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Abstract

We show several high-probability concentration bounds for learning unigrams language
model. One interesting quantity is the probability of all words appearing exactly k times
in a sample of size m. A standard estimator for this quantity is the Good-Turing estima-
tor. The existing analysis on its error shows a high-probability bound of approximately

0] (%) We improve its dependency on k to O (% + % . We also analyze the empirical
frequencies estimator, showing that with high probability its error is bounded by approxi-

mately O ( % + %) We derive a combined estimator, which has an error of approximately

0] (m_%), for any k.

A standard measure for the quality of a learning algorithm is its expected per-word
log-loss. The leave-one-out method can be used for estimating the log-loss of the unigrams
model. We show that its error has a high-probability bound of approximately O (ﬁ), for

any underlying distribution.
We also bound the log-loss a priori, as a function of various parameters of the distri-

bution.
Keywords:  Good-Turing Estimators, Logarithmic Loss, Leave-One-Out Estimation,
Chernoff Bounds

1. Introduction and Overview

Natural language processing (NLP) has developed rapidly over the last decades. It has
a wide range of applications, including speech recognition, optical character recognition,
text categorization and many more. The theoretical analysis has also advanced signifi-
cantly, though many fundamental questions remain unanswered. One clear challenge, both
practical and theoretical, concerns deriving stochastic models for natural languages.

Consider a simple language model, where the distribution of each word in the text
is assumed to be independent. Even for such a simplistic model, fundamental questions
relating sample size to the learning accuracy are already challenging. This is mainly due to
the fact that the sample size is almost always insufficient, regardless of how large it is.
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To demonstrate this phenomena, consider the following example. We would like to
estimate the distribution of first names in the university. For that, we are given the names
list of a graduate seminar: Alice, Bob, Charlie, Dan, Eve, Frank, two Georges, and two
Henries. How can we use this sample to estimate the distribution of students’ first names?
An empirical frequency estimator would assign Alice the probability of 0.1, since there is
one Alice in the list of 10 names, while George, appearing twice, would get estimation of
0.2. Unfortunately, unseen names, such as Michael, will get an estimation of 0. Clearly,
in this simple example the empirical frequencies are unlikely to estimate well the desired
distribution.

In general, the empirical frequencies estimate well the probabilities of popular names,
but are rather inaccurate for rare names. Is there a sample size, which assures us that
all the names (or most of them) will appear enough times to allow accurate probabilities
estimation? The distribution of first names can be conjectured to follow the Zipf’s law. In
such distributions, there will be a significant fraction of rare items, as well as a considerable
number of non-appearing items, in any sample of reasonable size. The same holds for the
language unigrams model, which tries to estimate the distribution of single words. As it
has been observed empirically on many occasions (Chen, 1996; Curran and Osborne, 2002),
there are always many rare words and a considerable number of unseen words, regardless of
the sample size. Given this observation, a fundamental issue is to estimate the distribution
the best way possible.

1.1 Good-Turing Estimators

An important quantity, given a sample, is the probability mass of unseen words (also called
“the missing mass”). Several methods exist for smoothing the probability and assigning
probability mass to unseen items. The almost standard method for estimating the missing
probability mass is the Good-Turing estimator. It estimates the missing mass as the total
number of unique items, divided by the sample size. In the names example above, the
Good-Turing missing mass estimator is equal 0.6, meaning that the list of the class names
does not reflect the true distribution, to put it mildly. The Good-Turing estimator can be
extended for higher orders, that is, estimating the probability of all names appearing exactly
k times. Such estimators can also be used for estimating the probability of individual words.

The Good-Turing estimators dates back to World War II, and were published first in
1953 (Good, 1953, 2000). It has been extensively used in language modeling applications
since then (Katz, 1987; Church and Gale, 1991; Chen, 1996; Chen and Goodman, 1998).
However, their theoretical convergence rate in various models has been studied only in the
recent years (McAllester and Schapire, 2000, 2001; Kutin, 2002; McAllester and Ortiz, 2003;
Orlitsky et al., 2003). For estimation of the probability of all words appearing exactly k
times in a sample of size m, McAllester and Schapire (2000) derive a high probability bound

on Good-Turing estimator error of approximately O (%)

One of our main results improves the dependency on k of this bound to approximately

4
O (\/7\/7% + %) We also show that the empirical frequencies estimator has an error of ap-
vk

proximately O (% + ﬁ), for large values of k. Based on the two estimators, we derive a
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combined estimator with an error of approximately O <m7%), for any k. We also derive a

4
weak lower bound of €2 <\/—‘/£) for an error of any estimator based on an independent sample.

Our results give theoretical justification for using the Good-Turing estimator for small
values of k, and the empirical frequencies estimator for large values of k. Though in most
applications the Good-Turing estimator is used for very small values of k, for example k < 5,
as by Katz (1987) or Chen (1996), we show that it is fairly accurate in a much wider range.

1.2 Logarithmic Loss

The Good-Turing estimators are used to approximate the probability mass of all the words
with a certain frequency. For many applications, estimating this probability mass is not the
main optimization criteria. Instead, a certain distance measure between the true and the
estimated distributions needs to be minimized.

The most popular distance measure used in NLP applications is the Kullback-Leibler
(KL) divergence. For a true distribution P = {p, }, and an estimated distribution @ = {¢,},
both over some set X, this measure is defined as ) p,In %. An equivalent measure, up

to the entropy of P, is the logarithmic loss (log-loss), which equals ) p,In q%'

Many NLP applications use the value of log-loss to evaluate the quality of the estimated
distribution. However, the log-loss cannot be directly calculated, since it depends on the
underlying distribution, which is unknown. Therefore, estimating log-loss using the sample
is important, although the sample cannot be independently used for both estimating the
distribution and testing it. The hold-out estimation splits the sample into two parts: train-
ing and testing. The training part is used for learning the distribution, whereas the testing
sample is used for evaluating the average per-word log-loss. The main disadvantage of this
method is the fact that it uses only part of the available information for learning, whereas
in practice one would like to use all the sample.

A widely used general estimation method is called leave-one-out. Basically, it performs
averaging all the possible estimations, where a single item is chosen for testing, and the
rest are used for training. This procedure has an advantage of using the entire sample,
and in addition it is rather simple and usually can be easily implemented. The existing
theoretical analysis of the leave-one-out method (Holden, 1996; Kearns and Ron, 1999)
shows general high probability concentration bounds for the generalization error. However,
these techniques are not applicable in our setting.

We show that the leave-one-out estimation error for the log-loss is approximately O (ﬁ) ,

for any underlying distribution. In addition, we show upper and lower high probability
bounds for the log-loss, as functions of various parameters of the distribution.

1.3 Model and Semantics

We denote the set of all words as V', and N = |V|. Let P be a distribution over V', where
Pw is the probability of a word w € V. Given a sample S of size m, drawn i.i.d. using P,
we denote the number of appearances of a word w in S as ¢, or simply ¢,,, when a sample

S is clear from the context'. We define Sy = {w € V : ¢ = k}, and ny, = |S|.

1. Unless mentioned otherwise, all further sample-dependent definitions depend on the sample S.
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For a claim ® regarding a sample S, we write V0S ®[S] for P(®[S]) > 1 —4¢. For
some error bound function f(-), which holds with probability 1 — §, we write O(f(-)) for
(@) (f() (ln %)C), where ¢ > 0 is some constant.

1.4 Paper Organization

Section 2 shows several standard concentration inequalities, together with their technical
applications regarding the maximum-likelihood approximation. Section 3 shows the error
bounds for the k-hitting mass estimation. Section 4 bounds the error for the leave-one-out
estimation of the logarithmic loss. Section 5 shows the bounds for the a priori logarithmic
loss. Appendix A includes the technical proofs.

2. Concentration Inequalities

In this section we state several standard Chernoff-style concentration inequalities. We also
show some of their corollaries regarding the maximum-likelihood approximation of p,, by

A — Cw
Pw =

Lemma 1 (Hoeffding, 1963) Let Y = Yi,...,Y, be a set of n independent random vari-
ables, such that Y; € [b;, b; + d;]. Then, for any e > 0,

2¢2
P > € < 2 exp <—>
( ) > d
The next lemma is a variant of an extension of Hoeffding’s inequality, by McDiarmid
(1989).

Sy

%

)

Lemma 2 Let Y =Y1,...,Y, be a set of n independent random variables, and f(Y) such
that any change of Y; value changes f(Y') by at most d;, that is

s (1Y)~ FY)) < d
Vi, Y=Y

BYi ) - B < ay

Lemma 3 (Angluin and Valiant, 1979) Let Y = Yi,...,Y, be a set of n independent
random variables, where Y; € [0, B]. Let p = E Y, Y;]. Then, for any e >0,

2
P(Zifmu—f) = eXp<_2;B>
‘ 2
P(Erisure) < on(-gtap)

Let d = max; d;. Then,
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Definition 4 (Dubhashi and Ranjan, 1998) A set of random variables Y1,...,Y,, is called
“negatively associated”, if it satisfies for any two disjoint subsets I and J of {1,...,n}, and

any two non-decreasing, or any two non-increasing, functions f from Rl to R and g from
RV to R:

BIf(Y; i€ Dg(Y; j € J)) < ELf(Y; i € I)|Elg(Y; : j € J)

The next lemma is based on the negative association analysis. It follows directly from
Theorem 14 and Proposition 7 of Dubhashi and Ranjan (1998).

Lemma 5 For any set of N non-decreasing, or N non-increasing functions {f, : w € V'},
any Chernoff-style bound on ) v fu(cw), pretending that cy, are independent, is valid.

The next lemma shows an explicit upper bound on the binomial distribution probabil-
2

ity~.
Lemma 6 Let X ~ Bin(n,p) be a sum of n i.i.d. Bernoulli random variables with p €
(0,1). Let p = E[X] = np. For x € (0,n], there exist some T, = exp (13 + O (x%)), such
that Vk € {0,...,n}, we have P(X = k) < T T For integral values of u, the
equality is achieved at k = p. (Note that for x > 1, we have T, = ©(1).)

The next lemma. deals with the number of successes in independent trials.

Lemma 7 (Hoeffding, 1956) Let Y1,...,Y, € {0,1} be a sequence of independent trials,
with p; = E[Y;]. Let X =), Y; be the number of successes, and p = % >; Di be the average
trial success probability. For any integers b and c such that 0 < b < np < ¢ < n, we have:

- Kk _ \n—k c
;(k)p(l ) <Pb<X<e<l1

Using the above lemma, the next lemma shows a general concentration bound for a sum
of arbitrary real-valued functions of a multinomial distribution components. We show that
with a small penalty, any Chernoff-style bound pretending the components being indepen-
dent is valid®. We recall that c,LSU, or equivalently ¢, is the number of appearances of the
word w in a sample S of size m.

Lemma 8 Let {c,, ~ Bin(m,py) : w € V} be independent binomial random variables. Let
{fw(z) : w € V} be a set of real valued functions. Let F =", fu(cw) and F' =3 fu(c,).
For any e > 0,

P(|[F-E[F]|>¢) < 3ymP(|[FF—E[F]|>¢)

2. Its proof is based on Stirling approximation directly, though local limit theorems could be used. This
form of bound is needed for the proof of Theorem 30.

3. The negative association analysis (Lemma 5) shows that a sum of monotone functions of multinomial
distribution components must obey Chernoff-style bounds pretending that the components are inde-
pendent. In some sense, our result extends this notion, since it does not require the functions to be
monotone.
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The following lemmas provide concentration bounds for maximum-likelihood estimation
Cw

of pw by pw = 7. The first lemma shows that words with “high” probability have a “high”
count in the sample.

Lemma 9 Let 6 > 0, and A > 3. We have ¥°S:

2
Yw eV, s.t. mpwEBIHQTm, \mpw—cwlg\/Z%mpwlnTm
2m 3
Vw eV, st.  mpy > Aln =5, Cy > | 1— X MPay

The second lemma shows that words with “low” probability have a “low” count in the
sample.

Lemma 10 Let § € (0,1), and m > 1. Then, ¥°S: Yw € V such that mp, < 31In 5, we
have ¢, < 61n g .

The following lemma derives the bound as a function of the count in the sample (and
not as a function of the unknown probability).

Lemma 11 Let § > 0. Then, ¥°S:

4
YweV, st. ¢, >18In 4Tm, |mpy — cw| < 4/ 6¢y lnTm

The following is a general concentration bound.

Lemma 12 For any § > 0, and any word w € V, we have:

The following lemma bounds the probability of words that do not appear in the sample.

Lemma 13 Let § > 0. Then, V°S:

Yw ¢ S, mpw<ln%
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3. K-Hitting Mass Estimation

In this section our goal is to estimate the probability of the set of words appearing exactly
k times in the sample, which we call “the k-hitting mass”. We analyze the Good-Turing
estimator, the empirical frequencies estimator, and a combined estimator.

Definition 14 We define the k-hitting mass and its estimators as: *

N k E+1
M= pu My, = <m> g G = (m—k) Nk+1

weSk

The outline of this section is as follows. Definition 16 slightly redefines the k-hitting
mass and its estimators. Lemma 17 shows that this redefinition has a negligible influence.
Then, we analyze the estimation errors using the concentration inequalities from Section 2.

Lemmas 20 and 21 bound the expectation of the Good-Turing estimator error, following
McAllester and Schapire (2000). Lemma 23 bounds the deviation of the error, using the
negative association analysis. A tighter bound, based on Lemma 8, is achieved at Theorem
25. Theorem 26 analyzes the error of the empirical frequencies estimator. Theorem 29
refers to the combined estimator. Finally, Theorem 30 shows a weak lower bound for the
k-hitting mass estimation.

Definition 15 For any w € V and i € {0,---,m}, we define Xy, ; as a random variable
equal 1 if ¢, =1, and 0 otherwise.

The following definition concentrates on words whose frequencies are close to their prob-
abilities.

Definition 16 Let o > 0 and k > 3a®. We define Iy, = [k_fr‘L\/E, k+1+ﬁ‘; ML and
Via ={w €V i py € I} o}. We define:

Mk,a = Z Pw = Z prw,k

’wESkI’\IVk’a wer,a

k+1 k+1
Gra = mwkﬂﬁvk,a’ T m—k Z Xuw k1

wEVk,a

N k k
Mo = —|SkNVial=— Z Xk

m m

wGVk,a

By Lemma 11, for large values of k the redefinition coincides with the original definition
with high probability:

Lemma 17 For § > 0, let « = 1/61n 4Tm. For k > 181n 477”, we have Y°S: M;, = My, o,
Gi = Gl o, and M, = Mk,a'

4. The Good-Turing estimator is usually defined as (£t1)nj1;. The two definitions are almost identical

for small values of k. Following McAllester and Schapire (2000), our definition makes the calculations
slightly simpler.
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Proof By Lemma 11, we have:

4
VS, Yw:cy > 181n 4Tm, |mpw — cw| < 1/ 6cy ln%n = an/cy

This means that any word w with ¢,, = k has

k—avk k+avk k+1+avk+1
—— < py < <

m m m

Therefore w € Vi o, completing the proof for Mj and M;,. Since a < VE, any word w
with ¢, = k£ + 1 has

k:—a\/%<k+1—a\/k+l - <k+1+a\/k+1

m m m

)

which yields w € V}, o, completing the proof for Gj.. |

) , we derive:

Since the minimal probability of a word in V; , is £2 (%

Lemma 18 Let a > 0 and k > 3. Then, [Vio| = O (%2).

Proof We have a < % Any word w € Vj, o, has p,, > % > % (1 - %) Therefore,

Wil < 2 ~0(%).

which completes the proof. |

Using Lemma 6, we derive:
Lemma 19 Let a > 0 and 30> < k < 2. Let w € Vi . Then, E[Xy ] = Py = k) =
1
o(%):

Proof Since ¢, ~ Bin(m,py) is a binomial random variable, we use Lemma 6:

1 T
E[Xus] = Plew = k) < m
V21mpy (1 = pu) Tinpw Tin(1—pu)

For w € Vj, o, we have mp,, = Q(k), which implies Tpgim(l) = O(1). Since py € I o
mpw = m(l—pw

and 30? < k < %, we have:

1 1
VI AT o (i avE) (1 ()

8
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1
R )
1
<
ok (1= 35) (1= () (14 35))

-0 (1>

i)

which completes the proof. |

3.1 Good-Turing Estimator
The following lemma, directly based on the definition of the binomial distribution, was

shown in Theorem 1 of McAllester and Schapire (2000).

Lemma 20 For any k <m, and w € V, we have:

k+1
pwP(cw :k) = mp(cw Zk—i-l)(l—pw)

The following lemma bounds the expectations of the redefined k-hitting mass, its Good-
Turing estimator, and their difference.

Lemma 21 Leta > 0 and 3a® < k < 2. We have E[M o) = O (ﬁ), ElGral =0 (ﬁ),
and |B[Gya] = ElMya)l = 0 ().

m

Lemma 22 Let 6 >0, k € {1,...,m}. Let U CV, such that |U| = O (%). Let {b, : w €
U}, such that Yw € U, by, > 0 and maz,epyby = O (%) Let Xi, =3 ey bwXwk- We have

VoS
kln%
| Xk — E[Xg]| =0 —
m

Proof We define Y, = Z@'gk X, be random variable indicating ¢, < k and Z,,; =
Y ick Xw,i = Yuwr — Xk be random variable indicating c,, < k. Let Y3, = > I
and Zy = > et bwZw, k- We have:

welU

X = Y bwXuk= Y buw[Yuk— Zukl = Vi — Z
welU welU

Both Y}, and Zj, can be bounded using the Hoeffding inequality. Since {b,Y, 1} and
{bwZy 1} are monotone with respect to {c,}, Lemma 5 applies for them. This means that
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the concentration of their sum is at least as tight as if they were independent. Recalling
that |[U| = O (%) and mazyecyby, = O (%), and using Lemma 2 for Y, and Z, we have:
viS, V- El%]l =0 (&/#m})
ViS, |Zy - ElZ| =0 (£/#m})
Therefore,
| Xk — E[Xi]| = [Ye— Zk — E[Yr — Zi]|
<

|Yi — E[Yi]| + | Zy — E[Z}]| = O

which completes the proof

estimation error:

|
Using the negative association notion, we can show a preliminary bound for Good-Turing

Lemma 23 For 6 > 0 and 1811187m <k <73, we have VS

kln%
|Gy — M| =O | {| —=>
m

Proof Let a=4/6In ST’”. By Lemma 17, we have:

V23S, Gi=Gra N My =M,
By Lemma 21:

m

VEk
|E[Gr, — M| = |E[Gra — Myo]| = O ( (2)
By Definition 16, Mj Zwevkaprw»k and Gy
k + 1 for Gy o, we have:

k
= ZwGVkﬂ (m—t%c) Xw7k+1' By
Lemma 18, we have |V}, o] = O (%) Therefore, using Lemma 22 with k for My, ., and with

—
S

n

V1S, My — E[Mga]| = O ( F

3

) 3
)

(4)
10

e
=1
S

3

ViS, |Gra— E[Grall =0 <
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Combining Equations (1), (2), (3), and (4), we have V°S:

|G — M| = |Gra— Mol
‘Gk,a - E[Gk,a” + ‘Mk,a - E[Mk,a” + ’E[Gk,a] - E[Mk,a”

ol JEms +0<\/E):0 [kln |
m m m

which completes the proof. |

IN

Lemma 24 Let § >0, k> 0. Let U C V. Let {b, : w € U} be a set of weights, such that
bw € [0,B]. Let X =Y, cpp bwXwk, and p = E[Xg]. We have:

VoS, Xk -yl Smax{\/élBuln (W),ZBID <6\§E>}

Proof By Lemma 8, combined with Lemma 3, we have:

62
P(|Xk—pl>€) < 6ym exp <_B(2u+e)>

< max {Gm exp < > 6y/m exp <_2B>} (5)
where Equation (5) follows by considering € < 2u and € > 2u separately. The lemma
follows substituting € = max{ 4By In ( f) 2BIn ( f)} |

We now derive the concentration bound on the error of the Good-Turing estimator.

Theorem 25 For § > 0 and 181n =2 8m <k<™ we have V°S:

kInZ  kIn%
|Gy — M| =0 \/\Fn‘er i
m m

Proof Let o = 4/61In STm. Using Lemma 17, we have V38 G = Ga, and My, = My, .

Recall that Mya = Y ey, PuXuwk and Gro = 2 ey, Bl X k1. Both My o and Gy 4
are linear combinations of X, ; and X, 41, respectively, where the coefficients’ magnitude

is O (%), and the expectation, by Lemma 21, is O <ﬁ> By Lemma 24, we have:

11
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V1S, |Mya — E[Mya]l =0 ( L ’“i;?) (6)
ViS, |Gha — ElGral| = O( VR ’“;1’?) @

Combining Equations (6), (7), and Lemma 21, we have ¥°S:

|Gk — M| = |Gra— Ml
< |Gk,a - E[Gk’,a” + |Mk,a - E[Mk,a” + ‘E[Gk,a] - E[Mk,a”

o /\/Eln%+k1n%+@ 0 /\/Eln%ern% ,
m m m m m

which completes the proof. |

3.2 Empirical Frequencies Estimator

In this section we bound the error of the empirical frequencies estimator M.

Theorem 26 For § > 0 and 1811187’” <k <7, we have:

3
R m) 2 InZ%
VS, My — My =0 \/E(:La)QJrv;l(s

Proof Let a = \/@. By Lemma 17, we have V3 S: M, = Mk,a, and My = Mj,o. Let
Vi ={w € Via :pw < £}, and Vi, = {w € Vio 1 puw > £} Let

X_ = Z <:Z —pw> Xw7k, X+ - Z <p'u) - 7]_:;> Xw,k7

we Vk_ o we Vk+o¢

and let X specify either X_ or X . By the definition, for w € V}, o, we have }% — pw} =
0 (‘%E) By Lemma 18, |V} o] = O (%) By Lemma 19, for w € Vi o we have E[X,, x| =

0 (ﬁ) . Therefore,

|E[Xe]|

IN

k
Z ’m_pw

wevk,a

s=0(FSEL) o) @

12



CONCENTRATION BOUNDS FOR UNIGRAMS LANGUAGE MODEL

)

Both X_ and X, are linear combinations of X, ;, where the coefficients are O (

and the expectation is O (%) Therefore, by Lemma 24, we have:

(9)

4 3
ViS: Xy — E[Xy]| = o( < O”/E)

+
m\/E m

By the definition of X_ and X, My, — Mha = X4 — X_. Combining Equations (8)
and (9), we have V°S:

My — My| = |Mpo— Mol =X+ —X_|
< Xy - E[X{]|+ | BXL] + X - BIX ]|+ |E[X_]|

2 m
_oof ey oVE o) (VEMR)E VI
mvVk m k m k

since vVab = O(a + b), and we use a = %‘/E and b= 7. [ |

3.3 Combined Estimator

In this section we combine the Good-Turing estimator with the empirical frequencies to
derive a combined estimator, which is uniformly accurate for all values of k.

Definition 27 We define My, a combined estimator for My, by:

Lemma 28 (McAllester and Schapire, 2000) Let k € {0,...,m}. For any 6 > 0, we have:

In i m
g N — = 75 —_
VeSs . |Gy, — M| =0 \/ <k+ln5>

The following theorem shows that Mj, has an error bounded by O (m_g), for any k.
<m

For small k, we use Lemma 28. Theorem 25 is used for 18 In 877" <k 3. Theorem 26 is

used for m? < k < 5. The complete proof also handles k£ > .

Theorem 29 Let § > 0. For any k € {0,...,m}, we have:
Vés, |Mk — Mk| = O (m‘%)

13
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The following theorem shows a weak lower bound for approximating Mj. It applies to
estimating M} based on a different independent sample. This is a very “weak” notation,
since G, as well as M}, are based on the same sample as M.

Theorem 30 Suppose that the vocabulary consists of 7+ words distributed uniformly (that
18 Py = %), where 1 < k < m. The variance of My, is © (%)

4. Leave-One-Out Estimation of Log-Loss

Many NLP applications use log-loss as the learning performance criteria. Since the log-loss
depends on the underlying probability P, its value cannot be explicitly calculated, and must
be approximated. The main result of this section, Theorem 34, is an upper bound on the
leave-one-out estimation of the log-loss, assuming a general family of learning algorithms.

Given a sample S = {s1,...,Sn}, the goal of a learning algorithm is to approximate
the true probability P by some probability (). We denote the probability assigned by the
learning algorithm to a word w by gy,.

Definition 31 We assume that any two words with equal sample frequency are assigned
equal probabilities in @), and therefore denote q, by q(cy). Let the log-loss of a distribution

Q be:

L = prln:ZMklnq(lk)

1
wevV Gw k>0

Let the leave-one-out estimation, q.,, be the probability assigned to w, when one of its
instances is removed. We assume that any two words with equal sample frequency are
assigned equal leave-one-out probability estimation, and therefore denote q,, by ¢'(¢y). We
define the leave-one-out estimation of the log-loss as averaging the loss of each sample word,
when it is extracted from the sample and pretended to be the test sample:

Cw 1 kny 1
Lleave—one = Z R In % = kz>0 W In m

Let L, = L(cy) = In @, and L, = L'(cy,) = In q,(iw). Let the mazimal loss be

Linar = maxg max {L(k), L' (k +1)}.

In this section we discuss a family of learning algorithms, that receive the sample as an
input. Assuming an accuracy parameter ¢, we require the following properties to hold:

1. Starting from a certain number of appearances, the estimation is close to the sample
frequency. Specifically, for some «, 3 € [0, 1],

Vk > In (4m> k)= Fz@ (10)
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2. The algorithm is stable when a single word is extracted from the sample:

Vm, 2 <k<10Inm, |L'(k+1)— L(k)| = 0O <§1) (11)

1
vm, VSs.t.nf >0, ke{0,1}, |L'(k+1)—L(k)|=0 <nS) (12)
1

An example of such an algorithm is the following leave-one-out algorithm (we assume
that the vocabulary is large enough so that ng +n; > 0):

N—ng—1
Gu = { (ro+n1)(m—1) cw <1
v Cu-l > 2
m—1 Cw =

Equation (10) is satisfied by @« = f = 1. Equation (11) is satisfied for & > 2 by
Lk)—L'(k+1)=1n (m—_l) =0 (). Equation (12) is satisfied for k < 1:

m—2

N—-—ng—1m—2 1 1y 1
ln(Nno2m1)’_O<Nng+m>_O<n1>
+ni+1m—2 1 1 1

L'©2) — L) = |In [ 22 —0 oot
L) ol ‘n( no +np m—l)‘ ng+n1+m n1

The next lemma shows that the expectation of the leave-one-out method is a good
approximation for the per-word expectation of the logarithmic loss.

IL'(1) = L(0)] =

Lemma 32 Let 0 < a <1, andy > 1. Let B,, ~ Bin(n,p) be a binomial random variable.
Let fy(z) = In(max(z,y)). Then,

OSE[pfy(Bn—a)—E:l"fy(Bn—a—l) < 3P

n

Proof For a real valued function F (here F'(z) = fy(z — o)), we have:

n —0 x
" /n—1 _ 1) —(z—
S0 S (M s (R LR TP
=1
— PE[F(Bu)),

where we used (Z)% = (Zj) Since B,, ~ B,_1 + B1, we have:

15
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E |pfy(Bu—a) = =", (Bu—a=1)| = p(Elf,(Bu-s + Bi = )] = Ef,(By1 — )

_ B _ln max(B,_1 + B; — a, y)}

max(Bp—1 — a,y)
max(B,—1 —a+ Bi,y + By)
max(B,—1 — a,y)

< pFE|ln

- B
= pFE |In(1
P n(l+ max(B,_-1 — a,y) )]

- B,
E
PP max(B, 1 — a,yﬂ

IN

Since B1 and B,,_1 are independent, we get

e

max(Bn_1 —a,y)| pE[Bl]E[ : ]

max(Bp_1 — a,y)

1
2
= E
P {maxwm - a,y>]

“(n-1 1
2 2 : - T n—l—-z
pu— 1 -
P = ( x )p (1=p) max(z — a, y)
n—1
2 n—1 T n—1—x 1 r+1
= 1—
p;}( x )p( p) x + 1 max(zx — «, y)

n—1

p r+1 n x+1 n—(z+1)
E 1—

n = (max(x—a,y))zzo <$+1>p (1=p)

< CA-1-pm < (13)

IN
\
=
IS
"

Equation (13) follows by the following observation: z + 1 < 3(z — «) for x > 2, and
x+1 < 2y for z < 1. Finally, pE [ln maX(B”‘l_aJrBl)’y)} > 0, which implies the lower bound

max(Bp_1—a,y

of the lemma. u

The following lemma bounds no as a function of n;.

Lemma 33 Let § > 0. We have V°S: ny = O ((Mmln% —|—n1) ln%>.

The following is the main theorem of this section. It bounds the deviation between the
between the true loss and the leave one out estimate.

Theorem 34 For § > 0, we have:

1 ﬂ4l ln%
VJS’ ‘L - Lleave—one’ =0 (Lma:r: W)

16
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Proof Let y, = (1 — \/§> pwm — 2. By Lemma 9, with A = 5, we have V5 S

31n 4

Im
Yw €V : py > mé’ ’pw—ﬁ‘ﬁ 3pw}25 (14)
5111477” im im
Vw eV : py > , Cw>Yw+2>(5—V15)In 4 > In 4 (15)
am
Let Vy = {w eVipy > 512715 } and Vg, = V' \ V. We have:
c c
L= Licave-onel < | 3 (pukw = 2L) |+ |2 (pulu - L,)| (16)

weVy weVry,

We start by bounding the first term of Equation (16). By Equation (15), we have
Yw € Vi, e > Y +2 > In 477”. Equation (10) implies that g, = %, therefore L., =
In 2L —1n m—0 and I/, =In 2=1=8 — | _m=1=8 Tt

[ e max(Cw—,Yw)’ w cw—1—a max(cw—1—a,Yw)

ErrH:c—wln m— 8 — pwln m—p
m  max(cy — 1 — a,yy) max(Cy — a, Yuy)

We have:

> (% -pata)| = |2 Bl 4w o0 S

weVy weVy ’LUEVH

> Errfl|+0 <;> (17)

weVy

IN

We bound ’ZwGVH ErrH ’ using McDiarmid’s inequality. As in Lemma 32, let f,,(z) =
In(max(x, y,)). We have:

E [Brrff] =ln(m = B)E [ — pu] + B [pufulcw — 0) = 2 fulew —1 - )]

The first expectation equals 0, the second can be bounded using Lemma 32:

S el < 3 | [pufulen = a) = fulew —1- )|

weVy weVy
< Z 3Pw -0 <1> (18)
- m m
weVy

17
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In order to use McDiarmid’s inequality, we bound the change of > y.. Errll as a

function of a single change in the sample. Suppose that a word u is replaced by a word v.
This results in decrease for ¢,, and increase for ¢,. Recalling that y,, = Q(mp,,), the change
of Errfl as well as the change of Err!, is bounded by O (lnm) as follows:

The change of p, In _m=B Would be 0 if ¢, — a < y,,. Otherwise,

max(cu _avyu)

m—f m—f
puln —puln
max(c, — 1 — o, yy) max (¢, — o, Yy)

< pu[ln(cy —a) —In(cy, — 1 — )] = pyIn (1 n 1) _0 <pu>

cy—1—« Cu

Since ¢, > yu = Q(mpy), the change is bounded by O(2*) = O(L). The change of

% n m would be O(2) if ¢, — 1 — a < y,. Othervvlse,

cy — 1 m— Cy m—
In — —1In
m max(c, —2—a,y,) m max(c, — 1 —a,yy,)
—1 m—f3 m— [ 1 m— 3
In —1In —In
m max(cy, — 2 — o, Yy) max(c, — 1 —a,y,)| m max(c, —1— a,yy)
< C“_11n<1+ 1 >+lnm_0<lnm>
m Cu—2—« m m
The change of Err!l is bounded in a similar way.
By Equations (17) and (18), and Lemma 2, we have V15 S:
c
Z ( wLiu - prw>
m
weVy
1
< | S Bt B Y Bl 4B S Bl |10 (m>
weVy _U)GVH weVy

1 2] 1
. o(lnm,/mm+1+1> o [\ /@mm?ing (19)
m o) m

Next, we bound the second term of Equation (16). By Lemma 10, we have VisS:

31n 4
0, ¢y <6lnim (20)

Yw eV st py <

Let b=5In 477”. By Equations (14) and (20), for any w such that p,, < %, we have:

am 4m 4m
C—wgmax P+ 3py In =5 ,6ln < (5+Vv3%5)In=y <2b

18
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Therefore Vw € Vi, we have ¢, < 2b. Let nf = [V, N Sk|, GE_; = 75—k, and
le = ZwGVLﬂSk Pw- We have:

S CTI.

wevVy,
kn 2b—1
= Z —k I/ (k ZM,fL
_b L 2b—1 2b 1 1
< _ MLL LL/ -
- Zm k:—i—l L(k) Z (k) +Zlmk (k)<m—k+1 m)
k=1 k=0 k=1
2b 2b—1 b
_ L / o L max
= ZG L (k ZMkL(k)+O< - >
k=0
2b—1 2b—1 b
= ZGk (k+1)— > M{L(k) +o<n’j‘“>
k=0
2b—1 2b—1 b
< GiIL'(k+1) Gy — M| L( O —= 21
< X Ak 1)+ X 16E - M 0 (P ) (21)

The first sum of Equation (21) is bounded using Equations (11) and (12), and Lemma
33:

2b—1

Y GHL(k+1) = L(k)|

= 2b—1
Y GEIL/(k+1) = L(k)| + Go| L'(1) = L(0)] + G4 |L'(2) — L(1)] (22)
k=2

The first term of Equation (22) is bounded by Equation (11):

%Z_ng\L’(kH) %ZlGL ( )—O(J@) (23)

k=2
The other two terms are bounded using Lemma 33. For n; > 0, we have V% S, ng =
0 (b (\/mln% + nl)) By Equation (12), we have:

GolL'(1) — L(0)| + G1|L'(2) — L(1)]
< ”1.0<1>+ 2na .o(1>:0 by 28 (24)

m ni m—1 ni m

19
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For ny = 0, Lemma 33 results in ny = O (b\ /mIn %), and Equation (24) transforms

into:

2no L In
L'(2) - L(1 2 = O | bLinaz || —2 2
GIL@) - L) < “22mr_ o - (25)
Equations (22), (23), (24), and (25) sum up to:
2b—1 In 1
Z GEIL'(k+1) = L(k)| = O | bLmas||—* (26)

The second sum of Equation (21) is bounded using Lemma 28 separately for every k < 2b
with accuracy 1%(;' Since the proof of Lemma 28 also holds for GE and M} (instead of Gy,

and Mjy), we have V%S, for every k < 2b, |GE — ME| =0 <b\/ h;n > Therefore, together
with Equations (21) and (26), we have:

ml) & In b bL
Z (waL;U - prw) < 0 bLnaz = —4 Z & +0 <W>
m m m
weVry, k=
bAin t
= O Lonar|| —2 (27)
m
The proof follows by combining Equations (16), (19), and (27). [ |

5. Log-Loss A Priori

Section 4 bounds the error of the leave-one-out estimation of the log-loss. In this section
we analyze the log-loss itself. We denote the learning error (equivalent to the log-loss) as
the KL-divergence between the true and the estimated distribution. We refer to a general
family of learning algorithms, and show lower and upper bounds for the learning error.

Let o € (0,1) and 7 > 1. We define an (absolute discounting) algorithm A, -, which
“removes” - probability mass from words appearing at most 7 times, and uniformly spreads
it among the unseen words. We denote by ny._, = 22'7:1 n; the number of words with count
between 1 and 7. The learned probability @ is defined by :

ani...r —
v cw =0
Q=19 1<cy <7
C
ﬁ T < Cy

20
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The « parameter can be set to some constant, or to make the missing mass match the
Good-Turing missing mass estimator, that is =z = 21,

The Pinsker inequality relates to the KL- dlvergence and the L; distance between any
two distributions.

Lemma 35 (Pinsker Inequality) Given any two distributions P and Q, we have:

KL(P||Q) = (LI(P Q))’

Theorem 36 Let the distribution be uniform: Yw € V : py, = «, with N < m. Also,
suppose that the learning algorithm just uses maximum-likelihood apprommatwn, meaning
quw = $=. Then, a typical learning error would be Q(%)

Proof We first show that Li(P, Q) concentrates near ) <\/ ﬁ) Then, we use Pinsker

inequality to show lower bound® of K L(P||Q).

First we find a lower bound for E[|py — qwl|]. Since ¢, is a binomial random variable,
o?[cw] = mpuw(1 — pw) = 2 (%), and with some constant probability, |c, — mpw| > o[cw).
Therefore, we have

Bllaw—poll =~ Fllcw—mpu]
> %U[Cw]Pﬂcw — mp| > olea]) = O (;ﬁ) ~0 (ﬁ)
E g:va—qw\ =Q<N\/§W ( )
2

Using McDiarmid

inequality (Lemma 2) on Lq(P, Q) as a function of sample words, we have V2 S

A single change in the sample changes L1(P,Q) by at most %

Li(P,Q) = E[Li(P,Q)] - |L1(P,Q) — E[L.(P, Q)]
_ Q< N)_O<m>zg< N>
m m m
Using Pinsker inequality (Lemma 35), we have:

2
V%S, prln7> <Z|pw_Qw|> :Q<Jn\z>a

weV weV

which completes the proof. |

5. This proof does not optimize the constants. Asymptotic analysis of logarithmic transform of binomial
variables by Flajolet (1999) can be used to achieve explicit values for K L(P||Q).
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Lemma 37 For any d > 0, the learning error for non-appearing words can be bounded with
high probability by:

S Pw noln%
win [ — | < Myl
VoS, Zp n< >_ On<0zn1_,.7)

et Qw

Proof By Lemma 13, we have V93, the real probability of any non-appearing word does

not exceed . Therefore,

Sl - i)

wégS w¢S
In % noln 2
< prln< LIRLALY >=M01n<°5),
m o ani.r aniy..r
wésS
which completes the proof. |

Definition 38 Given a distribution P, and x € [0,1], let F, = ZweV:pwgz Pw, and N, =
Hw € V : py, > z}|. Clearly, for any distribution P, F, is a monotone function of x,
varying from 0 to 1, and Ny is a monotone function of x, varying from N to 0.

2m
Lemma 39 Let 6 > 0, A > 0. Let Vj, = {wevzpwg An } and V! =V, N S. The

learning error for V] can be bounded with high probability by:

2m 2
5 Pw )\IDT 31113 (0]
In{— ) < M, —F m
VoS, prn(Qw>_ 1 — o m ~+ Mo +1—Oz AanQT
L

Proof We use In(1+xz) <z

pr]nﬂ pr

weV] weV]

w

For any appearing word w, q,, > PTO‘ Therefore,

pr S — pr w_Qw
11—«

’LU

weV] weV/
. m Cw Cw
T 1-a pr(pw_a>+zpw(7_%u)
weVy wevy

22
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m Cw m o
< _ v _
T 11—« pr<pw m>+1—azpwm

weV] weV]
m Aln 23” Cuw a
l—-a m Z(“’_E)“Ll—azp“’
wevy wevy
Aln 22 c «
0 _w
1_a Z (pw m) + 1_QF/\],,%W (28)
weV/ m

We apply Lemma 12 on vy, the union of words in Vz. Let p,, = ZweVL Py and
Cy, = ZweVL ¢w. We have V0S:

IN
(]
=
€
|
2
~——~7
_l’_
(]
]
S

weVry, weVp\S
c
S Doy, — —£ + MO
m
3In 2
< % + Mo (29)
m
The proof follows combining Equations (28) and (29). [ |

2

Lemma 40 Let 0 < A < 1. For any z € [-A, A], we have In(1 + z) > = — SAAY

Lemma 41 Let o > 0, A > 3, such that 7 < (A—+v3\) In 4Tm. Let the high-probability words

/\ln4Tm

set be Vg = {w eV ipy> , and Vj; = Vg NS. The learning error for Vi, can be

bounded with high probability by:

3ln4 3\ 1n 4
VoS, » In (p“’) <[+ N, im
2 v G m (VA= V/3)2m A

Proof

prlncq):) = prln<ﬁ”>+zpwln<§lu>

w

weVy weVy, m weVy
m c
= Z pwln( pw)—l— Z pwln< ks ) (30)
Cw Cy —
'LUEVI; ’wEVIiI,CwST
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Using Lemma 9 with A, we have V5 S

3Py In 22
Yw € Vg, ‘pw_iw <y Pels (31)
m m

Yw € Vi, cw > (A—V3\)In %m

This means that for a reasonable choice of 7 (meaning 7 < (A—+v/3A) In 22), the second
term of Equation (30) is 0, and V}; = V. Also,

3pw1n47m< m 3ln23”:\/§
m - )\ln2Tm m A

Therefore, we can use Lemma 40 with A = \/g :

C
o =P

prln(néiw> = prln(lJr”L:]?_n")

w

’LUGVI/{ 'UJGVH

c C 2
m — Pw 1 m — Pw

< Y - ()

weVy Pw 9 (1 _ \/%) Pw
2

Cw A Cﬁ — Pw

- 5N R @

weVy 2 (\/X — \/g) weVy Pw

We apply Lemma 12 on the vp, the union of all words in V. Let p,,, = ZwEVH Dy and
Copr = D _wevy Cw- The bound on the first term of Equation (32) is:

Cy 3ln4
b = < (33)

Assuming that Equation (31) holds, the second term of Equation (32) can also be
bounded:

s |5 ()

weVy

c 2 4m 4m
ngzip N H‘SNMH%? (34)
weVE pw weVy pw m m m
The proof follows by combining Equations (30), (32), (33) and (34). [ ]
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Theorem 42 For any 6 > 0 and A > 3, such that 7 < (A — V3\) In 22 the learning error
of Aa,r s bounded VoS by:

no In 22 Aln &m 3In8
OSZPwlﬂ(zw) < M01H<;)nl 5>+ 1_(‘1 \/ m6+M0
w T

weV
L N 31n§+ 3\ In 8 N
Tmat2md TV m T a(VA- vapm i
)\lnng

Let x = — 2. Since N, counts only words with p,, > z, it is bounded by % Therefore,

r=m"i gives a bound of O (Mo In N + m_i>. Lower loss can be achieved for specific

distributions, such as those with small M, and small N, (for some reasonable x).
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Appendix A. Technical Proofs

A.1 Concentration Inequalities

Lemma 6 Proof We use Stirling approximation I'(z + 1) = 27z (%)z T, where

1 1

26



CONCENTRATION BOUNDS FOR UNIGRAMS LANGUAGE MODEL

P(X =) = (Z)p’fu—p)"’“

= I(u +I£)(ICL(—7: 1—)u +1) (%)“ (n ; M) _
2mn n" pt(n—p)"* T,

V2N 2m(n — p) pH(n — p)" e nt pnH T, Ty
_ 1 n T,
V2mu '\ n— JTR0 0
1 T,

2rp(1 — p) TuTn—p

Clearly, for integral values of u, the equality is achieved at k = pu. |
Lemma 8 Proof Let m' =) i c,. Using Lemma 7 for m’ with b = ¢ = E[m/] =m,
the probability P(m’ = m) achieves its minimum when Yw € V,p, = . Under this

assumption, we have m’ ~ Bin(mN, %) Using Lemma 6, we have:

TN 1

1
P (m/ = m) = >
J2rmN g (1= ) Tn T = 3v/im

Therefore, for any distribution {p,, : w € V'}, we have:

P(m' =m) > L

2 3 7m

Obviously, E[F'] = Y E[fw(c,)] = E[F]. Also, the distribution of {c;,} given that
m’ = m is identical to the distribution of {c,}, therefore the distribution of F’ given that
m’ = m is identical to the distribution of F. We have:

P(|F'—E[F')|>¢) = ZP(m’ = )P(|F' — E[F"]| > e|m/ = i)

P(m' =m)P(|F" — E[F']| > ¢|m' =m)
P(m' =m)P(|F — E[F]| > ¢)

P(|F = E[F]| > ¢),

v

1
3v/m
which completes the proof. |

3ln 2

Lemma 43 For any § > 0, and a word w € V', such that p, > —%, we have:
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c 3py In 2
ARy TS
m m

Proof The proof follows by applying Lemma 3, substituting e = 4/3mp,, In %. Note that

for 31n% < mp,, we have € < mp,,:

3pw In 2
Pl o =2 2\ T2 = Pllmpa —cul 2 0
< 2 ¢
exp| ————
- P 2E[cy] + €
3mpy, In 2
< sex (mpwna) s
3mpy,
which completes the proof. |

2m
Lemma 9 Proof There are at most m words with probability p,, > SIHT‘S The first

claim follows using Lemma 43 together with union bound over all these words (with accuracy
% for each word).
Using the first claim, we derive the second. We show a lower bound for 22, using

2m
In 55"

- < 3Pw:

3pw |
S > py — Bpun 5 pw\/> (1—\[>
m

The final inequality follows from simple algebra. |

Lemma 10 Proof Let b = 3In(’§). Note that § € [0,1] and m > 1 yield b > 2. First,
suppose that there are up to m words with p,, < %. For each such word, we apply Lemma
3 on ¢, with e = b. We have:

) < < v’ <0
P(cw > 6 ng) < P(cy > mpy +€) <exp <_2mpw+b) <
Since we assume that there are up to m such words, the total mistake probability is 4.
Now we assume the general case, that is, without any assumption on the number of
words. Our goal is to reduce the problem to the former conditions, that is, to create a set
of size m of words with probability smaller than %
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We first create m empty sets vy,...,v,. Let the probability of each set v;, p,,, be the
sum of the probabilities of all the words it includes. Let the actual count of v;, ¢,,, be the
sum of the sample counts of all the words w it includes.

We divide all the words w between these sets in a bin-packing-approximation manner.
We sort the words w in decreasing probability order. Then, we do the following loop: insert
the next word w to the set v; with the currently smallest p,,.

We claim that p,, < % for each v; at the end of the loop. If this inequality does not
hold, then some word w made this “overflow” first. Obviously, p,, must be smaller than %,
otherwise it would be one of the first QTm < m words ordered, and would enter an empty
set. If p, < % and it made an “overflow”, then the probability of each set at the moment
w was entered must exceed %, since w must have entered the lightest set available. This
means that the total probability of all words entered by that moment was greater than
m% > 1.

Applying the case of m words to the sets v1, ..., vy, we have ¥°S: for every v;, Cv; < 2.
Also, if the count of each set v; does not exceed 2b, so does the count of each word w € v;.
That is,

b b
P(Elw:pw§ —, Cw >2b> §P<E|vl- CPy; < —, Gy, >Qb) <4,
m m

which completes the proof. |

Lemma 11 Proof By Lemma 9 with some A > 3 (which will be set later), we have V3 S:

31ln 4m 4
Yw : Py > n‘;, |mpw—cw|§\/W (35)
m 1)
Aln 42 3
Yw : Py > n‘;, cw><1—\/>>mpw (36)
m A

n 4m Aln 4m

By Equation (35), for any word w such that 31m5 < pw £ =%, we have ¢, <

MPyw + 1/ 3Mpy In 477” < ()\ + \/3)\> In 477”. By Lemma 10, we have:

3n 4m

4
V%S, Vw s.t. py < — 2, CWSGInTm

It means that for any w : mp, < Aln 477”, we have ¢, < ()\ + 3)\) In 4Tm. This means

that for any w such that ¢, > ()\ + 3)\) In 477", we have mp,, > Aln 4Tm. By Equation

(36), this means mp,, < ——c,,, and by Equation (35):

/3
4m
|mpw — cw| < A/ 3mpy IHT <
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Substituting A = 12 results with:
9 4m 4m
VoSt Vwsitocy > 18In 7", |mpy — | < GCwlnT,
which completes the proof. |

2
31n3
m

2 2
v, C—“’—pw\ < \/3“”1“5 < \/31115
m m m

Lemma 12 Proof If p, >

, we can apply Lemma 43. We have:

c c 61ln % 3ln2
V(SS’ ﬂ_pwlgmax{pwaﬂ}g 8 < 67
m m m m
which completes the proof. |

Lemma 13 Proof Let b =1In . We note that there are at most %' words with probability

Pw > L.
b
P(Elw:cwzo,pw2> < P(cy =0)
" w:pr%
= (1_pw)m<TZ<1—m) <meb:6,
wipw> 2
which completes the proof. |

A.2 K-Hitting Mass Estimation

Lemma 21 Proof We have }_ .. pw < 1. Using Lemma 19, we bound P(c, = k)
and P(c, =k + 1):

EMyo] = Y puPlcw=k)=0 (k)

wEVk,a
k+1
BlGral = BlMiall = | 3 [m_kp(cw =k+1) = puP(cw = k)]
wEVk,a
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k+1 vk
> b Plew=k+1)=0 (m) (37)
’wEVk,a

Equation (37) follows by Lemma 20. By Lemma 18, we have |V, o| = O ():

kE+1 Em 1 1
wor 2 e =0 (L) =0 ()

which completes the proof.

E[Gk,a]

Theorem 29 Proof The proof is done by examining 4 cases of k. For k < 181n STm, we
can use Lemma 28. We have:

VS, [N~ My| = |Gi — My = O (ﬁ(k —|—1n’§)> ~0(%)

For 181n STm <k< m%, we can use Theorem 25. We have:

V6S, |Mk—Mk| = ‘Gk—MM =O< W—i—%) :O~<m_%>

2
For m5 < k < %, we can use Theorem 26. We have

[V

WS, [Nl — My| = [Ny — My = O <\/E<1“7?)

ST ) <0 ()

For k> 3, let « = /61n STm. By Lemma 17, we have ng, My, = My o N M, = Mk,a-
By Lemma 18, [Vio| = O (%)

) = O(1). Let ¢ be the bound on |V} |. Using Lemma 12 for
each w € Vi, o with accuracy %, we have:

Ini
VS, Yw € Via, ]‘i"—pw(_o Y
m m

Therefore, we have V0 S:

My — M| = [ My — Mio| < >

k
m P
”LUEV]C’Q

1 ~
Xypp =0 s O (1> ’

which completes the proof.
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Theorem 30 Proof First, we show that for any two words u and v, Cov(Xy i, Xy 1) =
© ( »). Note that {cy|c, = k} ~ Bin (m k, = k) By Lemma 6, we have:

1 T,
Plcu=k)=P(c, =k) = s (38)
2k (1 — £) Skim—k
1 Tmfk:

P(cy =kleu =k) =

Using T, = ©(1) for x > k, we have:

COU(Xu,k:a Xv,k)
- E[Xu,k:Xv,k] - E[Xu,k]E[Xv,k]
= P(cy = k)[P(cy = kley = k) — P(cy, = k)]

27rk ( TkTm k / B 71@ TkTm % /1 TkTm k
A (1) 1 T s 1 T,
- k Toor T,
=) T YA

m—F m
T T
* (11_k) (Tm—:’c_Tm—k) (39)
We can bound the first term of Equation (39):
1 1 \/1—%—\/1— " \/1—£+\/1—L_k
Jo-z) Vo-B o Ji-)a-b)) Wi-kei-ak

Since T, = exp (3= + O (%)) =1+ 3+ O( z) for & > m — 2k (note that k < m),
we have:
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T T T2 . — T Tk
Tk Tk Tn—okTm—k

B 1 I 1 Lot
" TmokTonk |6(m —k)  12m  12(m — 2k) m2

k2 1
= o) 0 (o) 4
Combining Equations (39), (40), and (41), we have:

ot X =0 () [0 (35) -0 (55) +0 ()] - ()

Now we show that 0?[X,, ;] = © (%ﬂ) By Equation (38), we have:

o*Pus) = Plea =01 = Plew = k) =0 () (1-0 () ) =0 ()

Now we find a bound for o[M}].

02[Mk] = o’ [prXw,k

= Zp?uo'z[Xw,k] + ZPquCOU(Xu,k7 Xv,k)
w uFv

=AY o (L) v r (L) e ()
o).

which completes the proof. |

A.3 Leave-One-Out Estimation of Log-Loss

Lemma 33 Proof Using Lemma 9, we have Vi ng = |UN S3| and ny = |U NSy, where
U={weV:mp, <clnZ}, for some ¢ > 0. Let nj, = |[U N Sa| and nf = |[U N Sy|. Let
b=1In".

First, we show that E[n}] = O(bE[n}]).

B = %) (@)pm — py)™?
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= Z mpw (1 — py)™ ["’“2_1 Pw }

welU ! — b
= ) mpu(l—pu)™O(b) = O(bE[R}))
welU

Next, we bound the deviation of n} and n}. A single change in the sample changes n/,
as well as nfy, by at most 1. Therefore, using Lemma 2 for n) and n}, we have:

Therefore,
/ / 1 / 1 !/ 1

ny < E[ny] + O mlng =0 (| bE[n] + mlng =0 |b[n + mlng ,
which completes the proof. |

A.4 Log-Loss A Priori

2

Lemma 40 Proof Let f(x) = SaE — T+ In(1 + z). Then,
, T 1
- 1
Fz) G—A2 1tz
1 1

I'@) = Goar ~ rap

Clearly, f(0) = f(0) = 0. Also, f"(z) > 0 for any = € [—A, A]. Therefore, f(z) is
non-negative in the range above, and the lemma follows. |

Theorem 42 Proof The KL-divergence is of course non-negative. By Lemma 37, we
have:

In 4m
Vgs, pr In (pw> < Mjyln (noomrll g ) (42)

w¢sS

By Lemma 39 with A, we have Vis:
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8m 8
Pw )\IDT 311’13 (6]
Z 8 pwln<qw>§ l—a |\ m + Mo +1—04F““87>@

By Lemma 41 with A\, we have V5 S

w n - = n 8m
Po\a) =V m T oA Bem A

Aln 8m
WE S Poy > i

m

The proof follows by combining Equations (42), (43), and (44).
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