — F'| — 0(min(\/%(uﬂ),@ﬁ/nx/Wr1))
T ’

The error probability in the above equation is 4n =3 can be generalized to any poly(1/n). We
have chosen the above error to achieve the over all error in Theorem 2 to be n~!. Note that
the error of F) /i is smaller than both Good-Turing and empirical estimators up to polylog(n)
factors. Using Lemma 16, we show that N ~ 1 in the following lemma. It is proved in
Appendix B.9.

Lemma 17 For every distribution p,

~( 1
V=1 102 © <n1/4> '

Using the bounds on N — 1 in Lemma 17 and bounds on |M,, — F;"| in Lemma 16 and
maximizing the KL divergence, we prove Theorem 2 in Appendix B.10.

12
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5.7. Lower bounds on estimation

We now lower bound the rate of convergence. We construct an explicit distribution such
that with probability > 1 — n~! the total variation distance is Q(n~'/4). By Pinsker’s
inequality, this implies that the KL divergence is (NZ(n_l/ 2). Note that since distance is
Q(n~1/4) with probability close to 1, the expected distance is also Q(n~/4).

Let p be a distribution with n; def \/gz log!® n symbols with probability p; def M,

n
and n; symbols with probability p; + %, for cllo’;;%n <1 < 0210;‘;%. c1 and ¢y are constants
such that the sum of probabilities is 1. We sketch the proof and leave the details to the full
version of the paper.

Proof [sketch of Theorem 3] The distribution p has the following properties.

. 1/4 . 1/4
o Let R = Ui{npi,np; + 1...np; + i} for Cllo&’ﬁ <i< CQb;‘g,W. For every p € R,
Pr(®,=1)>1/3.

e If &, = 1, then the symbol that has appeared p times has probability p; or p; + %
with almost equal probability.

e Label-invariant estimators cannot distinguish between the two cases, and hence incur
an error of Q(i/n) = Q(n=3/4) for a constant fraction of multiplicities u € R.

The total number of multiplicities in R is nl/% . nl/* = pl/2. Multiplying by the error for
each multiplicity yields the bound Q(n~1/4). |
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Appendix A. Useful facts
A.1. Concentration inequalities

The following two popular concentration inequalities are stated for completeness.

Fact 18 (Chernoff bound) If X ~ Poi()\), then for x > A,

prx =) < (-5),

and for x < A,

prox ) < (-50).

Fact 19 (Variation of Bernstein’s Inequality) Let X, Xs,...X,, ben independent zero
mean random variables such that with probability > 1 — €;, | X;| < M, then

t2 =
r(IZXiI >1) < 2eXp< SR +Mt/3> +Ze7;'

Ift—\/2 X2 10g(S %Mlog%, then

1 2 1
2 .
2<§ :E[Xi]> log < + 5 M log 325+§ €.
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To prove the concentration of estimators, we bound the variance and show that with high
probability the absolute value of each X; is bounded by M and use Bernstein’s inequality

with t = /2 (30, E[X?]) log § + 2M log L.

A.2. Bounds on linear estimators

In this section, we prove error bounds for linear estimators that are used to simplify other
proofs in the paper. We first show that the difference of expected values of consecutive ®,,’s
is bounded.

Claim 20 For every distribution p and every u,

M%VE@MM—OGMAMMC%T byj)+9

p+1"\ p+1 n

Proof We consider the two cases p+ 1 > logn and p+ 1 < logn separately. Consider the
case when p + 1 > logn. We first show that

nps
Cpt1

(np.)" [1ogn | 2
! pw1

|E[1#] — E[14T]| = e7P= (npa)"

< He” "P=
!

(4)

The first equality follows by substituting E[1%] = e "= (np,)*/u!. For the inequality, note
that if [np, —pu—1|% < 25(u+1) log n, then the inequality follows. If not, then by the Chernoff

bound E[14] = Pr(u, = 1) < n~> and hence |E[14] — E[]lﬁ“]‘ < E[14] + E[14T1] < 2/n3.
By definition, E[@,] — E[@,1] = 3, E[14] — E[14T"]. Substituting,

E[@,] - E[@,11] < Z [E[15] — B[,

(a)z —npg np(E ‘1_ Npg

w1
_ Z e—npg; ‘1 Z e~ e LT npa: _ NPy
Tnp,<1 'Ul+1 Tnpe>1 M+1
b
<Y e ¥ sk *
r:np, <1 K Tnpge>1 /,L—i- n

IN

1 logn logn 1
— E[® — E[® —.
M+O<[m wH>+M_O([u wH>+n

where (a) follows from the fact that E[15] = e™™P=(np,)*/u!. (b) follows from the fact that
npy < 1 in the first summation and Equation (4). The proof for the case p+ 1 < logn is
similar and hence omitted. |

The next claim bounds the variance of any linear estimator in terms of its coefficients.
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Claim 21 For every distribution p,

Var (Z > 1k (=, u)) <Y O R[S ()

Proof By Poisson sampling, the multiplicities are independent. Furthermore the variance
of sum of independent random variables is the sum of their variances. Hence,

Var (Z > (e, u)) =D Var (Z ngf(w))
z n x 1

SIS wf(x,mﬂ
@ n

O S|t

2y Zg[nzwx,m.
z

For pu # 1/, E[1#1#] = 0 and hence (a). (b) uses the fact that 1% is an indicator random

variable. ]

Next we prove a concentration inequality for any linear estimator f.

Claim 22 Letr < 1:g0nf Wy > logn, and f = Euesfo cu®y. For every distribution p if

-Elfll=0 <m$ culy[BLZ,, (2 + 1>1og§> .

Proof By Claim 21,

pesy o
2
< | max c Z ZE[ﬂg]
S’rl‘to Ko x
HESy

2
-0 (max cu> (2r+1DE[®, ]

pesro

Substituting >~ E[1%] = E[®,] results in (a). The last equality follows by repeatedly apply-
ing Claim 20. Changing one of the multiplicities changes f by at-most max, oo |cu|. Apply-
ing Bernstein’s inequality with the above calculated bounds on variance, M = max,, s eyl

17
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and ), € = 0 yields the claim. [ |

Next we prove a concentration bound for @, in the next claim.

Claim 23 For every distribution p and every multiplicity p, if E[@,] > log %, then

. - Bi2,]| 5 O\ /B2, d1og 5 ).

Proof Since &, = > 1%, by Claim 21, Var(®,) < E[®,]. Furthermore |14 — E(1%)] < 1.
Applying Bernstein’s inequality with M = 1, Var(®,) < E[®,], and ) ;e = 0 proves the
claim. |

Appendix B. Proofs of results in Section 5
B.1. Proof of Lemma 8

If a distribution is sampled n’ = Poi(n) times, with probability e‘"% > ﬁ, n = n.
Conditioned on the fact that n’ = n, Poisson sampling is same as sampling the distribution
exactly n times. Therefore, if P fails with probability > § - ey/n with exactly n samples,
then P fails with probability > § when sampled Poi(n) times. [

B.2. Proof of Claim 9

The proof follows from the fact that each multiplicity is a Poisson random variable under
Poisson sampling.

§ : Cnpe (MP2) 1 o, ()P 1
_ e — E ' . —MPz _ E : npz _

B.3. Proof of Lemma 10
Let ¢ = 22Yitloss “lﬁ:log%. Since ¢, =Y 1% and M, = > p,1%,

I

Pr(|My = 0,2 | = @uc) <Pr (3w st |po =B > e =1).

If p, > £ + ¢, then by the Chernoff bound Pr(1% = 1) < §/2n. Therefore by the union

bound,

7 1) 1)
Pr(EIx 5.t px—ﬁ>6,ﬂg:1)§n%§§.
o

Now consider the set of symbols such that p, < & —e€. Since p, > 0, we have y >
20y/p + 1log . Group symbols z with probability < 1/4n in to smallest number of groups
such that Pr(g) < 1/n for each group g. By Poisson sampling, for each group g, pg, =

18
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> _zeg Mo and fig is a Poisson random variable with mean Pr(g). Observe that for any two
(or more) symbols z and 2’, Pr(p, > pV py > 1) < Pr(pe + per > p). Therefore

Pr(ﬂxs.t. g—pg;>e,]lg:1) gPr<3xs.t. uxzu,pxgﬁ—e)
n n

1
Smﬁ“%~
n

<Pr(§|gs.t. fg > pV 3z s.t. ,uzz,u,4
n

It is easy to see that the number of groups and the number of symbols with probabilities
> 1/4n is at most n + 1+ 4n < 6n. Therefore by the union bound and the Chernoff bound
the above probability is < /2. Adding the error probabilities for cases p, > £ + € and
pe < & — € results in the lemma. [

B.4. Proof of Lemma 11

By Claim 9, E[MH — qswlﬁ‘“] = 0. Recall that M, = 3 p,1% and &, = > 147"
Hence by Claim 21 (stated and proved in Appendix A),

n2

1 1)
Var (34, - #01F ) < ZE[ﬂﬁ]pi ey L

1 2 1)?

n2

n2

® )O (( [Dut1] + 1) (e + 1)2 logn> ‘

E[14] = e "= (np,y )" /u! and E[1472] = e+ (np, )2 /i + 2!, and hence (a). (b) follows
from Claim 20 (stated and proved in Appendix A) and the fact that ) E[147%] = E[®,42].
By the proof of Lemma 10,

s 20v/p + 1log 5
n

Pr <EI:U st |pr— —

,]15:1) <.

n ‘

Choosing & = §/2 we get Vu, |[15p, — with probability

Vitllog§ | p+l
n +n’

+1 p+1 VutTlog % +1
]lg 'un | = O( n : + Mn

1 —9/2. The lemma follows from Bernstein’s inequality with M = O (

> ;€ = 06/2, and above calculated bound on the variance. |

B.5. Proof of Lemma 13
By Claim 9,

19
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We now bound the variance. By definition, M, = Y p,1% and @41 = >, 14 Using

Claim 21,
(4 + )8, Bl@,1) ol (e DEB,]\?
var (ar, - R ) < i (o - g )
_ p+1  (p+ D)(ED] - E[@u1]))
ol (b = e )

L S oy (.~ ) gy (EL el TERDp )

nE[®,]

—

® o E[®,]plog? n
n? ’
where (a) follows from the fact that (x +%)? < 222 +2y?. Similar to the proof of Claim 20,

: : E[@,]ulog® n
one can show that the first term in (a) is O ( = 5=— ). The second term can be bounded

by O (Wj#) using Claim 20, hence (b). We now bound the maximum value of each

individual term in the summation. By the proof of Lemma 10,

1log &
pr (gx st [pa =] > Cwoga,ﬂg:l)
n n

Pa <d (5)

Choosing &' = §/2 we get that with probability 1 —§/2, Vz

1% [p, — (p+ DE[@y14] <1#|p, — ptl + (b + DE[Py11] — E[D,)]
v nE[®,] * n nE[®,]
@ o vli+110g%+(u+1)logn
- n n
_ 0 (u+1)log % '
n

where the (a) follows from Lemma 20 and Equation (5). The lemma follows from Bernstein’s
inequality with the calculated variance, M = O <%>, and ), € =06/2. |

n

B.6. Proof of Lemma 14

By assumption, |[r(z—1)| < min(1,z). Hence |rInz| < 2|r(z—1)| and |rInz| < 1. Therefore
r
|Br(x)] = [1 = %(0) = Y _r(i)2 cosh(ilnx)
i=1
T
=70 (0) =23 7 (i) (14

=1

2! 4] 6!

(ilnz)? N (ilnx)* n (ilnx)S _’_)‘

253%(2‘)(“196)4 + (“2!3:)6 + )’
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where in (a) we use that v,.(0) + 2> I_;v-(i) = 1 and >_\_, -(i)i* = 0. (b) follows from
the fact that |rInz| < 1. Now using r|In(z)| < 2r|z — 1|, and |y,(i)] = O (%) (can be
shown), the result follows. [

B.7. Proof of Lemma 15

The proof is technically involved and we prove it in steps. We first observe the following
property of aﬁo. The proof follows from the definition.

Claim 24 For every distribution p and multiplicities p, p,,,

H=Hq
dPE[14] = E[14] <"i@’) .
0

—

Next we bound E[®,] —E[®,]. The proposed estimators for E[®,] and E[®,,1] have positive

_

bias. Hence we analyze E[®,] — E[®,1] to prove tighter bounds for the ratio.

Lemma 25 Let r < IO@ and ji, > logn. For every distribution p, if E[®, | > log %, then

B rtlog” nE[®,, ] E[®,,]log §
5 13 r+1

[E2,,] - El2,,]

and

T4E[¢u0] log®°n E[®,,]log 3

’E[éﬂo] - E[QS,U‘OJFI] - E[¢”0 - ¢#0+1]‘ ? O /,L%S + (r _|_ 1)15
Proof By triangle inequality, @M\o] —~E[®,,]] < |@M\O]—E[@M\OH|+‘E[Q§MO] - E[@M\OH .

We first bound ]IE/[QL\O] - E[E/[QL\O]H
Since r < \/fi, it can show that a,® < e and |y, (Ju—p,|)| = O((r+1)~1). Therefore each

L —

coefficient in E[®,, | is O((r+ 1)~1). Hence by Claim 22 (stated and proved in Appendix A),

E[®,, ]log §

[E(@,,] - E[E[2,,] P

-0
0

Next we bound the bias, i.e.,

E[®,,] ~ E[E,,]]|- Recall that a/?E[1£] = E[1}°] (22=)" ",

Therefore by the linearity of expectation and the definition of B,(z),

M@iﬂmm@=ZMww{fﬂ.

0

For r = 0, the bias is 0. For r > 1, by the Chernoff bound and the grouping argument
similar to that in the proof of empirical estimator 10, it can be shown that there is a constant
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c such that if [np, — p,| > cy/p,logn, then Y E [15°]B ("ﬂﬁ) < n~3. If not, then by
0
Lemma 14, B, (m) =0 <%). Bounding E[14°]B, (%) for each alphabet x and

Ho 0 0
using the fact that E[®,, | > log %, we get
—— r*log?n 1 r*log?n
! -y sntio (ZEE) Lo (g, ).
v n Ho

EE[®,,]] - E[®

Ho

The first part of the lemma follows by the union bound. The proof of the second part is
similar. We will prove the concentration of E[®, ] — E[®, +1] and then quantify the bias.

We first bound the coefficients in I@u\o] — E@;l] The coefficient of @, is bounded by

po |y (g + 1 — pl)]
ap
Mo + 1

el + 1= ) =2y — il =0 (5 )

Applying Claim 22, we get

o E[®,,] log 5
’ 5 (r+1)t5

—_—

E[QSMO] - E[QSMOH] - E[E[%O] - E@%HH

Next we bound the bias.

IE TR ,U NPz npy
As before, bounding E[15°] (1 - uzpil) B, (Z‘Z}I> for each z yields the lemma. [ ]

Now we have all the tools to prove Lemma 15.
Proof [Lemma 15.] If |Ab| < 0.9b, then

a+Aa a _ O(Aba O(Aa)

e
‘b+Ab b|_ b2 + b

Let b =E[®, |, a =E[®, +1 - P, |, Ab=E[D, 1] -E[®, ]| and Aa = E[®, | -E[D) +1] -
E[®,, — Py, +1]. By Lemma 25, if E[®, | > log® % and p, > r?log'® n, then |Ab| < 0.9b.
Therefore by Lemma 25, Claim 20, and the union bound,

E[QSMOH] ]E[@uo +1] rtlog®® n log0 51
T Elo 5 o 95 T . (6)
E[®,,] [Puy) | 20 Ho (r+1)15, [E[®,]

By Claim 23 (stated and proved in Appendix A), if E[®,, | > log? %, then with probability
1-46/2, @, €[05E[®, ],2E[®, ]]. Hence,

eRdef[ Vo Vo ]
(2E[®,,, |\/1ig) /P logn | 7| (0.5E[@,, ]\/1t,) Y logn | ]
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Therefore if we prove the concentration bounds for all € R, the lemma would follow by the
union bound. If max, R < 1, then substituting 7 = 0 in Equation (6) yields the result for the

5
case E[®, | > logn <lo’égn> . If min, R > 1, then substituting r = © ((E[%O}\/%l/“logn)

5
in Equation (6) yields the result for the case E[®, ] < 0.5 ( a ) . A similar analysis

— logn \log’n
proves the result for the case 1 € R. Choosing ¢’ = ¢/2 in Equation (6) and using the union
bound we get the total error probability < 4. |

B.8. Proof of Lemma 16

The proof uses the bound on the error of F},, which is given below.

5
Lemma 26 For every distribution p and p > log?n, if loén (mg%n) > E[®,] > log? %
then

My EJ =0 <<E[¢uw>7/ﬂlog2:; | VE,]ulog” 1;) |
26 n n

5
“Qn) , then

M, — F,| =0 <M El®,] 1og2% N E[®,] log? ?) |
20 n "

Proof is a simple application of triangle inequality and the union bound. It follows from
Lemmas 13 and 15. |

Proof [Lemma 16] We first show that E[®,] and E[®,1] in the bounds of Lemmas 26
and 11 can be replaced by @,. By Claim 20, if E[®,41] > 1,

[E[®,] — E[@, ]| = O (Em] max (f_g,_ﬁ, ;"ﬂ)) = O(E[7,]logn).

Hence E[®,,41] = O(E[®,]logn). Hence by Lemma 11, for E[@,] > 1,

(1 +1)log?n (1 +1)log3n
M, — = E|® 11— = Elo,|———— | .
’ M Gu‘ 0.5m—3 O( [ u+1} + n o [ u] n
Furthermore by Claim 23, if E[®,] < 0.5log?n, then @, < log?n with probability >
1 —0.5n3, and we use the empirical estimator. Therefore with probability > 1 — 0.5n73,
F, and G, are used only if E[®,] > 0.5log?n. If E[®,] > 0.5log?n, then by Claim 23

E®,] s O(®,,). Therefore by the union bound, if &,, > log”n, then

p+1)log®n
My~ Gyl = 0 < /g, ot DlogTn )

n
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5
Similarly by Lemma 26, for x> log?n and b, > log? n, if logn (loglén> > E[®,] > log? n,
then

M, — F,| 0 <(E[¢u]\/ﬁ)7/nlog2n N \/E[Qu],ulog2n> _ 0 <¢,7/11\/,E10g2n>
0.5n—3 n : — | »

5
and if E[®,] > loén (bgL%J , then

wuy/E[® log n \/ 1og n)

|M,, — F,| o<
05—3 n

Using the above mentioned modified versions of Lemmas 11, 26 and Lemma 10, it can be
easily shown that the lemma is true for p > 1.

By Lemma 11, |F{"™ — M| = 9} (@) By the Chernoff bound with probability
=

n—3

_ 0 (/M /D, log? n)
- :

>1—e 4 $; <n/ < 2n. Hence, | F§™ — M| =, 0] (ﬁ) Note that the error probabil-
4dn—

ities are not optimized. |

B.9. Proof of Lemma 17

By triangle inequality, [N—1| = | 3, F;"" =M, | < > |F""—M,|. By Lemma 16, for u = 0,

| Mo — F{™| =, O (n=Y/2). We now use Lemma 16 to bound |[E™ — M| for 1> 1. Since
4n—:

>, HPy = n' is a Poisson random variable with mean n, Pr(}_, u®, < 2n) > 1 — e /4,

For p > 1, applying Cauchy Schwarz inequality repeatedly with the above constraints we

get
2n 7/11
) \/ D
IN 1] = Z(’) min | —& \/ﬁ, wht polylog(n)
10n—2 s n n

2n

2! \/ﬁ 7/11
>0 (n@/
p=1

B 2n 3/11 _

ot ) o
\ul

_ ~ /1

—0 \ Hzl ““Z :O(nm)'

9,, takes only integer values, hence (a). Note that by the union bound, the error probability
is bounded by

2n 7/11
w2 Ao [P o/ Pup
Pr(g ,ud5M>2n>+E Pr(MH—FL #O(mm( Mn\f’ nu )))
I p=0
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By the concentration of Poisson random variables (discussed above) the first term is < e=™/4.
By Lemma 16, the second term is 2n(4n~3). Hence the error probability is bounded by
e 4 4 2n(4n=3) < 1002 n

B.10. Proof of Theorem 2

It is easy to show that if ¢, > log? n, with probability > 1 —n=3 | max(Gy,1/n) = G, and
min(max(F,,n"3)1) = F,. For the clarity of proofs we ignore these modifications and add
an additional error probability of n =3

4

un 2
Recall that F’ = Ff\, . By Jensen’s inequality, Zu M, log]‘g—f < log Zu A}?[—Z Further-
(J\LL*FL)2

more Zu F, = 1+ —"5*~. Substituting F}, = F,"" /N and rearranging, we get
m
(M, — F] ) — Fjm)?
Z F/ o 1 + Z 2N F/un
" p

By Lemma 17, N = 1+ O(n~'/4). Therefore,

(M_F/) M F/un)
S -0 (i) o ().

m

To bound the second term in the above equation, we bound |F’ l;un —M,|and F, l;u“ separately.
We first show that F™ = Q (‘@“)

n—
If empirical estimator is used for estimation, then F’ "L‘m = @, b If Good-Turing or F), is

used, then @, > log”n. If E[®,] < 0.5log?n, then Pr(®, > log?n) < 0.5n73. If E[®,] >
0.5log? n, then using Claim 20 and Lemma 15 it can be shown that F/}m =, Q <&>
0.5n~

n

n

By the union bound, F"" = Q (&>
n—3

Now using bounds on |F"" — M| from Lemma 16 and the fact that F,™ = ﬁ(@uu /n),
we bound the KL divergence. Observe that ) u My = n’ is a Poisson random variable with
mean n, therefore Pr(}_ u®, < 2n) > 1 - e~"/4. Applying Cauchy Schwarz inequality
repeatedly with the above constraint and using bounds on [F"" — M,| (Lemma 16) and F},
we get

2n un') 2 3/11
(M, — F/™) @
Z—uF/un“ o _3+ a ZO min - polylog(n)
1/2

6(3 ““Z =6 (17)-

pn=1
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n

For = 0, by Lemma 11, (Mo — F")? =, (@) (ledy;og(n) + pdyj;;g(")) and hence,

n

(MO_Féun)Z 6(1>
Féun n=3 ’
Similar to the proof of Lemma 17, by the union bound the error probability is < e~™/* +
10n"24+2n(dn 3 +n=3)+n 3 +n73 < 22n2 < e n=1 for n > 4000. Hence with Poi(n)
samples, error probability is < e"'n~1® . Therefore by Lemma 8, with exactly n samples,
error probability is < n~1. |

B.11. Lower bounds on Good-Turing and empirical estimates

We prove that the following distribution achieves the lower bound in Lemma 1.

Let p be a distribution with lo‘g/?n symbols with probability p; def "1/3612g3” + i"l/ﬁclsg%
for 1 < i < n'6. ¢is chosen such that the sum of probabilities adds up to 1. We provide
a proof sketch and the detailed proof is deferred to the full version of the paper. It can be

shown that p has the following properties.

def 1/6

o Let R = UL [npi +nY/% np; + 2n'/6]. For every u € R, E[®,] = O(nl/3).

e Since the probabilities are © (%/3), symbols occur with multiplicity (:)(nl/ 3) with
high probability.

e The distribution is chosen such that both empirical and Good-Turing bounds in Lem-
mas 10 and 11 are tight.

Hence for each p € R, both the Good-Turing and empirical estimators makes an error

Q<MW>ZQ<W>:Q< nl/?’n”?’):@( L)

n n nl/2

of

Number of multiplicities in the range R is n'/6 - n'/6 = nl/3. Adding the error over all the
multiplicities yields an total error of Q ( L ) nl/3 =Q ( 1 ) B

ni/2 nl/6

Appendix C. Prediction

In this section, we prove Corollary 4. By definition Pr(¥™) e > an|w(zmy—un Pr(2"). Let

appear i times in U™, Using the fact that sampling is i.7.d., and the definition of pattern,
each of the @, integers (in the pattern) are equally likely to appear as W, ;1. This leads to,
M n
PO W =)= Y pr(en) )

2| W (z7)=T" #

and hence M)
xn

e |w(am)—un Pr(z") =5

Zx"\\lf(x"):\Il" Pr(x”)

Pr(W, |07 =
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Proof [Corollary 4] Any label-invariant estimator including the proposed estimator assigns
identical values for F/ ,; to all sequences with the same pattern. Hence

ZMlog ; Zp ZM logw
F F (zm)

n ™) lo p(xn)MM(xn)

pn I 1.7L|\I] [L’") yn

/N

@ S (o) D) My (7))

| U (zn)=

(S paany—an D) F ()
=35 (PP ) .

s 5 Pl g (C)]

\Il'rH»l:l

>ZZ( S p(a:”)Mu(:U")>log<

where in (a) we used the log-sum inequality and the fact that our estimator F), is identical
for all sequences with the same pattern. |

Appendix D. Label invariant classification

In this section, we extend the combined-probability estimator to joint-sequences and propose
a competitive classifier. First introduce profiles, a sufficient statistic for label-invariant clas-
sifiers. Then we relate the problem of classification to that of estimation in joint sequences.
Motivated by the techniques in probability estimation, we then develop a joint-sequence
probability estimator and prove its convergence rate, thus proving an upper bound on the
error of the proposed classifier. Finally we prove a non-tight lower bound of ﬁ(n_l/ 3.

D.1. Joint-profiles

Let the training sequences be X™ and Y™ and the test sequence be Z'. It is easy to see
that a sufficient statistic for label invariant classifiers is the joint profile ¢ of X", Y™, Z1,
that counts how many elements appeared any given number of times in the three se-
quences (Acharya et al., 2011). For example, for X = aabcd, Y = bacde and Z = a,
the profiles are p(X,Y) = {(2,1),(1,1),(1,1),(0,1)} and
o(X,Y,Z) = {(2,1,1),(1,1,0),(1,1,0),(1,1,0),(0,1,0)}. »(X,Y) indicates that there is
one symbol appearing twice in first sequence and once in second, two symbols appearing
once in both and so on. The profiles for three sequences can be understood similarly. Any
label invariant test is only a function of the joint profile.

By definition, the probability of a profile is the sum of the probabilities of all sequences
with that profile i.e., for profiles of (7,7, z), Pr(¢) = Zf@zw(f@z) Pr(z,7y,2). Pr(y) is
difficult to compute due to the permutations involved. Various techniques to compute
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profile probabilities are studied in Acharya et al. (2010). Still the proposed classifier we
derive runs in linear time.

D.2. Classification via estimation

Let py(7,7) denote the number of multiplicities symbol = in (Z,7). Let

def
Mg (l‘ y) = Z Pz

T pie (Z,9)=(p.1")

be the sum of the probabilities of all elements in p such that u,(Z,7) = (i, 1). Mi 2 (T5Y)
is defined similarly.

Let ¢ = (T, y) be the joint profile of (Z,7). If z is generated according to p, then the
probability of observing the joint profile ¢(Z, 7, z), where z is an element appearing p and
i/ times respectively in T and 7 is

PrP(p(z,7,2)) = Z P( QY )Mp (T,79),
Tle(@,9)=
(z,

(2

I
ol

)) oM ),

Qd \

where E [M P1'= dof E[M \95 ] is the expected value of M” .0 8iven that ¢ is the profile.

When the two dlstrlbutlons are known and the observed joint profile is ¢(Z, 7, z), then
the classification problem becomes a hypothesis testing problem. The optimal solution to
the hypothesis testing when both hypotheses are equally likely is the one that assigns higher
probability to the observation (joint profile in our case). So the optimal classifier is

b
= Ey[My ] 2 E[M ).

We will develop variants of F;’L for joint profiles, denoted by Fl:p o and F;/fu" We use these
estimators in place of the expected values. Our classifier .S assigns z to T if F’ l:p W > F ;fu, and
toy if F l:p w < F ;fu,. Ties are broken at random. There is an additional error in classification
with respect to the optimal label-invariant classifier when Eo[M? ] <Ey[M] ] but F, ;:p 2

/ .
Fuqu’ or vice versa.
9.

Let ll; u’ be an indicator random variable that is 1 if

B (M)~ B [ME < D0 [Epy — Eg[M; ]l (7)
s€{p,q}

It is easy to see that if there is an additional error, then 1;, , =1 Using these conditions
the following lemma provides a bound on the additional error with respect to the optimal.

Lemma 27 (Classification via estimation) For every (p,q) and every classifier S,

Eqam) SETI () D, D Bl wlFy — Ml

i te{p,q}
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Proof TFor a joint profile ¢, S assigns z to the wrong hypothesis, if F) P > F'q o and

E, [ij o <E [M““] or vice versa. Hence 17 , =1. If 17 , =1, then the 1ncrease in
error is Pr(p)Lf, /[Ey| 5 = Ee [MZ |- Using Equation (7) and summing over all profiles
results in the lemma. |

In the next section we develop estimators for ij v and Mz y

D.3. Conventional estimation and the proposed approach

Empirical and Good-Turing estimators can be naturally extended to joint sequences as
Ep , def ?, b and G? ! def ¢#+1,u ——. As with probability estimation, it is easy to come
up Wlth examples Where the rate of convergence of these estimates is not optimal. The rate

of convergence of Good-Turing and empirical estimators are quantified in the next lemma.

Lemma 28 (Empirical and Good-Turing for joint sequences) For every (p,q) and
woand ',
b

and if max(p, ') > 0, then

n n

+ 1) log?n
=0 ( E[,41,0] + 1(u)g) ’

MP , — EP |
Hstt o

( \/;ﬁnuogn)

Similar results hold for MZ u

The proof of the above lemma is similar to those of Lemmas 10 and 11 and hence omitted.
Note that the error probability in the above lemma can be any polynomial in 1/n. n~* has
been chosen to simplify the analysis. Motivated by combined probability estimation, we
propose F' 507 ! for joint sequences as

P o +1 E[QSMOH%]
Loy 514 g 51 _ ’
0Ho o n E[(puo,ug}

where ]E[@uw%] and ]E[@MOJFL%] are estimators for E[@Mm%] and E[@MOH%] respectively.

T
Let S = {(, 1) | [p = po| < |0’ — ] < r}and ry = h%@# ﬁ/mognJ- The
0°+o
estimators E[®, | and E[®,, 41, ] are given by
E@uo,ug] = Z CupPpy, and E[quoﬂ,ug] = Z Ay Ppu s
' €S "0 u,u’GSf,?OH’HO

where ¢, = 7% (I = uo\)mo (1o = ) ,}) and dy, = Yr, (It = po = 1), (I =
wil) o Haﬁo a,/ - Y and ah® are defined in Section 5. The estimator F ! . can be obtained

0o
similarly.

The next lemma shows that the estimate for the ratio of E[@MOH%} and E[@MO ,%] is
close to the actual ratio. The proof is similar to that of Lemma 15 and hence omitted.
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6
Lemma 29 For every (p,q) and every p, > log?n, if A% ( F ) > E[®
0

log2n ] Z 10g2 n)
then

A

E[@Noﬂv%] B E[@qurLug] _ log®n
E[Q“o’%} ]E[@M()vué] nt v Ho (E[quo,u’o]/‘o)l/g
6
and if El@y, ] > - (29.), then
E[@MOH,%] B E[quoﬂ%] B &
E [qj“o 7%] ]E[@HO o P E[@#o sHg ]

Using the previous lemma, we bound the error of F 5 #, in the next lemma. The proof is
similar to that of Lemma 26 and hence omitted.

6
) > E[®,,,/] > logn, then

log®n -

o ((E[@MNIP/%VG log3n . w/E[qsw]ulog2n>
mn

2n—4 n

Lemma 30 For every (p,q) and p > log?n, if (

)

MP , — FP
‘ B! o

6
and if E[®,, /] > % (L) , then

log® n
‘Mp o <,uw/E[Q5M7M/] log®n N \/E[éﬁu,u/]uloggn) '
n n

Similar results hold for Mg W

2n—4

D.4. Competitive classifier

The proposed classifier is given below. It estimates M} , (call it F/:p ) and M, (call
it F;qu,) and assigns z to the hypothesis that has the higher estimate. Let u and p’ be

the multiplicities of the z in Z and 7 respectively. If |u — p/| > /i + i/ log® n, then the
classifier uses empirical estimates. Since p and y' are far apart, by the Chernoff bound such
an estimate provides us good bounds for the purposes of classification. In other cases, it
uses the estimate with the lowest error bounds, given by Lemma 28 for Ep e Gu e and

Lemma 30 for F)] ,. We also set Fpu, = mln(Fp ,, 1) and Fq = mln(Fq / ), to help in
the analysis and ensure that the estimates are always <1

Classifier S(7,7, z)
Input: Two sequences T and 7 and a symbol z.
Output: x or y.

L. Let pp = 1,(7) and p' = p-(7).
"N _ o _ P 9 _
2. If max(p, ') =0, then =G, and F =G,
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3. If max(p, p/) > 0 and | — /| > Vu+ (/log?n or @,/ <log?n, then F;f“, = EZ#,
and Fl:({l/ - EZ»H’
4. If max(u, ') > 0, |u— p/| < v/ + ' log”n, and @, > log®n, then
(a) If o> 4log*n, then F? , = F ,and F!, = F! ,
(b) If < 4log*n, then F//fu’ = wa, and F//fu’ = GZ#,
5. Set Y, =min(F7 1) and F! , = min(F! , 1).

6. If F;Lpu, > F qﬂ,, then return x. If F;Lp“, < Fq o then return y. If F/p = F:f#, return

x or y with equal probability.

D.5. Proof of Theorem 6

The analysis of the classifier is similar to that of the combined probability estimation, and
we outline few key steps. The error in estimating M/’Z W (and Mg u’) is quantified in the
following lemma.

Lemma 31 For every (p,q), |My, — F'g ol 6(%) and for (u,p') # (0,0) and
1 On—3
= /| < i+ logn,

) » _ [ min ( Ve +1 @ll/u (1 + 1))
|Mu,u’ - Fu,u’ 10?3 o n
Similar results hold for Mz u

The analysis of the lemma is similar to that of Lemma 16 and hence omitted. We now

prove Theorem 6 using the above set of results.
Proof [Theorem 6] Let R = {(u, i) | | — /| < Vo + i log? n}. By Lemma 27,

€3, (n) < EXra(n)+2max | Y E[Ly SET, M) 1+ Y E[L I, — M)

p
(s )ER (p,p')ER®

We first show that the second term is O(n~!%). By Lemma 28,
P /I B, /i1
MP B | = o(wf‘“’g”) and (M9, B9 | = @<w\//70gn>
122724 12275 n—4 n s 122720 7174 n

If | — /| > v/ + 1/ log” n, then

D, o+ W log?n
MP ,— Mq , > M .
‘ o o | - n

Hence 17, , = O. Since with Poi(n) samples, the bounds hold with probability 1—O(n~%),
2n—

by Lemma 8, Wlth exactly n samples, they hold with probability 1 — O(n=3-%). Observe
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that (i, i) takes at most n-n = n? values. Therefore, by the union bound Pr(]lz,u, =1)<
O(n~'?). Hence maxy Y-, )ere [|F/p — MY ] =O0(n~?).

We now consider the case (u,p') € R. In Lemma 31, the bounds on ]FZ’#, - M57“/|
hold with probability > 1 — O(n~3), with Poi(n) samples. Therefore by Lemma 8, with

exactly n samples, they hold with probability > 1 — O(n=29), i. \F’p - uu | o = .
~ 2/3,(u+u )1/2
O | ————) . Observe that (u, ') takes at most n-n = n? values, hence by the

union bound, the probability that the above bound holds for all (u,u') € R is at least
1 —O(n=%%). Since ’Fl,ipli' — M | <1, we get

&+ )2 1
/
max Z Flju/_ Z o n +O< 1/2)

(1,p")ER (1 )ER

Using techniques similar to those in the proofs Lemma 17 and Theorem 2, it can be shown
that the above quantity is < @(n~1/5), thus proving the theorem. [ |

D.6. Lower bound for classification

We prove a non-tight converse for the additional error in this section.

Theorem 32 For any classifier S there exists (p,q) such that
£S5 (n) = E5va a2
p,q(n) T pa (n) + 1/3

We construct a distribution ¢ and a collection of distributions P such that for any dis-
tribution p € P, the optimal label-invariant classification error for (p, q) is %— S (m)
We then show that any label-invariant classifier incurs an additional error of Q(n~1/3) for
at least one pair (p/, q), where p’ € P. Similar arguments have been used in LeCam (1986);
Paninski (2008).

Let ¢ be a distribution over ¢ = 1,2, ...
normalization factor.

nl/3

3i2 log? .
' Togn such that ¢; = 25", and ¢ < 2 is the

W1/3

Let P to be a collection of 22len distributions. For every p € P, for all odd i, p; =
qi T “0% and pit1 = g1 F 2 08 such that, p; + piy1 = ¢ + ¢ip1. For every p € P.

Ilp —qll1 = (#bgn) The next lemma, proved in the full version of the paper states
that every distribution p € P and ¢ can be classified by a label-invariant classifier with error

1_ I S
2 @<n1/3logn>'

Lemma 33 For every p € P and g,
1 1
Sp,q - - _ -
gp,q (n) 2 © <n1/3 logn> ’
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Proof [sketch of Theorem 32] We show that for any classifier S, max,cp Efq (n) = 551;(1 (n)+

ﬁ(n_l/ 3) for some p € P, thus proving the theorem. Since extra information reduces the
error probability, we aid the classifier with a genie that associates the multiplicity with the
probability of the symbol. Using ideas similar to LeCam (1986); Acharya et al. (2012a),
one can show that the worst error probability of any classifier between ¢ and the set of
distribution P is lower bounded by error probability between ¢ and any mixture on P. We
choose the mixture pg such that each p € P is chosen uniformly at random. Therefore for
any classifier S,

3 min (¢(Z)po(¥, 2), Po(¥)a(Z, 2))

S
max &> (n) > 5

» -

E7§?z

Using techniques similar to Acharya et al. (2012a), it can be shown that difference between
above error and 555‘1(71) is Q(n~/3). The complete analysis is deferred to the full version
of the paper. |
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