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1 Abstract

In this project, we introduce the work [3] that shows the generalization bound of an uniform stable algo-
rithm using differential privacy algorithm and stability argument [8] to bound the tail distribution. This
method substantially improve the generalization bound [1] using the stability assumption and McDiarmid’s
inequality. In particular, the authors prove that the generalization error of a ~y-uniformly stable algorithm
can be improved from O((y+1/n)y/n1n(1/5)) with probability at least 1 —4 to O(y/(y + 1/n) In(1/5)) with
probability at least 1 — ¢ without any further assumptions. In addition, this work also show a tighter second
moment that is in the order of O(y 4+ 1/n) compared to O(y + 1/n)in the previous work [1].

2 Introduction

Generalization bound can be used to show the consistency of the strongly convex ERM algorithm [7], the
uniform stability of the gradient descent algorithm on smooth convex function [5], and the estimation of the
prediction error of deferentially private prediction [2]. The generalization bound is a useful tool to show the
learnability of the algorithm without showing the uniform convergence of empirical means (UCEM) property,
which is the sufficient condition for consistency of the learning algorithm but not a necessary condition for
all learning algorithms.

An common approach to proving the generalization bound is to analyze the stability of the learning algo-
rithm with respect to a change in the dataset. In this work, the author takes this approach to show the
generalization bound. Furthermore, the generalization bound proved in this work matches the order of that
using second moment estimation and Chebyshev’s inequality in [1]. At the same time, the generalization
bound produced by the second moment bound introduced in this paper matches the one produced by the first
moment estimation [7] and the Markov inequality in the strongly convex function setting. The techniques
here are to use the property of differential privacy to show the upper bound and the lower bound of the
expectation of the generalization error. Since the learning algorithm A(S) may not be an e-differentially pri-
vate algorithm, the authors introduce a new learning algorithm G(S) that takes the input of a multidataset
Z™*™ which is composed of m rows and n columns, the expected value of the generalization error of each
row as scoring functions. Then the algorithm G(S) outputs an index k € [m] with probability proportional
e9x(9)/28 " where gx(S) is the scoring function of row k € is the parameter that is positive and A is the
stability of the expectation of the generalization error. It can be shown that G(S) is an e-differentially
private algorithm. Putting all the ingredients together, the upper bound and the lower bound of the expec-
tation of the generalization error using learning algorithm A(S) can be shown. In the following stage, the
stability argument [8] is employed to bound the tail distribution of the generalization error to show the high
probability result.

3 Preliminaries

In this section, we introduce some basic properties that are later used in the proofs of the generalization
bound.



Definition 3.1. A learning algorithm A : Z™ — F is y-uniformly stable if for all S, 5" € Z", where S, 5’
(A(S)’ Z) - E(A(S/% Z)’ <7

Definition 3.2. A function f : Z" — R has sensitivity at most ~ if for all 5,5’ € Z", where S, S’ differs in
only one sample, |f(S) — f(S')] < v

Definition 3.3. A learning algorithm A : Z™ — F is e-differentially private if for any measurable subset
of Ffor all S,S5" € Z™, where S, S’ differs in only one sample, P{A(S) € E} < eP{A(S’) € E}

Lemma 3.1. Let A: Z" — F and ¢: F x Z — [0,1] with uniform stability 7. P denotes the probability
distribution over Z, a multi-dataset S € Z™*™ where Sy, Vk € [m] is the k-th row of the dataset, then we
define a scoring function g (.59)

n

91(8) = Fenp [£(A(S1).2)] = = " 0(A(SH), Siy)

j=1
9x(S) has sensitivity 2y + L

The following property will be used in bounding the tail of the generalization error in replacement of the
McDiarmid’s inequality.

Lemma 3.2. [8] Let @ be a probability distribution over real number R. Then,
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Here vy, vs, .., vy, are drawn independent and identically from the distribution Q.

Check [8] for the detailed proof.

4 Algorithm

4.1 Generalization Bound

To construct a e-differentially private algorithm onto the existing learning framework A(S), we consider the
following setting:

Theorem 4.1. [6] Let ¢1,92,..,9m : Z™ — R be m scoring functions such that |g;(S) — ¢;(S")] < A =
27+ 1, Vi € [m], where S, 8" € Z" differ from only one sample. Given inputs S € Z™ and a parameter € > 0,

G is the algorithm that outputs an index k € [m] with probability P{G(S) =k} = > e[)(p](;jﬂp‘?és;_)( 57+ Lhen
i€[m 2 z

G is e-differentially private algorithm and for every S € Z":

2A
Epias)= [9:(9)] = max {gi($)} = ==Inm

Proof. First show that G(S) is e-differentially private algorithm.
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Let C = Y, P (356i(9)), then g (S) = 22 (InC + In P{G(S) = k})

Blge($)) = Y2 PLG(S) =122 (nC + In P(G(S) = k)
i€[m)]

:2A<

InC — H(G(S)))

Here H(G(S)) is the entropy of G(S) and H(G(S)) < In(m). Moreover, 22 InC' > maxye(y g1 (S). Here
completes the proof. O

Now, since G(S5) is an e-differentially private algorithm, we can use this property to show the following
bound.

Lemma 4.2. Let A: Z" — F and ¢: F x Z — [0, 1] with uniform stability v. Let G : Z™*™ — [m] be an
e-differentially private algorithm. Then for any distribution P over Z,

Vs:ESN"P’"",P{G(S):k}[ Zz (Sk), SkJ:|

e Vs — v < Egapmn P P{G(S)=k} {E(A(Sk)a Z)] <eVst+y

We are now able to prove the following bound using above ingredients.
. 1 1, 8
P{S:Z B | L(A(S), 2) —g;e(A(S),Sj) > (2’y+n)ln5} < (1)

Proof. To prove (1), we utilize Lemma 3.1 and Lemma 4.2 to find the upper bound of Eg,_p(mi1)n [Ep{kzg(s)} [gk (S)”

and then use Theorem 4.1 and Lemma 3.2 to bound the tail of the (1). Consider the following setting: choose

m = 1‘32 and consider an extra scoring function g,,+1(5) such that g,,4+1(S) = 0 for any S € Z". The setting

of an extra scoring function is to guarantee that maxem, 1) gx(S) is always equal or greater than zero, then
we can use Lemma 3.2 to bound the tail. By Lemma 4.2,

Eg pn+nn [Ep{k:G(S)}[gk(S)]] = ESNP(WH)",P{I@:G(S)}[EZNP [£(A( - *ZE (Sk), Sk }

<e -1+~
Plugging into Theorem 4.1,

ES’N'pmm [max {0, lfrel[a;i(] EZNP [@( - — Zg Sk Sk] }:| = ESNp(m+1)n [kéﬂ%ﬁu gk(S)}
2(2y + * 4y + 2
< Egpim+nn |:EP{k:G(S)} [gk(S)H + y <e*—1+7v+ 177w In(m + 1)

Choose € = \/(27 + L) In(m +1) = \/(27 + 1) In(eln(2)/8). Therefore, the bound is at least 2e. Moreover,
(ef—1) < 2efor 0 <e<1.26and v <,/ for 0 <+ < 1. Then, the following inequality holds,
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Then, plugging into Lemma 3.2, we can obtain the following upper bound:

PSan{EZNP [E(A(S),z)} 1 XR:E(A(S),S]‘) > 84/ (2v+ %) ln?}

n-
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1 n
< Pgpn {EM [z(A(S), z)] — = Y UAS), 8) 2 2Bgpinann [kg[lﬁ” gk(sk)} } <6



Since gi(S),Vk € [m],S € Z™ has a bounded difference ¢ = 4y + 1 and Egpn[gi(5)] < 27V, we can also
obtian the upper bound by using McDiarmid’s inequality,

P{S : 2" Benp|U(A(S),2)] - 1 Zn:z(A(S),sj) > (4y+ %) "h;(%) + 27} ) 2)

n <
j=1

Comparing equation (1) and (2), the first states that the generalization error is within O( (v+31)In %)
with probability 1 — § and the latter shows that the error is within O((7 + %) \/nln %) with probability
1-90.

4.2 Second Moment Estimation

Lemma 4.3. Let L : Z" x Z — [—1,1] be a function with uniform stability 77, and S) be a copy of the
dataset S' € Z™ with the j-th component replaced by z ~ P. Then,

Espn [(% ZL(SU), Sj))ﬂ <ai+ .

A 3 6(A(S), 5)) | <1007+ 2 3)

Proof. To show that equation (3) holds true, we first define L(S, z) := ((A(S),2) — E.~p [((A(S),2)] L€
[—1, 1], which is an unbiased estimator of P. Here, L has stability 2y and E,.p [ﬁ (A(S), z)} -1 > ((A(S), S)) =
_% ;.‘:1 L(S,S;). Therefore, the second moment of the LHS is equivalent to Eg..pn {(% Z?Zl L(S, Sj))Q}.

1< I ; 1O .
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From Lemma 4.3, we know that Egpn [(% S L(SY), Sj))z} < (29)2+ 1. Then,

Egpn [(711 ilL(S, Sj)>2] = Egpn {(
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O

This give a tight bound of the second moment O(y? 4 1) compared with the former work [1] which demon-
strates that the second moment is O(y + %) Then, an alternative bound for the tail distribution is to use
Chebyshev’s inequality which requires the estimation of second moment.

5 Application

In this section, the bounds (1), (3) shown in the previous section are applied to application examples discussed
in class.



5.1 Learning without Uniform Convergence

Theorem 5.1. [4] Let F is a convex subset of a Hilbert space H, and 4(f,z2), z € Z f € F is a m-strongly
convex and L-Lipschitz function, which has stability at most 2L Then, with probability 1 — ¢

mn °

EZNP [g(fnaz)} - EZNP V(f*az)} < 2L2

— dmn
where f, is the empirical risk minimizer and f* is the true risk minimizer.

In the setting of Theorem 5.1, we can apply Chebyshev’s inequality to equation (3) and obtain the following
bounds.

Pypn {s AR [g(fn, z)} — Ep [U(f,2)] > 1 (\/gmn + \/%L)} <4 (4)

Since % 16 (ﬁ)2 + % < % <8L2 + \/g), choosing ¢; > 8 should be suffice. Similarly, we can obtain the

mn mn

upper bound by equation (1) and get the following:

R Ini
PopndS€Z": E,p [z( Fos z)} ~ Bep [((f*,2)] 2 eaLy[ L 3 <6 (5)

If 75 <1, here cp 48 is sufficient. When the loss function £ is not m-strongly convex, we can add a regularizer
term 3| f||> to make it A-strongly convex. In this case, choosing A = —<— using the second moment and

A = -5 using the high probability result leads to following result:

n3

P {S € 20 B [04ns2)] - Bop 057 ) 20 (= ) <0 (©)

PopndSeZm: B p [Z( Fos z)} — Eaop [((f*,2)] > oL <5 (7)

6 Conclusion

This paper prove a better upper bound of the generalization error. Previous work [1] shows the generalization
error of y-uniformly stable algorithm lies in the interval of order O((y + 1/n)+/n1n(1/§)) which will not be
a meaningful bound when v > 1/4/n and works optimal when = is in the order of O(1/n). This work greatly
improve the bound to O(y/(y + 1/n)1n(1/4)) using differentially private algorithm and stability argument.
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