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In this lecture, we demonstrate how to derive a bound for the growth function of a hypothesis class via
its VC-dimension. This bound is called Sauer’s Lemma, which will be proved in the second section. Once
we have this bound we can show that, in the case of a finite VC-dimension hypothesis class, that class is
(agnostic) PAC-learnable.

1 PAC Bound in a Finite VC Class

Recall the definition of a restriction £(S,H) and the growth function g(n,H) (see Lecture 4, definition 2
and 3 respectively) of a hypothesis class H. In our previous lecture, we proved the following generalization
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bound for the estimation error using the growth function: with probability greater than 1 — 2e we have
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Furthermore, we had introduced the concept of shattering and of VC dimension, i.e, the maximal size of
a set that can be shattered by H. The following lemma provides an upper bound for the growth function
based on the VC-dimension.

Lemma 1 (Sauer’s Lemma). Define ®4(n) = Z?:o (™). If the VC-dimension of a hypothesis class H is d,
then
g(n, H) < ®a(n)

We will prove this lemma in the next section of this lecture. For now, we will demonstrate a few
properties of the function ®4(n) and use them to derive the PAC bound similar to but in terms
of the VC-dimension instead of the growth function.

If n < d, then ®4(n) =2". But if n > d,
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Thus, when n > d, the growth function grows polynomially in n. We can combine this result with [Equation 1]
to obtain the following theorem:

Theorem 1 (PAC Bound for Finite VC-dim). Let H be a hypothesis class with finite VC dimension d. Let
h be obtained véa ERM using n i.i.d samples where n > d. Further, let € > 0. Then with probability of at
least 1 — 2e~2"¢ |
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2 Proof of Sauer’s Lemma

We will now provide a proof for Sauer’s lemma via a modified induction argument.

For S = {(z1,y1), ", (Tn,yn)} and SX = {z,--- ,2,} € X", define H(SX) := {[h(x1), -, h(x,)] : h €
H}. The following claim will be useful in constructing our proof:

Claim 1. g(n,H) = max gx _, |H(5%)]

Proof Recall that £(S,H) = { [(¢(h(z1),v1), -, (l(h(xn),yn)] : h € H }. There exists a bijection
between £(S,H) and H(SX) so that |£(S,H)| = |H(SX)|. Thus,

n,H) = max |£(S,H)| = max |H(S¥)| = max |H(S¥
gl H) = max | £(S.H)| = e [](S™)| = max [3(5%)]

The following example illustrates the bijection.

Example 2. Let S = {(z1 = —1,51 = 0), (22 = 1,2 = 1)} and Honesided = {ha(2) = L{z>q}|Va € R},
Under the zero-one loss we have

LS, Honesidea) = {[0,1],[0,0], [1,0]}

and
Hone—sided(s’X) = {[07 0]’ [07 1]’ [17 1]}

Clearly, there is a one-to-one correspondence/bijection between these two sets.

The setup for our proof of Sauer’s lemma will be via induction on k& = n + d; where n is the number of
i.i.d samples and d is the VC-dimension of our hypothesis class.

1. Base case: Show that Sauer’s lemma holds...
(a) Vd and n =0
(b) Vnand d =0

2. Inductive case: Let k be some constant. Assume Sauer’s lemma holds Vn, d such that n +d < k. Show
that Sauer’s lemma holds Vn,d such that n +d = k. See for a visual demo of the induction
strategy.

We will begin by proving the two base cases. For the first case, let n = 0. The VC dimension may be
any non-negative integer.
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Notice that SX must be empty when |S¥X| = 0. There is only one possible labeling of zero data points.
Therefore, H(SX) = {[]}, and |H(S¥)| = 1. Applying Claim 1 we see that g(n,H) = 1. Thus, g(n,H) =



S k——

n

.
|
N
I

Figure 1: Visual demo of the proof by induction. The axes are n and d. The gray region represents the base case
for n and d (where n = 0 and d = 0). The brownish region represents the induction hypothesis (where n +d < k).
The purple region represents the inductive step (where n 4+ d = k).

®4(n), and Sauer’s lemma is satisfied for n = 0. Now we will consider the case where d = 0 and n is any

non-negative integer.
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The VC dimension of H is 0, so the hypothesis class cannot shatter a set of size 1. Therefore, for any
r € X, all classifiers in  must generate the same label. It follows that for any SX = {xy,...,2,} € X",
Hh(x1), .oy h(z0)] : h € HY| = |H(SX)| = 1. Hence, g(n,H) = ®4(n), and the lemma is satisfied.

We will now prove the inductive case. Assume that Sauer’s lemma holds Vd,n where d4+n < k — 1. Let
d,n be such that d +n = k.

Let SX = {z1,...,7,} be given. To begin with, we will construct a new hypothesis class, G, defined only
on {z1,...,7,} as follows. For each [y1,...,yn] € H(S¥),Th € H such that [y1,...,yn] = [R(z1), ..., h(zy)].
Add one such h, restricted only to points in S, to G; that is, we will add g3, : S — {0, 1}, where gp,(x) = h(z)
for all z € S¥, but undefined elsewhere. Therefore, G will have exactly one function that generates each
labeling in H(SX). It follows that |G(SX)| = |H(S¥X)| = |G|. Next, we will partition G into the sets G; and
Go using the following construction:

1. Gy: For every possible labeling of {z1,...,2,—1}, add one element from G to G.
2. Go: Let G =G\ .

The intuition behind this partition is to generate two hypothesis classes with VC dimension less than d.
We will then apply the inductive hypothesis to each hypothesis class and bound the growth function. To
demonstrate how G is constructed and partitioned, we present an example with a simple hypothesis class.

Example 3. Let 21,72 € R with 21 < 22, and let Hone-sided = {ha(z) = Liz>4}/Va € R}. We can see
that Hone—sidea(S~Y) = {[0,0],[0,1],[1,1]}. Due to the one-sided nature of Hone—sided, it is not possible to
generate the labeling [1,0]. Let g1, g2, and g3 be classifiers generating the predictions [0, 0], [0, 1], and [1,1]
respectively. Define G = {g1, g2, g3}. An example of G includes the following classifiers:



1. g1 = gn,,,, which is the function hy,1 restricted to {z1,z2}. This function generates the label 0 for
both x1 and x5. The function is undefined for other values.

2. 92 = Gn(s, 10y, Which is the function h(y, y4,)/2 restricted to {z1,z2}. This function generates the
labels 0 and 1 for z; and x5 respectively. The function is undefined for other values.

3. g3 = Ghey 1 which is the function h,, 1 restricted to {x1,x2}. This function generates the label 1 for
both 21 and z5. The function is undefined for other values.

To construct G; we will select one classifier for each labeling of {x1}. The remaining classifiers will define
Gs. One possible partition is G = {¢1,¢93} and Go = {g2}.

Claim 2. ‘gl(SX” = |Q1({x1,...7xn,1})|

Proof For every labeling {g(x1), ..., 9(xn-1)} € G1({z1, ..., xn—1}), we have exactly one of [g(x1), ..., g(Tn—1), 0]
or [g(x1), .., g(Tn—1),1] in G1(S¥). O
Claim 3. [Go(SX)| = |G2({z1, oy Tr_1})]

Proof For every labeling {g(z1), ..., g(zn—1)} € G1({z1, ..., xn_1}), we have exactly one of [g(z1), ..., g(zn—1), 0]
or [g(x1), .., g(Tn_1),1] in G1(S¥X). Therefore, G, will have at most one of these labelings. O

We can apply the equality in Claim 2 to create a bound on |G (S%)|.
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To show why the inductive hypothesis applies to g(n — 1,G1) and why dg, < d, consider G;. This
hypothesis class is a subset of G, so any set shattered by G; will also be shattered by G. As a result,
dg, < dg. Similarly, any set shattered by G is shattered by H, so dg, < dg < d. Furthermore, the sum of
the VC dimension and the number of samples in the second lineis dg, +n —-1<d+n—-1=k—1.

Now consider G,. For every g € Go,3g1 € G; which disagrees only on z,. Therefore, if TX C
{21, ...,2,_1} is shattered by Gy, TX U {z,} must be shattered by G. Because no set larger than d can
be shattered by G, |[TX| < d — 1. Hence, dg, < d — 1. We will now apply this result with Claim 3 to create
a bound on |Gy (S¥)|.

X\ —
1G2(57)] = 1G2({z1, - Tn—1})] \)Deﬁmtion of growth function

<gn-1,
; ?P( ( gi)) anductive Hypothesis
S Pgg, (N —

o2 \)@d increases with d
<@g1(n—1)

With this result, we can prove the bound in Sauer’s lemma.
(H(S™) =1G(5™)]

= |G1(S*) U Ga(S¥)]
{G1,G2} is a partition of G.



= |G1(S%) + [G2(5Y))]
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SX C X" is arbitrary, so g(n, H) = max|gx|—, [H(5¥)
inductive case.
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