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Abstract

In 1998, it was proved by Ben-David and Litman that a concept space has a
sample compression scheme of size d if and only if every finite subspace has a sample
compression scheme of size d. In the compactness theorem, measurability of the
hypotheses of the created sample compression scheme is not guaranteed; at the same
time measurability of the hypotheses is a necessary condition for learnability.

In this thesis we discuss when a sample compression scheme, created from com-
pression schemes on finite subspaces via the compactness theorem, have measurable
hypotheses. We show that if X is a standard Borel space with a d-maximum and
universally separable concept class C, then (X,C) has a sample compression scheme
of size d with universally Borel measurable hypotheses. Additionally we introduce a

new variant of compression scheme called a copy sample compression scheme.
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Introduction

The common context for Statistical Learning Theory is the setting of a concept
space. A concept space is a set X and a family C of subsets of X called concepts.
The goal of Statistical Learning Theory is to be able to, given a hidden concept C'
in C, “learn” the concept by sampling finite subsets of X labelled according to their
membership in C'. Learning is usually provided by a function or algorithm which
takes a labelled sample as an input, and outputs a subset of X called a hypothesis.
The function or algorithm is said to be consistent if the hypothesis, for a given
sample labelled according to a concept, agrees with the labelling on this sample. The
distance between the hypothesis and the target concept can be quantified in varying
ways depending on the model of “learning”.

The PAC, or “Probably Approximately Correct”, model for learning was intro-
duced by Valiant in the 80’s [18]. A concept space (X,C) is PAC learnable with
respect to a family P of probability measures on X if there exists a function, called
a “learning rule”, mapping labelled samples in X to subsets of X, where for any
0 <e<1 0<d <1, there is a positive integer m such that given any C € C,
P € P, the probability (according to P) of sample of size greater than m being
mapped to a hypothesis with error from C' greater than ¢, is less than § (error of a
hypothesis from a concept is meant to be the probability (according to P) of their

symmetric difference). In particular if P is the family of all probability measures on
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X, one speaks of distribution-free PAC learnability, and this is the context that will
be of exclusive interest to us.

Learnability is intimately related to the concept of VC dimension, or “Vapnik-
Chervonenkis Dimension”, introduced by Vapnik and Chervonenkis in [19]. VC di-
mension is a parameter quantifying the combinatorial complexity of a concept space
defined from the idea of a subset of X being ”shattered” by concepts. A C X is
shattered by C if any subset of A is equal to some concept in C intersected with A;
the VC dimension of a concept space is the supremum of the cardinalities of all finite
subsets which are shattered by C. In 1986 Blumer et al. related VC dimension to PAC
learnability by proving that (given a measurability condition called “well behaved”)
a concept space has finite VC dimension if and only if it is PAC learnable if and
only if any consistent learning rule which provides concepts as hypotheses, learns the
concept space with sample sizes (sample complexity) bounded above by a formula in-
volving the VC dimension of the concept space. The bounds mentioned are improved
by Shawe-Taylor et al. in [17] who assumed stronger measurability conditions.

A natural class of consistent learning algorithms are sample compression schemes
which were introduced by Littlestone and Warmuth in 1986 [12]. A sample compres-
sion scheme of size d maps subsets (labelled or unlabelled depending on the variant)
of X of size at most d, to hypotheses, such that each sample labelled according to a
concept has a subsample of size at most d which is mapped to a hypothesis agreeing
with the concept on the initial sample. A sample compression scheme of size d can
be thought to save every sample labelled according to a concept to some subsample
of size at most d. Also in [12] it is shown that, given measurability conditions of the
sample compression scheme and concept space, every sample compression scheme is a
PAC learning rule with sample complexity bounded above by a formula involving the
size of the sample compression scheme (the bounds are due to Floyd and Warmuth in
[8]). For a concept space of VC dimension d, a sample compression scheme of size d

learns with bounds on sample complexity better than that of the bounds for general
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consistent learning rules provided by the VC dimension (illustrated in Figure 3.1 in
chapter 3). In chapter 2 we define our own variant of sample compression scheme
called “copy sample compression schemes”, of which sample compression schemes are
a special case. A copy sample compression scheme can be thought of as an algo-
rithm which checks sample compression schemes of varying sizes, and for different
concept classes, and picks a hypothesis for the concepts in any of these different con-
cept classes. Copy sample compression schemes also add other flexibilities as will be
exhibited in chapter 3, and may have better bounds in some instances for sample
complexity than that of sample compression schemes.

A natural open question posed in [12] is whether or not a concept space with
VC dimension d also has a sample compression scheme of size O(d). The question
currently remains open. The existence of an unlabelled sample compression scheme
of size d does imply that the concept space has VC dimension at most d, and in some
cases like that of maximum classes, VC dimension d is enough to provide a sample
compression scheme of size d [10].

In [2], it was proved by Ben-David and Litman, using a proof based on the
compactness theorem of predicate logic, that a concept space (X,C) has a sam-
ple compression scheme of size d if and only if every finite subspace has a sample
compression scheme of size d ((Y,C’) is a finite subspace if Y C X is finite and
C'={CnNY :C € C}). We provide a different, and technically simpler, proof of
this using an approach with ultralimits normally used in Analysis. In either case the
result, named the “compactness theorem” for sample compression schemes, did not
take any measurability considerations into account, and as our example in chapter
4 shows the resulting hypotheses need not be measurable; chapter 4 of this thesis
explores when the compression scheme resulting from the compactness theorem has
measurable hypotheses. Perhaps the most useful of these results is that, when X is
a standard Borel space with a d-maximum and universally separable concept class

C, then (X,C) has a sample compression scheme of size d with universally Borel
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measurable hypotheses. In the appendix B.1 we also collect differing measurability
conditions rules from varying relevant papers. These conditions are defined to be
utilized in proving different bounds for sample complexity of consistent learning rules
and for sample complexity of sample compression schemes in these various papers.
This Thesis starts in chapter 1 by outlining VC dimension and important con-
cepts such as the concepts of maximality due to [20] and embeddability due to [2].
In chapter 2 sample compression schemes and their variants are presented and dis-
cussed. In Chapter 3 we introduce PAC learnability, and investigate sample complex-
ity for spaces with finite VC dimension and sample complexity for spaces with sample
compression schemes or copy sample compression schemes. Finally in chapter 4 we
investigate measurability of hypotheses from sample compression schemes generated
by the compactness theorem. We also include two appendices, with appendix A con-
sisting of some preliminaries, and appendix B consisting of some excluded proofs and
a list of varying technical measurability conditions which are referenced throughout

the thesis.



Chapter 1

Vapnik-Chervonenkis Dimension

1.1 Vapnik-Chervonenkis Dimension

We begin with the definitions of a concept space and the VC dimension associated

to a concept space.

Definition 1.1.1 A concept space is a pair (X,C) consisting of a set X equipped
with a set C of subsets of X. X is referred to as the domain, and C is referred to as

the concept class. For a subset A of X, denote
CNA={CNnA:CEeC},
and we say that (Y,C') is a subspace of (X,C) if Y C X andC'=CnNY.

Definition 1.1.2 ([19]) We say that a subset A of X is shattered by C if CT1 A =
24,

Definition 1.1.3 ([19]) The Vapnik- Chervonenkis dimension or VC-dimension
of (X,C) (denoted VC(X,C), or VC(C) when X is understood) is

VC(C) = sup{|A| : A C X, A is finite, A is shattered by C}.

5
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In particular if the value is infinite, we say VC(C) = oo.

The following are some elementary or well known examples of VC dimension

which can be found in every text on statistical learning.

Example 1.1.4 Let X be any infinite set and C = 2%, Then clearly VC(X,C) = oo
because every (finite) A C X has CM A = 24 and so A is shattered.

Example 1.1.5 Let X be any totally ordered set with at least two elements, and let
C={l,:ze X}U{0},

where I, = {y € X : y < x} is an initial segment of (X, <). For any z,y € X where

x # y, without loss of generality y < x, we have

C{z,y} ={0,{v}, {z,y}},

hence {y} is shattered, however {z} ¢ C M {x,y} and so {z,y} is not shattered.
Therefore VC(X,C) = 1.

Example 1.1.6 Let X = R? and
C ={la,b] X [¢,d] : a,b,c,d € R}.
Clearly C shatters {(—1,0),(0,1),(0,1),(0,—1)}. Now let
A = {(a1,02), (b1, b2), (c1, ¢2), (di, da), (€1, €2)}

be given. Without loss of generality (a1, as) is the leftmost point, (by, b) is the highest

point, (¢1,¢y) is the rightmost point, and (dy, ds) is the lowest point. Since

{(a1,az), (b1,b2), (¢1,¢2), (d1,ds)} C la,b] X [c,d] € C,

we have

(e1,e3) € [ay, 1] X [da, ba] C [a,b] X [e,d],
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and so

{(ay,a2), (b1, b2), (c1,¢2), (dr,d2)} ¢ CT1A.

Therefore VC(X, C)=4.

Unless otherwise specified, from now on we will consider (X, C) to be our concept

space, and d, k, m,n € N.

Definition 1.1.7 ([19]) The n’th shatter coefficients of C are defined to be
s(C,n) =maz{|[CMA|: AC X, |A] =n}.

Note that VC(C) = sup{n € N: s(C,n) = 2"}.

Notation 1.1.8 Let (<”d) denote

| @d) - i@ <n)

Theorem 1.1.9 (Sauer-Shelah Lemma [16]) Let VC(C) =d. Then Vn € N

s(Con) < (S"d> < (%)d.

We can consider C as “function class”; a family of {0, 1} valued functions on X:
Let
Fe=A{xc:CeC}

where x¢ is the indicator function of C' on X. Similarly, if F is a family of {0,1}
valued functions on X we can get a concept class

Cr=1{C¢c2%:xc=f, for some f € F}.

Defining shattering for a function class F as: A C X is shattered by F if {f}, : f €
F} =24 We can see that F shatters A iff Cr shatters A, and C shatters A iff F

shatters A so the two notions are equivalent.
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In the future we will consider concepts as functions, but will still use set relations and
operations on concepts, which will have the obvious meaning; for instance z € C' will
be the same as C(x) = 1, C' C C’ the same as support(C') C support(C”’), C N C’ the

same as min{C, C'}, etc.

1.2 Maximum and Maximal Classes
The following definitions are due to [20].

Definition 1.2.1 Let d € N. A concept class C is d-maximum if for every A C X

_ (4]
|CFIA|—(§d .

Definition 1.2.2 A concept class C is d-mazximal if VC(C) = d,
and for any D € 2% \ C we have VC(CU {D}) > d.

finite,

Note that if C is d-maximum, then VC(C) = d because for A C X, if [A] = d
then

ICMA| = ( I ) =24 = ol
<d

so A is shattered, and if |A| > d then

ICnA|l = <|A|) < 2Kl
<d

so A is not shattered.

As a consequence of Zorn’s Lemma every concept class of VC dimension d is
contained in a d-maximal concept class.

Maximum does not necessarily imply maximal and vice versa. Also note that if
(X,C) is d-maximum, any subspace of (X,C) is d-maximum as well, but this is not

necessarily the case for d-maximal.
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Example 1.2.3 Let X ={1,2,3,4},
C = {{1},{2}, {3}, {1,2},{1,3},{2,3},{1,4},{2,4},{3,4},{1,2,3}}. Tt is easy to

check C is 2-maximal but not 2-maximum since

4
ICl =10 < 11 = <§2)'

Example 1.2.4 ([8]) Let X ={1,2,3,4},
C = {{1},{2},{1,2},{1,3},{2,3},{1,4},{2,4},{3,4},{1,2,3},{1,2,4}}. It is easy

to check C is 2-maximal but not 2-maximum since

4
ICl=10< 11 = <§2)'

Example 1.2.5 Let X =R and C = {(—00,a) : a € Q}. For any A = {z4,...,2,} C

X finite, without loss of generality with x; < ... < x,, we have that

CTA= {0, {wa}, {22}, o fn, o} = 4] 1 = (|A|>’

<1

thus C is 1-maximum. However, C is not 1-maximal since VC(C U {X}) = 1. Note
that any concept space where X is totally ordered with no minimal element, and
where C is the set of all initial segments, is 1-maximum. This is also the case if X has

at least two elements, where C is the set of all initial segments and the empty set.

Remark 1.2.6 If (X,C) is finite, then d-maximum implies d-maximal.

If C is d-maximum, then any A € 2%\ C has
_ _ (X X
ICU{A} =|C|+1= (Sd +1> <d
hence by Sauer’s Lemma VC(C U{A}) > d, and therefore C is d-maximal.

Lemma 1.2.7 ([20]) Let (X,C) be finite with VC-dimension d. For x € X, there

are at most (‘SXC}:D sets C' € C such that x € C and C'\ {z} € C.
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Proof:  Let zp € X, Y = X\ {0}, and

C'={CeC:2peCand C\{x} €C}.

! |X|_1
W|>(§d—1'

/ o |X|_1 o |Y|
|CHYW—W|>(§d_1 “\<a_1)

thus by Sauer’s Lemma VC(Y,C'MY) > d — 1. Let {x1,...,z4} be d points in Y
shattered by (' MY C C, and let A = {xg, 21, ...,24}. Now by the definition of C’,

Suppose

Then

contradicting VC(C) = d. i

Theorem 1.2.8 ([20]) Let (X,C) be finite with VC-dimension d. The concept space

- (2)

Proof: If (X,C) is d-maximum then by the definition

- (%)

For the converse, we will use induction on | X| =n > d.

(X,C) is d-maximum if and only if

If n = d, then C = 2% is maximum and

d
_od _
=== ()
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Assume the statement of the theorem is true for all (X,C) where |X| < n, and let
(X,C) have | X| = n+ 1. Let zp € X and let Y = X \ {x9}. By the induction
hypothesis, it suffices to show that

n
cCnY| = (S d)'
By lemma 1.2.7,

C'={CeC:x9€eCand C\{xg} € C} has size at most (ngl). Define
7:C\C' - CnY by n(C)=CnNY.
We will show 7 is injective. Suppose there is C} # Cs in C \ C" such that
m(C) =C1NY =CyNY =7(Cy).
If xg € C1 N Cy, then
Ci=(CiNY)U{ze} =(ConY)U{zo} = Cy,
and if 2o ¢ Cy U Cy, then
Ci=0C1NY =0,NY =y,
so without loss of generality xo € C; \ Co. We get that
Ci\{z}=CiNnY =CNnY =CyeC

hence Cy € C', a contradiction, therefore 7 is injective. Finally,

n+1 n n
> /: - /> _ = .
ervizievel=le-ler= (")) - (L) - (L)
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1.3 Concepts as Relations

In this section we will look at concept spaces defined as a relation on a pair
of sets. This will allow us to characterize useful notions of embeddings for concept
spaces as found in [2]. It will also allow us to define the dual concept space of a
concept space.

We can define a concept class on a domain X via a relation R C X x Y for
some set Y, by Cp = {C, : y € Y} where Cy = {z € X : (z,y) € R}. Similarly
given (X, C), the corresponding space in the form (X, Y, R) is (X,C, €). A subclass of
(X,Y,R) is (A,B,R,,,,) where A C X, and B C Y. This is convenient for defining

the idea of a dual to a concept space as follows:

Definition 1.3.1 Given a concept space (X, Y, R), the dual concept space of (X,Y, R),
denoted
(X,Y, R)",
18
(Y, X, R"), where R* = {(y,z) : (z,y) € R}.
The dual concept space of a space represented as (X,C), can be thought of as
(C,{{CeC:xeC}:zeX}).

Definition 1.3.2 ([2]) Let (X,Y,R), (X',Y', R') be concept spaces. An embedding
from (X,Y,R) to (X", Y' R') is a function m: X XY — X' x Y’ such that for every

(x,y) € X XY, (z,y) € R iff m((z,y)) € R

A generalized embedding from (X,Y,R) to (X',Y', R') is a function 7 € 2% and
a function m: X XY — X' x Y’ such that for every (z,y) € X XY,

if T(z) = 0 then (z,y) € R iff m((z,y)) € R,
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if 7(x) =1 then (z,y) € R iff n((x,y)) ¢ R

(X,Y,R) is weakly (generalized) embeddable in (X', Y’ R') if every finite
subclass (A, B, R, ) of (X,Y, R) is (generalized) embeddable in (X', Y', R').

The above notions partially order any set of concept spaces; if there exists an

embedding or generalized embedding from (X,Y, R) to (X', Y’  R'), we will denote

that

(Xa Y7 R) jemb (X/a Yla R,)
or

(X7 Y) R) jgemb (Xla Yla R/)
respectively.

If (X,Y, R) is weakly embeddable in (X’ Y’ R'), or weakly generalized embeddable
in (X', Y" R'), we will denote that

(X7 Y7 R) jlevmb (X/7 Y/> R/)

or
(X,Y,R) <" (X" Y R

—gemb

respectively.

Definition 1.3.3 Let us say that (X,Y,R) and (X',Y', R') are bi-embeddable if
(Xa K R) jemb (X/a Y/a R/) and (le Yla R/) jemb (X7 Y7 R)

A concept space (X,Y, R) may have some redundant points in X x Y as far as

R is concerned, but we can reduce it to its essential information by setting:

r~2' in XifVvyeyY, (r,y) e R < (2',y) € R,

y~y inYiff Vo e X, (z,y) € R < (z,¢) € R.

R = {([zl~, lyl~) € X/~ XY/~ (2,y) € R}
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separates the points of X/~ xY/~ and (X/~,Y/~, R.) is bi-embeddable to (X, Y, R)
via the quotient map for (X,Y, R) <emp (X/~,Y/~, R.), and mapping each equiva-

lence class to its (choose any) representative for

(X/~, Y/~ By) Bems (XY, R).

Remark 1.3.4
(1) (X,Y,R) Zemp (X",Y' R') = (X,Y,R) Zperp (XY R') = (X,Y,R) < = gemb
(XY, R).
(2) (X Y R) emb (Xl? Yl? R/) (X Y R) gemb (Xl? Yl? Rl)

Notation 1.3.5 In the proof of the next proposition and throughout the further text
we use the notation A for symmetric difference of a set; i.e. VAW = (V\W)U(W\V)

Proposition 1.3.6 ([2]) If(X,Y,R) =< XY R') then VC(X,Y,R) < VC(X",Y', R').

—gemb (
Proof: Let A be a finite subset of X that is shattered, let
B={bpeY:DCA, C,,NA=D},

and let 7, m = (my, ™) be the generalized embedding from (A, B, R) into (X', Y’ R/).
Ty is injective because for by, by € B, by # by, there exists x € Cy, \ Cp, U Cy, \ Cy, .
Without loss of generality = € Cy, \ Cp,. We have:

if 7(x) = 0, then x € Cy, implies 71 (x) € Cr,yp,) and x ¢ Cy, implies m(x) & Cr,1,);

if 7(z) = 1, then x € Cy, implies 71 (z) ¢ Cryp,) and x & Cp, implies m(x) € Cr,ypy)-

In either case 71 (2) € Cry5,) ACr,(5,) and so ma(bs) # ma(by). This also shows that

Cy — Crypy) N (A) is injective, hence
24 > {Cryy N i(A) b€ BY > [{Cy : b € B} =21

and therefore 7 (A) is shattered in (X', Y, R). i
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Theorem 1.3.7 ([11]) For any class (X,Y, R):
log,(VC(X,Y,R)) — 1 < VC((X,Y, R)*) < 2VCE YR+

Proof:  Since ((X,Y,R)*)" = (X, Y, R), it suffices to show the first inequality. Let
A be a set of cardinality |log,(VC(X,Y, R))]. One has (4,24, €) <em (24,22, €)*
via w(z,y) = {B € A : & € B},y). Noting that (24,22",€) is embeddable in
any class of the same or greater VC-dimension, (2A,22A, €) Zemv (X,Y,R), and
thus (24,2%2",€)* <um (X,Y,R)*. Therefore (4,24, €) = (X,Y,R)* and so
[log,(VC(X,Y, R))| < VC((X,Y, R)"). i

Corollary 1.3.8 VC(X,Y, R) < oo if and only if VC((X,Y, R)*) < occ.



Chapter 2

Sample Compression Schemes

2.1 Introduction of Sample Compression Schemes

Sample compression schemes, introduced by Littlestone and Warmuth ([12]), are
naturally arising algorithms which learn concepts by saving finite samples of concepts
to subsets of size at most d.

The following notations will be used in the definitions of sample compression

schemes, and throughout the text.
Notation 2.1.1 For d € NU {oo} let
[(X]<"={AC X :|A| < d},

let
C|A:{C‘A:C€C},

where A C X and (), is the function C restricted to the domain A, and let

Clyes ={Cl 1 C€C, AC KX, |A] < d}.

[

16
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We can similarly define
<d =d
[X]=4, C\[X]gd’ [X]7¢, and C‘[X}:d.
Notation 2.1.2 For two functions f,g with dom(g) C dom(f), let
gEf
be the notation for f extending g.

Definition 2.1.3 For d € N, an unlabelled sample compression scheme of

stze d on (X,C) is a function
H: [ X5 — 2%
with the property that

Ve Jo € [dom(f)]=%, such that f T H(o).

X]<oo7

A labelled sample compression scheme of size d on (X,C) is a function
H C|[X]§d — 2X
with the property that
Vf€C qewr F9E C\[X]gdv such that g C f C H(g).

We will call the range of a sample compression scheme the hypothesis class and

denote it by .

Example 2.1.4 Let X be any totally ordered set, and let C = {I, : x € X} be the

set of all initial segments of X. Defining

H:{x}— I, 00,
and H' : {z} — L\ {z}, 0 — X,
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we will show H and H’ are unlabelled sample compression schemes of size 1 on
(X,C). Given a sample f € C; if f =0 on its domain then () € [dom(f)]=! and
f CH(0) = (. Otherwise x; = max{z : f(z) = 1} exists, and so

X <o

{zs} € [dom(N)=, fEH{zs}) = L,

Thus H is a sample compression scheme of size 1 on (X, C).
Similarly for H’, if f = 1 on its domain then () € [dom(f)]=! and f C H(0) = X.

Otherwise zy = min{z : f(z) = 0} exists, and so

{as} € [dom(f)]=, fFEH{as}) = L, \ {2y}
Therefore H' is also a sample compression scheme of size 1 on (X, C).

Proposition 2.1.5 If (X,C) has an unlabelled compression scheme of size d, then

(X,C) has a labelled compression scheme of size d.

Proof:  Let (X,C) have an unlabelled compression scheme H of size d. For every
f € C < thereis oy € [dom(f)]=* such that f T H(oy), and so any function
'H/ . C‘[X]Sd
size d. |

— 2% where H/( f\af) = H(oy) will be a labelled compression scheme of

From now on we will only be dealing with unlabelled sample compression schemes

unless otherwise mentioned.

Proposition 2.1.6 ([2]) If (X,Y,R) =, (X", Y',R') and (X",Y', R') has a (la-
belled or unlabelled) sample compression scheme of size d, then (X,Y, R) also has a

sample compression scheme of size d and of the same type.

Corollary 2.1.7 If (X,C) has a sample compression scheme of size d, then every

subspace has a sample compression scheme of size d.
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2.2 Compactness Theorem

Theorem 2.2.1 (Compactness Theorem, Ben-David and Litman [2]) A con-
cept space (X,C) has a sample compression scheme of size d if and only if every finite

subspace of (X,C) has a sample compression scheme of size d.

The compactness theorem is true for both types of sample compression schemes
and similarly for all forms of extended sample compression schemes given in a follow-
ing section. We will provide the proof of the theorem for unlabelled sample compres-
sion schemes. The proof we provide is simpler and more direct than the proof in [2]
which is based on the Compactness Theorem of Predicate Logic. We use an approach
with ultralimits, normally used in Analysis. (For preliminary information on filters
and ultrafilters, see appendix A.2)

Proof: Necessity: By corollary 2.1.7 if (X,C) has a sample compression scheme
of size d every (finite) subspace of (X, C) has a sample compression scheme of size d.
Sufficiency: For all A € [X]<* denote the sample compression scheme of size d for

(A,CT1A) as Ha. Let U be an ultrafilter on [X]<* containing the filter base
{{Be[X]|*™:FCB}: Fe[X]|**}L
Define H : [X]5% — 2% as
H(o)(z) =1 < {Be[X|**:0U{x} C B, Hp(o)(x) =1} € W

Note for given o € [X]|=% z € X, H(o)(x) is defined as the ultralimit of the net of
zeros and ones {H 4(0)(7)}scacx)<~ along L.
We will show H is a sample compression scheme of size d on (X,C). Let f €

C and denote dom(f) = D. Note that

[X]<oo7

VB € [X]**, D C B, we have f € (CNB) and so Jop € [D]=? such that f C Hp(op).

(1)

|[X]<oo7
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We have that [D]=? is finite so let {0y, ...,0m} = [D]=% For i € {1,...,m} letting
S;={Be€[X]~:DCB, fCHp(0)}
by (1) we see that
LmJSi:{Be[X]@O:DgB}eu
thus, by a property of ul;;ﬁlters, i such that §;, € Y. Let z € D and let
S;, ={B € [X]*>*:D C B, Hp(0i,)(x) =t} (where t € {0,1}).
We have

fx)=1=VBEeS,, Hploy)(x)=1
= S, CS. C{B€[X]*:0;, CB, Hplo,)(z)=1} e
= H(o;,)(z) = 1;

F(x)=0=VYB €S, Hploy)(x)=0
= S, CS) C{B€[X]*:0;, C B, Hploi,)(x) =0} e
= {B€[X]":0, CB, Hp(oy)(x) =0} ¢
= {B€[X]*:0, CB, Hp(oi)(x) =1} ¢ U
= Hp(oy,)(z) = 0.

Therefore f C H(o;,) and so H is a sample compression scheme of size d on (X,C). 11

We would like to point out that even though the above proof is essentially the
same as the original proof in [2], it is reformulated using ultralimits, as usually done
in analysis, and does not use logic. As such, it may be easier to understand.

A point of concern with the compactness theorem is that the compression scheme
resulting from the finite domains need not have measurable hypothesis spaces, and
we construct an example to prove this point in chapter 4. This problem is the main

focus of chapter 4.
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2.3 Sample Compression Schemes and VC Dimen-
sion
The following remark is a simple observation.

Proposition 2.3.1 If (X,C) has an unlabelled sample compression scheme of size d,

then VC(C) < d.

Proof:  Suppose VC(C) > d and let A C X be a set of size d+1 which is shattered.
We have that |C M A| = 291, but there are

d+1 d+1\ s
(sd)<<sd+1)_2

subsets of A of size at most d. Therefore (A, CMA) cannot have a sample compression

scheme of size d, which is a contradiction. |

Note that the proof only applies to unlabelled sample compression schemes and the
same is not true for labelled sample sample compression schemes. However if a labelled
sample compression scheme of size d exists on (X,C) then VC(C) < 5d [8].

It is a major open question posed by Littlestone and Warmuth, in paper [12],
whether or not a concept space (X, C) has an (unlabelled or labelled) sample compres-
sion scheme of size O(VC(C)). In the case of d-maximum spaces, a sample compression

scheme of size d exists.

Theorem 2.3.2 ([10]) If (X,C) is d-mazximum, then it has an unlabelled compres-

sion scheme of size d.

This thesis’” motivation is to try and generalize this result to obtain measurable
hypotheses. We succeed in chapter 4 under some additional assumptions.

Using remark 1.2.6 we have the following corollary.
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Corollary 2.3.3 If (X,C) is finite with VC-dimension d and

= (<)

then it has an unlabelled compression scheme of size d.

2.4 Extended Sample Compression Schemes

In this section we will introduce a new variant of compression scheme called copy
sample compression schemes. All other discussed compression schemes are special
cases of copy sample compression schemes. The initial motivation for copy sample
compression schemes was the ability to collect sample compression schemes of varying
sizes, and for different concept classes, into one function; a copy sample compression
scheme can be thought of as an algorithm which checks sample compression schemes
of varying sizes, and for different concept classes, and picks a hypothesis for the
concepts in any of these different concept classes. This is formalized in proposition
2.4.7. Copy sample compression schemes also add other flexibilities, and may in some
instances have better bounds for sample complexity than regular sample compression

schemes.

Definition 2.4.1 ([2]) Let b be a symbol not in X.

An array sample compression scheme of size k for (X,C) is a function
H:(XU{b}H?— 2%
with the property that

Vel Jo € (X U {b})%, such that range(c) C dom(f) U {b} and f C H(o)

<oo )

(where, for a sequence o = (ay, ..., a), range(o) is the set {aq, ..., ax}).
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Definition 2.4.2 ([12]) An extended sample compression scheme of size k

using b bits for (X,C) is a function

with the property that

Ve Jo € [dom(f)]=* and 7 € 2°, such that f C H(o x 7).

X]<oo7

The preceding definitions are special cases of the following new variant of an

extended sample compression scheme.

Definition 2.4.3 Let k € N, and let {n;}*_, be a finite sequence in N.
A {n;}¥ ,-copy unlabelled sample compression scheme of size k on (X,C)

1S a function

H : U (X7 x {1,...,n;}) = 2%

1e{jeN:0<j<k, n;7#0}

with the property that

Vfel,, Jo € [dom(f)]=* and i € {1,...,n,}, such that f C H(o x i).

<00

If {n;}*_, is just a constant sequence {n} for some n € N, we will call it an n-copy
unlabelled sample compression scheme of size k. We can define {n;}¥_,-copy

labelled sample compression schemes of size k similarly.

Note that a sample compression scheme of size d defines a 1-copy sample com-
pression scheme of size d, and a 1-copy sample compression scheme of size d defines
a sample compression scheme of size d. A compactness theorem can also be proven
for copy sample compression schemes (and the other versions of extended sample
compression schemes), namely, (X, C) has a {n;}}_,-copy sample compression scheme
of size k if and only if every finite subspace (Y,C MY) has a {n;}}_,-copy sample

compression scheme of size k.
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Proposition 2.4.4 Let | X| = m, let (X,C) have a sample compression scheme of

size d, and let k < d. Whenever

my . (m
"N<k)=\<a)
(X,C) has an n-copy sample compression scheme of size k.

Having an n-copy sample compression scheme of size k for (X,C) does not imply

there is a sample compression scheme of size d when

mY _(m
o) S cq)
Example 2.4.5 Let X = {1,2,3,4,5}, C = 2% Enumerate C = {C; : | €
{1,2,3,4}} in any way and define H : [X]7° x {1,2,3,4} — 2% by H(D x ) = C,

Il € {1,2,3,4}. H is a 4-copy sample compression scheme of size 0, but since

VC(X,C) =2, (X,C) has no sample compression scheme of size 1 although

HREN

Example 2.4.6 Let X ={1,2,3,4},
C = {{1}, {2}, {3}, {1,2},{1,3},{2,3},{1,4},{2,4},{3,4},{1,2,3}}. Recall that C

1s 2-maximal but not 2-maximum since

4
IC| =10 < 11 = (SQ)'

We can define a 2-copy sample compression scheme of size 1 by

H(D x 1) ={1,2}, H(D x 2) = {3,4},
H{1} x 1) = {3}, H({1} x2) = {1,3},
H({2} x 1) = {1}, H({2} x 2) = {2,4},
H{3} x 1) = {2}, H({3} x2) ={1,2,3},



2. Sample Compression Schemes 25

H({4} x 1) ={2,3}, H({4} x 2) ={1,4}.

4
(1) -

however (X, C) has no sample compression scheme of size less than 2.

Note that

Copy sample compression schemes for a concept space (X,C) can be defined
from multiple sample compression schemes for concept classes which cover C. This
can allow us to split up C into spaces which are known to have sample compression

schemes, and then form a copy sample compression scheme.

Proposition 2.4.7 Let |X| =m, and C C |J;_, C; where each (X,C;) has a sample

compression scheme H; of size d;. Define

k= max({d;}j_,),
and

ni = {j:d; = i}|
for 0 <i < k. Then (X,C;) has a {n;}}_;-copy sample compression scheme of size k.
Proof: Without loss of generality assume j < [ implies d; > d;. We will show
that H defined by H(c x 1) = H(o) for I € {1,...,n,} is a {n;}}_j-copy sample
compression scheme of size k for (X,C). Note that H; is defined at o because

[{Ls syl 3 = npoy = [{7+ dj 2 [o]}]
implies
dl Z |O-|7 d2 Z |O-|7 "'7d?’L‘o.‘ Z |O-|

so in particular d; > |o].
Let f € C|[ and let Cy € C C U?:1 C; be such that C; extends f to X. Since

C € C for some 1 <[ < n, there exists

X]<oo

0 € [dom(f)]=" C [dom(f)]="
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such that
fEHi(o) =H(o x1).

Corollary 2.4.8 If there exists a family {C;}7_, of concept classes such that C C
U;.Lzl Cj, and for each C; there is a d-mazimum C; containing C;, then there is an

n-copy sample compression scheme of size d for (X,C).



Chapter 3

Learnability

3.1 Learnability

The PAC, or “Probably Approximately Correct”, model for learning was intro-
duced by Valiant [18]. In this chapter we introduce PAC learnability, and investigate
sample complexity for spaces with finite VC dimension, and for spaces with sample
compression schemes or copy sample compression schemes.

For this section, let (X, 2() be a measurable space with a concept class C C 2 and
a family of probability measures P on (X,2). We will also reference measurability

conditions (M1),(M2),...,(M5) defined and discussed in appendix B.1.
Definition 3.1.1 ([18]) A learning rule for (X,C) is a function
L J(Xmx2m) -2
n=1

which satisfies the following measurability condition we will label “(M1)”: for every

C e, everyn > 1 and every P € P, the function
A= P(L(A,C,)AC)

27
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Jrom (X, 20)™ to R is measurable.
We will call $ = range(L) C A the hypothesis space.

A learning rule is consistent with C if for every C € C and A € X™,

£<A7 C|A)|A = C\

A

The domain [J7~ (X" x 2") for learning rules represents all finite labelled sam-
ples where (A,7), for A = (ay,...,a,) € X" and 7 = (ly,...,1,) € 2", represents
the function {(ai,l1),..., (an,ln)}, and (A,C),) in the definition is shorthand for
(A, (xcnalar), .-, xenalan)))-

Any sample compression scheme H of size d on (X, C) defines a (in general, non-
unique) function £4,, with £3, being a consistent learning rule for (X, C) if it satisfies
(M1):

For each A € [X]<>, C' € CM A pick o¢ 4 € [A]=¢ such that C' = H(oc 4)),. Define

H(oca), if 7=C forsome C eCMA
EH(A,T> = .

0, otherwise
Similarly a {n;}*_,-copy sample compression scheme H' of size k defines a (in general,
non-unique) function Lq;/, with L3, being a a consistent learning rule for (X, C) if it
satisfies (M1):
For each A € [X]<*, C € CM A pick oca € [A]=%, | € {1,...,n,} such that
C =H'(o¢,a x1)|,. Define

H'(oca x1), if 7=C forsome CeCnA
[,H/(A,T)Z .

0, otherwise

Definition 3.1.2 ([18]) A learning rule L for a space (X,C) is probably approz-
imately correct (PAC) under P if for everye > 0

lim sup sup P"({A € X" : P(L(A,C|,)AC) > ¢€}) =0.

n—=00 peP CeC
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We will say a concept space (X,C) is probably approximately correct (PAC)
learnable (under P) if there exists a PAC learning rule (under P) for (X,C). For a
given PAC learning rule £ and given 0 < e <1, 0 < § < 1 we will define the sample
complexity of L,

mE(E, 5)7

to be the least integer such that for alln > mg(e, ),

supsup P"({A € X" : P(L(A,C),)AC) > ¢e}) < 6.
PeP CeC

We call € the accuracy and 6 the risk.

Under the measurability condition that C is well behaved ((M4) in appendix
B.1), the following is a result due to Blumer et al in [4]:

Theorem 3.1.3 ([4]) The following conditions are equivalent:
(1) VC(X,C) < oc.
(2) (X,C) is PAC learnable.
(3) Every consistent learning rule £ : | J,— (X" x 2") — C is PAC for (X,C) with

4 2. 8d 13
me(e,8) < o (L10g,(3). X oo (2

for d =VC(X,C).

Given a consistent learning rule with $§ C C as in (3) in the above theorem, if we
assume a measurability condition (M3) (appendix B.1) which is stronger than the
condition of being well behaved, it is shown by Shawe-Taylor et al. in [17] that we
can improve the bounds: Every consistent learning rule with § C C, and satisfying
(M3), has sample complexity

mee.9) < 70 Gm(%) L g1n(€—;2)>
for any 0 < 8 < 1, where d is the VC dimension of (X,C).
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3.2 Sample Complexity of Compression Schemes

Theorem 3.2.1 ([12]) Let P be any probability measure on a measurable space (X, ),
C a concept in C C A, and H any function from [X]=¢ to 2%, satisfying measurability
condition (M5). Then the probability that A C X, |A| = m > d, contains a subset o
of size at most d such that P(H(0)AC) > & > 0 and H(o), = C),, is at most

Zd: (Z’Z) (1—e)m ™.

n=0
Proof: Let C' € C and ¢ be given. First we consider the probability that a set
of size m has a subset of size exactly n < d with the property P(H(o)AC) > ¢ and
H(o), = C),. For A = (a1,...,a,) € X™ and J = {j1,....jn} C {1,...,m}, let A,
denote {a;,, ..., a;, }.

There are (7;:) many subsets of A of size n, hence fixing J a subset of {1,...,m}

of size n, the probability we wish to bound from above is at most

Pm({A e X™:3I C{1,...,m} of size n where
PH(A)AC) > e and H(A})), = C),})

= ()P E X PHAL)AC) > £ and WA, ), =€)

Since permuting J to some other subset of size n in {1, ...,m} does not affect the
above probability, we can assume J = {1, ...,n}.

We will prove at this point that {4 € X™ : P(H(A|,)AC) > ¢ and H(A|,)|, =
C),} is measurable due to the hypothesis that #H satisfies (M5): Let 1 <p < g <m
and let m,, be the (measurable) function from X™ to XP™' mapping (21, ..., Tp) —

(21, ..., Tp, T4). By (M5) and the measurability of C' we have
{Ae X" H(A)), =CL) ={Ae X" Ac ((H(A,)AC))"}

= ({4 e X7 (HA)ACK)A,) = 1)
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= ﬂ Toa{(@1, s wng1) € X (H({ay, o, 20 ) AC)) (241) = 1) € A™.
Also {A € X™: P(H(A|,)AC) > €} is measurable since
B ={(1, 0, Tyi1) € X" (H({z1, 000 2 }) AC) (2 41) = 1}
=t (@1 e 1) € X (H({@n, ooy 22 }) AC) (2041) = 1})

is measurable by (M5) and the measurability of C, and a straightforward application

of Fubini’s theorem gives us that the map

(15 ooy Tin) r—>/ XB(T1, oy Ty1)AP(Tpi1) =
X

=P{y: (z1,...,Tm,y) € B})
=P{y:yeH{x1,...,x,})AC)})
= P(H({z1,...,x,}) AC))

is measurable.

Now let

and
E..={Aec X": P(H(A)AC) > ¢}
={Ae X": P(H(AAC)) < (1—-¢)}.

E. is measurable since B = {(@1, ..., tp11) € X" (H({x1, ooy 20 }) AC)(211) = 1}
is measurable by (M5) and the measurability of C', and a straightforward application
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of Fubini’s theorem gives us that the map

(21, 70) l—)/ 521, s T} AP (2ms1) =
X

=P{y: (x1,....,z,,y) € B})
=P({y:y € H({z1, ...z, })AC)Y})
= P(H{z1,...,x,}) AC))

is measurable.

We have that

PM({A€ X™: P(H(A,)A0) > & and H(A},),, = (1))
< P"({A e X™: P(H(A],)AC) > ¢ and H(A|,)

|A‘{n+1 ,,,,, m}
= P"(EcnN(E. x X™™M)).
By Fubini’s theorem

Pm(EC N (Eg X X’m—n)) = / XEc(xlv ,.I'm)dpm
FEoxXm—n

= / (/ XEe (71, ---,$m)de_"> dP".

(@1, oy @)X X T"NEC = (@1, oy xp) < {A € X LA L€ (H(A)AC))™ "}

Now

and since (x1, ..., x,) € E., the inner integral is at most (1 — &)™~ and so
P"EcN(E-x X" M) <(1—g)™™.

Therefore summing over all subsets J of {1,...,m} of size at most d, the probabil-
ity that A C X, |A| = m > d, contains a subset ¢ of size at most d such that
P(H(0)AC) > e >0 and H(o)|, = C),, is at most

i (TZ) (1—e)m ™.

n=0
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Lemma 3.2.2 ([8]) Let 0 <e <1, 0<d <1 andm,d positive integers. If there is

0 < B <1 where

1 1 1 d 1

>
mz 2 ()4 ds D)),

then

¢ Im

. m—n < .
Zx¢y15> <5

Proof: Let €,0, 3, m,d be as in the statement of the lemma. Then

1.1 d d Be
-In(z)+d+—-|—-In(d)+In(—) -1+ — 1
Sn) a4 2 (<@ ) -1+ Fm 1)
1.1 1
:ﬁm+gln(6)+d+£lln(ﬁe) m.
We will use the fact that In(m) < —In(a) — 1+ am for all @ > 0. With a = & we
get
d
In(m) < ln(ﬁ—g) -1+ %
thus

1.1
“ln(=
€ (

5) +d+ g (—In(d) + In(m) + 1)

1.1 d d
< Zln(= bl
_51H(5)+d+5< In(d) + In(

BE)—I—F&m—I—l)gm

d

Hence we have

ln(%) +d(—In(d) + In(m) + 1) < =(m — d)

and so

Therefore since m > d,

Ed:( ) (1—e)m ' < (gd)(l—e)m‘d < (%)d(l—e)m‘d < (%)de*(m—d) <.
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Theorem 3.2.1 and the last lemma lead to bounds for the sample complexity of
sample compression schemes. We illustrate in Figure 3.1 on the next page, that these
bounds for sample compression schemes of size d are better than the ones for general
consistent learning rules on a space with VC dimension d. Note that 0.05 is one of

the standard choices for risk in statistics.

Theorem 3.2.3 ([8]) If (X,C) has a sample compression scheme H of size d satis-
fying (M5), then for 0 < e <1, 0 < <1, if Ly is a learning rule (if Ly satisfies

(M2)) it has sample complezity at most

1 1 1 d 1
m£H(€,5) S m (g hl(g) +d+ glﬂ(@)) s

forany 0 < B < 1.

Proof: Let H be as in the statement of the theorem, fix 0 < e <1, 0 < § <
1, 0<pB8<1, Cel, PeP,and let

1 1.1 d 1

Since H is consistent and satisfies (M5), by theorem 3.2.1

Pm"({Ae X™: P(Ly(A,C|,)AC) > ¢e})
< P™({Aec X™: 3o € [A]** where P(H(0)AC) > €})
= P"({A € X™: 3o € [A]*? where P(H(0)AC) > ¢ and H(o), =CL.})

< (M)a-arm,

and by lemma 3.2.2

i (ZL) (1—e <o,

n=0
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50000 |-

30000 |-
20000 |-

10000

S RS S S S SR
100 200 300 400 500

Figure 3.1: Given € = 0.05, 6 = 0.05, we plot a graph with d on the x-axis
and:

fld) =2 (fIn(3)+d+ 24In(L)) in blue, and
1-8 \ e 6 € Be
9(d) = 15 (2n(2) + 2422 4 d1n( L)) in red,

13
where we optimize [ in each function for each value of d.

The sample complexity for our copy sample compression schemes can be bounded
in similar fashion to that for sample compression schemes. The proofs are very similar

to those for sample compression schemes and can be found in the appendix B.2.

Theorem 3.2.4 Let P be any probability measure on a measurable space (X,2A), C
a concept in C C A, {n;}¥_y C N, and H any function from

Uictjenos<j<r, nﬁéo}([X]:i X {1,...,n;}) to 2% satisfying measurability condition (M5).
Then the probability that A C X, |A| = m > k, contains a subset o of size at most
k, andl € {1,...,n)0)} such that P(H(o X )AC) >¢e >0 and H(o x 1), = C),, is at
most

zk: n; (T) (1—e)m.

1=0
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Lemma 3.2.5 Let0<e <1, 0<d <1, m,k positive integers, and n = max({n;},).

if there is 0 < 8 < 1 where

then

Theorem 3.2.4 and the last lemma lead to bounds for the sample complexity of

copy sample compression schemes.

Theorem 3.2.6 If (X,C) has a {n;}}_,-copy sample compression scheme H of size
k satisfying (M5), and n = max({n;}%_,), then for 0 <e <1, 0<d <1, if Ly is a
learning rule (if L4y satisfies (M2)) it has sample complexity at most
1 1. n k 1
< — (@) +k+ Zn(=
me,, (€,0) < - (6 n(5)+ —l—g n(ﬁg)),

for any 0 < 8 < 1.

Compared to the bounds for sample complexity of sample compression schemes,
copy sample compression schemes may be better in some instances. For example,
in any concept space with |X| = 884 and a sample compression scheme of size 7
there exists (by proposition 2.4.4) a 18418-copy sample compression scheme of size
5. In this case, if we wish to learn with accuracy ¢ = 0.05 and risk 6 = 0.05, the
previous theorem guarantees the 18418-copy sample compression scheme of size 5 will
achieve this with sample size 879, but the bounds for sample complexity of sample

compression schemes (for all 5 € (0, 1)) exceed 884.



Chapter 4

Measurability of Sample
Compression Schemes and

Learning Rules

4.1 Measurability of Compression Schemes

Given a sample compression scheme H of size d and o € [X]=%, the corresponding
hypothesis H (o) is not necessarily measurable with respect to a given sigma algebra
on X. If we are creating our compression scheme via the compactness theorem we
would like to be able to see when the resulting compression scheme will have H (o)
measurable Vo € [X]=¢. This condition is necessary for sample compression schemes
to be considered as a learning rule, but it is not sufficient and in the appendix B.1
we will discuss a sufficient condition “(M5)” which allowed for the sample complexity

bounds in theorem 3.2.3.

Notation 4.1.1 Let (X,2() be a measurable space, Pr(X) the set of all probability
measures on (X,2l), and let 2A(X) be the set of all real valued bounded functions on

37
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X which are measurable with respect to 2.

In the future we will fix (X,2() to be our measurable space unless otherwise stated.

The following remark is obvious.

Remark 4.1.2 Note that if a net of {0, 1}-valued functions { f, }aer converges point-

wise to some f € R¥, then
VAe [X]™* JapeIVael, a>ay = fu, = fia
and in particular f € 2%,

Lemma 4.1.3 ([6]) Let F C 2% be d-mazimal for some d. Then F is closed under
the topology of pointwise convergence of nets on RX, the product topology on RX.
That is, if { fo}acr is a net of functions in F converging pointwise to some real valued
function f, then f € F (for the remainder of this section when we write f, — f, we

mean that the convergence is pointwise unless mentioned otherwise).

Proof:  Let {f,}acsr be a net in F such that f, — f € R¥. For A € [X]<*, by
remark 4.1.2 f € 2%, Also Ja € [ such that f,, = f, and so

f|A < {falA}ael C F,-

Now suppose f ¢ F. Since F is d-maximal, VC(F U {f}) > d and so A € [X]<> of
cardinality d 4+ 1 such that 24 = F, U{f,} = F|,, contradicting VC(F) = d. i

One would wonder whether in a measurable space (X,2() with C C 2 and
VC(C) < oo, the closure of C in R¥ lies within 2. The answer is negative in general
as shown by our following example (the definition of universally measurable is found

in appendix A.1):
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Example 4.1.4 Let (X, B) be an uncountable standard Borel space and 2 the sigma

algebra of universally Borel measurable sets. Let x be the cardinal
k= min{x" : 3A C X non A-measurable and |A| = «'}.

Of course, Ny < k < ¢, but the value of kK cannot be specified in ZFC and would
require additional set theoretic axioms; for example under Martin’s Axiom k = ¢.
Fix Y € X non 20-measurable with |Y| = k. Well order ¥ with < such that each
initial segment I = {y : y < 2} of Y has cardinality strictly less than Y (in other
words fix a minimal well ordering on Y"). By the definition of x, each I} is universally

measurable. Now set for z € Y,
fx = X157

One has {f,}zey C A and VC({fz}zey) = 1 (Y, {fs}zey) is I-maximum). We have
that f, — xy as a net with Y directed by < because for every A € [X]<>, letting
x> a=maxs ANY (or pick any a € Y if ANY = (), we have

fwlA = XIFnY |4 = XIFnAnY |4 = XAnY|a = XY|a-

We can use the previous example to show that the compactness theorem, using
sample compression schemes on finite subdomains, can create a sample compression

scheme returning a nonmeasurable hypothesis.
Example 4.1.5 In the previous example let
C ={I}: I} is an initial segment ofY}.
Note that (Y,C) is l-maximum and by example 2.1.4,
H({z}) = I\ {z}, HO) =Y

is a sample compression scheme of size 1 for (Y,C). We have that H(()) = Y is not

measurable even though C consists only of measurable sets.
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Note however by example 2.1.4
H({z}) = I, H(O) =0

is also a sample compression scheme of size 1 for (Y, C), and has measurable hypothe-
ses. However, in this thesis we are unable to find a concept space with VC dimension
d and measurable concepts, in which any sample compression scheme of size d must

have a nonmeasurable hypothesis.

Lemma 4.1.6 Let (X,C) be a concept space. For every finite subspace (A,C T A),
let Ha be a compression scheme of size d on (A,C T A), let H be the compression
scheme of size d on X defined by {Ha} acix)<~ via the compactness theorem (theorem
2.2.1), and let o € [X]=. If for all A € [X]=>° with o C A, a function fa, € 2%
is any extension of Ha(o) to X, we have that H(o) is a cluster point of the net
{faotocacixj<= indezed by A (where {A € [X]<® 10 C A} is directed by inclusion)

in the topology of pointwise convergence; the product topology on 2%

Proof:  Leto € [X]=% let {fa,}ocacix)<e, {Ha}aex]<, H be as in the statement
of the theorem, and let 4l be the ultrafilter on [X]<* defined as in our proof of the

compactness theorem. Let 2 € X,
A, = {A € [X]*: 0 Ufa} C A, Halo)(x) = H(o)(@)}.
A, € U because
Ho) (1) =1 = A, = {A € [X]™ 10 U{z} C A, Halo)(z) = 1 = H(0)(x)} € 4
and
Ho)(x) = 0= AS = {A € [X]" : 0U{z} C A, Ha(o)(x) = 1 # H(o)(@)} ¢ U= A, € 4.
Now fix a basic open neighbourhood

U= {H(o)(x1)}ay X . x {H(0)(@)}or x [ {01}
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of H(o) in 2%, and let B € [X]<*. There is

B’eﬁAxiﬂﬂAb:
1=1

beB

={Ae[X|*:0U{x,...,2,} UB C A, Ha(o)

‘{:clA,AA.,;c»,L} =

hence o U {z1,...,2,} UB C B" and Hp/(0)
such that fp o, = Hp(0) thus fB/»U\{zl,
|

l{z1,...x

Lemma 4.1.7 (Measurable Compactness Lemma) Let (X,2l) be a measurable
space. (X, C) has a sample compression scheme of size d with measurable hypotheses if
and only if every finite subspace (A,CMA) of (X,C) has a sample compression scheme
of size d, Ha, where for all o € [X]=%, there is dy € N and M, C A d,-mazimal,
such that

{Ha(0)}ocaerxice C (i [ € Mo, 0 C A€ [X]5),

Proof:  Necessity: Let H be a sample compression scheme of size d with measurable
hypotheses on (X, C), and let o € [X]=%. Now set M, = {H (o)}, noting that M, is

0-maximal. Let A C X be a finite subset, we have that
Ha: [AIS =24 0 H(o), € My,

is a sample compression scheme of size d on A.

Sufficiency: Let {Ha}aeix)<e, {do}oeix)cd, {Mo}oepxj<a be as in the statement of
the theorem, and let H be the sample compression scheme of size d on (X, C) defined
by {Ha}aex)< via the compactness theorem (theorem 2.2.1). Let o € [X]=? be
given. By lemma 4.1.3, M, is closed in 2% since it is maximal. Since Ha(o) € My,

for all 0 C A € [X]<*, by lemma 4.1.6,

H(o) e M, =M, C 2.
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Theorem 4.1.8 If (X,2) is a measurable space and C C A is a d-mazimum and d-
mazximal class, then (X, C) has a sample compression scheme of size d with measurable

hypotheses. In this case, the sample compression scheme maps to concepts in C.

Proof:  (X,C)is d-maximum implies that: (X, C) has a sample compression scheme
H of size d, and every finite subspace (A,C M A) is d-maximum. For every finite
subspace (A4,C M A), we have H , : [A]=¢ — 24, 0 — H(0)|, is a sample compression
scheme of size d on A. Since (A, CMA) is d-maximum, for all o € [A]=%, Ha(0) € CMA.
This shows that the hypothesis of lemma 4.1.7 in the converse direction holds for
M, = C and so (X,C) has a sample compression scheme of size d with measurable

hypotheses. In particular, from the proof of the theorem, we see that

{H(o): o X"} C | M, =cC.

oe[X]=d

Notation 4.1.9 C(X) is notation for the set of continuous functions from X to R,

where R has the usual topology and the topology on X will be clear in the context.

The following theorem is an important result from [5] (theorem 2F p. 854 ), which

will allow us to drop the maximality condition of the corollary in some circumstances.

Theorem 4.1.10 Let X be any Hausdorff space and C C C(X) a pointwise bounded
set. Then C is relatively compact in the collection of universally Borel measurable real

valued functions on X under the topology of pointwise convergence if and only if for
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every K C X compact, every {Cp}nen C C, and every a < 8 in R, there exists  C N
such that

{reK:Cyr)<aVnel, C,z)>pYneN\I}=40.

Lemma 4.1.11 Let X be any Hausdorff space with a d-mazimum concept class C
consisting of clopen sets. Then (X,C) has a sample compression scheme of size d

with universally Borel measurable hypotheses.

Proof:  Clearly C C C(X), and C is a pointwise bounded set of functions. Suppose
there is {Cy,}neny € C such that VI C N, there is x € X where ¢ ¢ C, Vn € I
and x € C,, Yn € N\ I. This implies that VC((X,C)*) = oo, which contradicts
VC(X,C) < oo. Thus for every {Cy}nen C C, there exists I C N such that

{reX:Cu(z)=0Vnel, Cyz)=1YVneN\I1}=10,

and so by the previous theorem C is relatively compact in the collection of univer-
sally Borel measurable real valued functions on X. Since C is d-maximum, for all
o € [X]=, 0 C A€ [X]™, we have H4(0) € C|,, and so using lemma 4.1.6 similarly
to lemma 4.1.7 we have that (X, C) has a sample compression scheme H of size d such
that {H (o) : 0 € [X]=¢} C C. Therefore {H (o) : o € [X]=%} consists of universally

Borel measurable sets. |

The following definitions can be found in reference [15] pp. 38-39.

Definition 4.1.12 A family C of functions has a subset D which is universally
dense in C if every C € C is the pointwise limit of a sequence in D.
A concept space (X,C) is universally separable if there exists a countable univer-

sally dense subset D of C.

Remark 4.1.13 D’ is universally dense in D, is equivalent to D’ is dense in D in the

topology generated by the L'(P) seminorm for every P € Pr(X).
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Remark 4.1.14 Note that for every A € [X]<*, if D is universally dense in C, then
DA =CnA. This implies that H is a sample compression scheme of size d on
(X, D) if and only if it is a sample compression scheme of size d on (X, C). Therefore,
to prove something about the sample compression schemes for a universally separable
concept class, we only need to consider sample compression schemes for countable

concept classes.

We will use the following classical result in descriptive set theory (which can
be found in [9] pp. 83) about standard Borel spaces to get that all d-maximum
universally separable concept spaces, in which the countable universally dense subset
consists of Borel sets, have a sample compression scheme of size d with universally

Borel measurable hypotheses:

Lemma 4.1.15 Let X be a standard Borel space, and let C be a countable family of
Borel sets. There is a refinement of the topology on X to a Polish topology generating

the same Borel sigma algebra in which C consists of clopen sets.

By combining the last two lemmas (lemmas 4.1.11 and 4.1.15) and noting remark

4.1.14, we get the following potentially useful result:

Theorem 4.1.16 Let X be a standard Borel space with a d-maximum and universally
separable concept class C. Then (X,C) has a sample compression scheme of size d

with universally Borel measurable hypotheses.



Open Questions

We have raised the following open question: even assuming that a sample com-
pression scheme exists for every finite concept subspace of a given space, can we
conclude that such a scheme consisting of measurable hypotheses will exist for a con-
cept class consisting of Borel sets on a standard Borel domain? A stronger version of
this question can also be asked for the measurability condition (Mb5), that one needs
for the proof of the main sample complexity bound for sample compression schemes:
Given that a sample compression scheme exists for every finite concept subspace of a
given space, can we conclude that such a scheme also satisfying (M5) will exist for a
concept class consisting of Borel sets on a standard Borel domain? Finally, one can
ask if there is validity of either question under a stronger assumption on the concept
class: e.g., image admissible Suslin, or universally separable.

It is an open question of whether or not there exists a sample compression scheme
of size O(d) for a concept space of VC dimension d. We may ask similar but weaker
questions of copy sample compression schemes that may help in clarifying methods
to prove, or disprove, the original question. For example: Given a concept space of

VC dimension d is there an O(d)-copy sample compression scheme of size O(d)?
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Appendix A

A.1 Measure Theory Preliminaries

The following are some preliminary measure theoretic definitions, and can be

found in [3] and [9].

Definition A.1.1 A sigma algebra 2l on a set X, is a set of subsets of X satisfying:
(1) X e A
(2) A €A implies A° € A
(3) {A;}2) €A implies oy A; € 2.

A measurable space (X,2) is a set X equipped with a sigma algebra 2.

It is easy to see that an intersection of sigma algebras is also a sigma algebra.

Definition A.1.2 A sigma algebra generated by a family B C 2%, denoted o(B),

1s the intersection of all sigma algebras on X containing *B.

Definition A.1.3 A measure on measurable space (X,2), is a function

A — [0, 00] satisfying:

(1) p(®) = 0
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(2) if {A;}icr €U is a countable pairwise disjoint family, then
Z(GEDEDIICHE
iel iel

A probability measure on measurable space (X,2), is a measure P also satisfying
P(X) = 1. We denote the set of all probability measures on (X,A) by Pr(X). A

measure space (X, 2, 1) is a measurable space (X, ) equipped with a measure fi.

Definition A.1.4 The completion of a measure space (X,2, ) is the measure

space (X, A, 1) where
A, =cAU{B€2¥:3AcA BC A and u(A) =0}),
and
f:2A, — [0,00]; B inf{u(A): AeA, BC A}
It is true that j is the unique measure extending p to 2, and any B € 2, is of the

form AUC where A€, Ce{Y e2¥:3Y" €A, Y CY’' and u(Y') =0}.

Definition A.1.5 For a measure space (X,2d) the sigma algebra of universally

measurable subsets of X (with respect to ) is
91* - ﬂ le.
PePr(X)

We say a set is universally measurable (with respect to 2L), if it is an element of A*.

Definition A.1.6 The Borel sigma algebra of a topological space (X,T) is the
sigma algebra B = o(T). A Borel space is a measurable space (X, B) on a topological

space, where the sigma algebra B is the Borel sigma algebra on X.

Definition A.1.7 A Polish space is a topological space (X,T) that is metrizable

by a complete metric, and separable.
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Definition A.1.8 A standard Borel space is a Borel space associated to a Polish

topological space.

Every uncountable Borel space (X, B) is isomorphic as a measure space to [0, 1]
with the Borel sigma algebra (ie. there is a bijection f : X — [0, 1] such that for
every A C X, A is measurable in X iff f(A) is measurable in [0, 1]) [9].

A.2 Nets and Filters Preliminaries

The following are some preliminary definition that can be found in [13] and [1]
Definition A.2.1 A directed set I is a set equipped with a partial order such that
Va,8€l, Iyel, v> 0 and v > a.

A subset J of a directed set I is cofinal in I if
Vaoel, A€ J, > a.

Definition A.2.2 A net in X is a function mapping a directed set to X. A subnet
of a net f: 1 — X 1s the function f o g, where g is a nondecreasing function from a

directed set J to I with g(J) cofinal in I.

Definition A.2.3 A point x of is a cluster point of a net {x,}acr in a topological
space, if for every neighbourhood U of x the set {a € I : x,, € U} is cofinal in 1.
A net {4 }acr in a topological space converges to a point x if for every neighbourhood
U of x

daecl, VB>a, zgeU.

A point z is a cluster point of a net if and only if there is a subnet converging to
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Definition A.2.4 A filter F on a set X is a set of subsets of X satisfying:
(1)0¢&F
(2) Ac F and AC B imply Be F
(3) A, B € F implies ANB € F.
A filter base F on a set X 1is a set of subsets of X satisfying:
(1)0¢F
(2) A, B € F implies AN B € F.

An ultrafilter 4 on a set X is a filter on X where every A C X has either A € U
or A® € il

Every filter base F generates a unique filter that is equal to the intersection of
all filters containing JF, and every filter is contained in an ultrafilter as a consequence
of Zorn’s Lemma.

There are two types of ultrafilters, principal and free.

Definition A.2.5 An ultrafilter 4 on X is principal if it has a least element under

set inclusion, and is free if it is not principal.

Principal ultrafilters are of the form U, = {B € 2X . ACB } for some A C X.



Appendix B

B.1 Well Behaved Hypothesis Spaces and Other

Forms of Measurability

The subject of this section will be additional conditions of measurability for
learning rules.
In the definition of a learning rule we had required that the hypothesis class is

measurable, and that the function
A= P(L(A,C,)AC)

is measurable. We will call these conditions (M2) and (M1) respectively. Note that
(M1) implies (M2) and the consideration of chapter 4 was the (M2) condition for
sample compression schemes.

Fix a measurable space (X, ).

Notation B.1.1 Fix a set C, and an € > 0. Define
Do = {HAC : H € H}.
When {C} U $H C A, for a measure P € Pr(X) define
Di ={D € D¢ : P(D) > ¢}

20



Note that for m € N, 2™ is notation for the product sigma algebra on X™.
Definition B.1.2 ([17], [4]) Let {C} U$H C A and € > 0. Define
Q' ={Ae€ X™:3D € Dg, such that A € (D°)"}

and define

m+k __
Ja,r -

={AeX™":3DeDg, Ay, ., € (D) and 31 C{m+1,...,m+k},

such that |I| > kre and A|, € Dm}.

We will say a hypothesis space satisfies (M3) if:

forallm>1 >0, Ce®, PePr(X,2),

we have
Qe A",
and
4d 2
forallmz?, e >0, k:m(HTm—l), rzl—\/g—k:, Ced, PePr(X,A)

such that k s in N, we have

‘]g/’+k c le-i-k.

(Note that r =1 — /2, k =m(=5" — 1) have a solutions in RT form > 2.)

We will say a hypothesis space satisfies (M4), or is well behaved if:

forallm>1, >0, CeA Pe Pr(X,A),

we have

QU e A",



and

forallm>1, >0, k=nm, 7«:%, C el Pe Pr(X,2),

we have

J$+k c leJrk.

Proposition B.1.3 ([4]) If $ is universally separable and (M2) then $ satisfies
(M3) and (M4).

Proof: Fixm>1,e>0, C €, Pec Pr(X,2). Since ) is universally separable,
D¢ is universally separable. Let D’ be a countable universally dense subset of D¢,
let {0;}5°, € R be a decreasing sequence converging to zero, let {€;}22, C R be a

decreasing sequence converging to ¢, and let
D;j ={D' € D' :3D € D¢ with P(D) > ¢; and P(D'AD) < §;}

We will show .

er=UMN U o9

i=0j=0 D'eD} |

and hence Q7' € A™.
Let A € UZoMN2 UD,GD;J_(D’C)’”. Then A € (D)™ for some D' € Dj; where
g; — 0; > . This implies D” € D and so A € Q7.
Now let A € Q. Then there is D € D and ¢ € N such that A € (D)™ and
P(D) > ¢;. Picking any sequence of sets {D,}22, in D’ converging pointwise to D, we
have also have {(D}°)"}22,, converges pointwise to (D)™, and so for every j € N there
is D; where P(D;AD) < ¢; and A € (D)™, Thus A € U2, ;2 UD,ED%(D’C)"’.
Using similar arguments we can show, given k£ and r such that Jgfrk is deﬁned, we

have

0o 00 k
JI = U ﬂ U (D)™ x XN U {A € X*: exactly | coordinates of A are in D’°}).

i=0j=0 D'eD) 1=[kre]



Definition B.1.4 Let {n;}}_, be a finite sequence in N. We will say that a function
H U ([X]7F x {1,...,n;}) — 2%
1e{jeN:0<j<k, n;7#0}

satisfies (M5) if for every 1 <i <k andl € {1,...,n;},

.....

In particular, a function

H : [X]Sd — 2%

satisfies (M5) if for every 1 < i <d

{(@1, o 2in1) € X7 H ({2, i) (i) = 1} € AT

B.2 Sample Complexity of Copy Sample Compres-

sion Schemes

Here we include the omitted proofs from section 3.2 regarding sample complexity

of copy sample compression schemes.

Theorem B.2.1 Let P be any probability measure on a measurable space (X,2), C
a concept in C C A, {n;}F_y C N, and H any function from

Uicjenvo<j<r, nJ_#O}([X]:i x{1,...,n;}) to 2%, satisfying measurability condition (M5).
Then the probability that A C X, |A| = m > k, contains a subset o of size at most
k, andl € {1,...,n)0} such that P(H(o x [)AC) >¢e >0 and H(o x 1), = C),, is at
most

i n; (T?) (1— &)

1=0
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Proof: Let C' € C and ¢ be given. First we consider the probability that a set
of size m has a subset of size exactly i < d with the property P(H(oc x [)AC) > ¢
and H(o x 1), = C), for some | € {1,...n)4}. For A = (ai,...,a,) € X™ and
J={j, ... g} €{1,..,m}, let A, denote {aj,,...,a;}.

There are (T) many subsets of A of size i, hence fixing J a subset of {1,...,m}

of size i, the probability we wish to bound above is at most

Pm"({Ae X™: I C{1,...,m} of size i, It € {1,...,n;},

such that P(H (4|, x t)AC) > e and H(A}, X min(t,n4, (), = C,})
—Z( >Pm {AEXm' ('H(A‘J xmin(l,n‘Aw))AC’) > €
and H(A|, x min(l, nya 1)1, = Club)-

Since permuting J to some other subset of size i in {1,...,m} does not affect the
above probability, we can assume J = {1,...,i}. Fix [ € {1,...,n;}.

We will prove at this point that
{AeX™: P(H(A), x min(l,na )AC) > € and H(A|, x min(l,nia, 1)), = Cl,}
is measurable due to the hypothesis that H satisfies (M5): Let 1 < p < ¢ < m
and let m,, be the (measurable) function from X™ to X?*! mapping (21, ..., Tpm) —

(21, ..., Tp, xg). By (M5) and the measurability of C' we have

{AeX™:H(A, xmin(l,na )1, = Cpu}
— {A e X™m™: A€ <<%(A|J X min(l,nmu‘))AC)C)m}

= (A€ X™: (H(4), x min(l,nja, ) AC))(Ay,) =1}

m

R

S



Also {A € X™ : P(H(A), x min(l, 4, |))AC) > €} is measurable since

.....

is measurable by (M5) and the measurability of C, and a straightforward application

of Fubini’s theorem gives us that the map

(xla-"axM) = / XB(xlw"v:Bm—l—l)dP(ajm—&-l) =
X

= P({y : (xlu ~'7xm’y) € B})
=P({y:y e H{z1,...,z;} x min(l, nyga, .. 2,3)) AC)})
= P(H{z1, ..., 2} x min(l, njgz, . 21) AC))

is measurable.

Now let

= ﬂ {Ae X™: (H(A|J X min(l,n|A‘J‘)))AC')c)(A|{q}) =1}

E.={Ac X": P(H(Ax min(l, nja ))AC) > e}
={Ae X" P((H(Ax min(l, nja, )AC)) < (1 —¢€)}

FE. is measurable since

B = {(xla"-axi+1) € X (H({xh;xl} X min(l7n|{x1 x1}|))AC)C<xZ+1) = 1} is

.....
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measurable by (M5) and the measurability of C, and a straightforward application of

Fubini’s theorem gives us that the map

(21, 7:) H/ (1, s 2 ) AP (zis1) =
X

=P{y: (x1,...,25,y) € B})
=P{y:y e H{x,...,z;} x min(l, n)qa,,..23)) AC)})
= P(H{z1, ...,z } x min(l, njgq,.. 1) AC))

is measurable.

We have that

P*({Ae X™: P(H(A|, x min(l,n4 ) AC) > €
and H (A, x min(l, ma, 1)1, = Cl,})

< P"({Ae€ X™: P(H(A|, x min(l,nya ))AC) > ¢
and H(A|, X min(l, na |))

= P"(Ec N (E. x X™)).
By Fubini’s theorem

P™(Ecn (B. x X™Y) = / XEo (T1, ooy T )AP™

E.xXm—i

= / (/ XEe (1, ---,xm)dpm_i) dp'.
e Xm—1i

Now

(1‘1, ,J?Z) X Xm_i N EC’

= (21, ...,7;) x {Ae X" Al m € (H(4), x min(l,n|A|J|))AC')C)m_i}

i1,

and since (21, ...,7;) € E., the inner integral is at most (1 — &)™ and so

P™(Ecn (B, x X™) < (1 —¢g)™ "
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Therefore summing over all subsets J of {1,...,m} of size at most k, the probability
that A C X, |A| = m > k, contains a subset o of size at most k, and [ € {1,...,n/4},
such that P(H(o x [)AC) > ¢ > 0 and H(o x )|, = C),, is at most

£5 (oo E (2o

1=

Lemma B.2.2 Let0 <e <1, 0 <§ <1, m,k positive integers, and n = max({n;}*_,).
If there is 0 < 3 < 1 where

then i
1
i=0

Proof:  Let ¢,0, 3, m,k,n,{n;}%_, be as in the statement of the lemma. Then

éln(5)+k+k (—ln(k)—i-ln(ﬂk;)—l—i—%m—i—l)
1, n k 1
:ﬁm+glﬂ(5)+k+gln(ﬁ) < m.

We will use the fact that In(m) < —In(a) — 1 + am for all & > 0. With a = %

we get

thus

iln( )—i—/{:—i—k( In(k) + In(m) + 1)

4]

éln(5)+k+ i (—ln(k})—i—ln(

k Be



Hence we have

ln(%) + k(—In(k) + In(m) + 1) < e(m — k)

and so

Therefore since m > k,

Theorem B.2.3 If (X,C) has a {n;}¥_,-copy sample compression scheme H of size
k satisfying (M5), and n = max({n;}%_,), then for 0 <e <1, 0<d <1, if Ly is a

learning rule (if Ly satisfies (M2)) it has sample complexity at most

e, (2, 6) < Lﬁ (1 in(3) + k+ Em(ﬁlg)) ,

forany 0 < B < 1.
Proof: Let H be as in the statement of the theorem, fix 0 < e <1, 0 < § <
1, 0<pB8<1, Cel, PeP,and let

mz s (Fwd) +h S,

Since H is consistent and satisfies (M5), by the previous theorem
P"({A e X™: P(Ly(A,C,)AC) > ¢€})

<P"({Ae X™: 30 € [A]=%, A € {1,....,n} where P(H(o x min(l,n),))AC) > ¢})
=P"({A € X™: 30 € [A]%, A €{1,....,ny} where P(H(o x min(l,n),))AC) > ¢
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and H(o x min(l,n,)), = C,})

S

and by the previous lemma

k
an( ) 1—5m’i§(5.

=0
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Accuracy, 29

Array sample compression scheme, 22

Bi-embeddable, 13
Borel sigma algebra, 47
Borel space, 47

Cluster point, 48

Cofinal, 48

Compactness theorem, 19
Completion of a measure space, 47
Concept class, 5

Concept space, 5

Convergence of nets, 48

Copy sample compression scheme, 23

Direct set, 48
Domain, 5

Dual concept space, 12

Embeddable, 12

Extended sample compression scheme, 23

Filter, 49
Filter base, 49
Free ultrafilter, 49

Generalized embeddable, 12
Hypothesis class, 17

Labelled sample compression scheme, 17

Learning rule, 27

M1, 50

M2, 50

M3, 51

M4, 51

M5, 53

Maximal, 8
Maximum, 8
Measurable space, 46
Measure, 46

Measure space, 47
Net, 48

Polish space, 47

Principal ultrafilter, 49

Probability measure, 47

Probably approximately correct, 28

Risk, 29
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Sample complexity, 29
Sauer-Shelah lemma, 7
Shatter coefficients, 7
Shattered, 5

Sigma algebra, 46

Sigma algebra generated, 46
Standard Borel space, 48
Subnet, 48

Subspace, 5

Ultrafilter, 49

Universally dense, 43
Universally measurable, 47
Universally separable, 43

Unlabelled sample compression scheme, 17
VC dimension, 5

Weakly embeddable, 13
Weakly generalized embeddable, 13
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