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1.1

1.2

PAC Learning

We have seen previously that for a finite hypothesis class 7, assuming that the Realizability As-
sumption holds, for a sufficiently large sample S, the ERM algorithm yields an estimator which is
Probably Approximately Correct. We will now define PAC learning formally.

Definition 1.1.1 (PAC Learnability) A hypothesis class H is said to be PAC Learnable iff
there exists a function my(0,1)> — R and a learning algorithm for every distribution D
over x and every binary “True Label" f, for a sample size larger than my (€, §) under the
Realizability Assumption, yields an estimator which is Accurately Correct to a margin of €
with a Probability of (1 —6).

Notice that the minimum number of samples needed depends on the parameters (€,8). The
function myy is said to be the Sample Complexity of learning H, as it gives an estimate of the size of
the training sample needed. It is clear that there might exist infinitely many such functions, therefore
we define the sample complexity to be the minimal of all such possible functions.

We have already derived a bound for the sample complexity on case that H was finite:

< Fog(l’H!)/ﬂ

€

Agnostic PAC Learning

We now try to relax the assumptions so far. The two main assumptions that we’ve been using are:
1. Realizability Assumption
2. The labelling function is binary in nature

We will be focusing on the Realizability assumption for now. It may be too strong in some cases, as
the Data set need not have a subset which depicts the entire data set properly. Also, two data sets
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being equal need not necessarily imply that their labels are equal as well. For example, we have two
papayas with the same color and hardness, but one of the papayas is sweet and the other is bitter. We
will be taking this into consideration as well.

Redefining Data Generating Distribution

Previously, we’ve taken that the distribution D is over X, but this fails to account for the papayas
example previously shown. We thus redefine the distribution to be over (X',)), from which the
marginal distribution Dy can be calculated and the data points generated. This distribution is also
renamed as Data Labels Generating Distribution to take into account that even ) is distributed
according to D now.

Redefining Risk Calculations

By redefining the data generating distribution, we have also rendered the true error calculation
obsolete. However, using the new definition of D we can redefine the true risk to be the Probability
of picking a pair (x,y) such that h(x) # y. More formally,

E(x7y)~D - P[{(X,y) : h(x) 7'&)7}]

However, the distribution is unavailable to the agent during its training. Thus the definition of
empirical risk is unaffected by these changes, and it remains as follows. Notice that the empirical
loss is the same as assuming that the distribution D is Uniform in the sample set S.

_ xSl £y}

Ls(hs) -

Bayes’ Optimal Predictor

For any probability distribution D over a binary label {0, 1}, the estimator which gives the least error
is the following:

7 (1) 1, ifP(y=1x)>0.5
X)) =
0; otherwise

However, because the distribution is unknown, we cannot use this predictor. However we can
use the idea that there is a minimum probable risk that any estimator can attain to define when a
hypothesis class is said to be learnable.

Definition 1.2.1 (Agnostic PAC Learnability) A hypothesis class H is said to be Agnostic
PAC Learnable iff there exists a function mz/(0,1)> — R and a learning algorithm for
every distribution D over X' {0, 1}, for a sample size larger than my, (€, §), which yields an
estimator which is Accurately Correct to a margin of € + il’éi?{ll(ﬁp(h)) with a Probability of

(1-9).

Notice that the error now corresponds to the relative best that the hypothesis class can produce,
which would become the absolute error is we took that the Realizability Assumption is valid. This is
therefore, a more general way of defining the term.
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Extending the Scope of PAC Learning

So far, we’ve taken that the label set is binary in nature. This was the second assumption which we
wished to generalize in section 1.2. Extending the label set to be finite, we can understand that the
redefined terms of data generating distribution and the rick functions still hold good. For example,
let the label set ) be the classification of emails, and our agent is supposed to learn how to do this
properly. We can see that, in this case, the risk function would become “Probability that the assigned
label by the estimator is incorrect”, which can be found using the data-labels generating distribution.

However, if the label set was not finite we would have to make some changes. For example, let’s
say we wish to find the approximate dimensions of an object by looking at its picture alone. The
label set, in this case is referred to as the Target Set, would be the set of all positive real numbers.
Notice how we cannot use the earlier definition of loss functions; hence we iterate them.

Definition 1.3.1 (Generalized Loss Functions) Let H be the Estimator Class, and Z be some
domain. Any function /: H x Z — R is said to be a loss function.

In the case of estimators, the set Z = X x ) but this need not always be the case. We can see
that the distribution D would now be over the set Z. Therefore, using this new definition of a loss
function, we can see that the True Risk would be the expected value of the loss function. Formally,

Lo(h) = E [i(h2)

The definition of empirical risk shall be similar:

Ls(h) = % Y 1(h.2)

€Z

The definition of Agnostic Learnability doesn’t change much, as there is only a significant change
in the way that the loss functions are defined, and it would imply that a change would occur in the
way that we calculate the minimum possible loss for a given class of estimators.
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Learning via Uniform Convergence

Till now, we’ve discussed with and without using the Realizability Assumption that we could obtain
an estimator for a finite hypothesis class which models the sample properly. However, this doesn’t
imply that the other estimators, with a similar empirical risk, would model the data set properly.
For instance, assume we obtained another estimator whose Lg(h) was nearly the same, but was
much easier to compute. We have no way of saying whether this estimator would model the data set
properly. This is the inspiration behind Uniform Convergence. We essentially try to ensure that the
risks of all the estimators are uniformly convergent to their true values.

Definition 1.4.1 (e-Representative Sample) A sample set S is said to be e-representative
(w.rt given Z,D, f,H) if for all h € H the modulus of the difference between true risk and
the empirical risk is lesser than €.

|Lp(h) — Ls(h)| <&

There is a very interesting relation between the two € that have been used here, and in the
definition of PAC Learnability. This has been stated in the theorem below, following its proof.

Assume that the sample S is §-representative (w.r.t given Z,D, f,H), then
any estimator s = ERMy would satisfy the following inequality.

o
Lp(hs) < }g}{lﬁp(h) +¢€

That is, if we could show that the probability of obtaining such a sample S was at least (1 — ),
then the ERM-Hypothesis would be Agnostic Learnable (from definition 1.2.1). This forms the basis
of defining what Uniform Convergence means.

Definition 1.4.2 (Uniform Convergence) A hypothesis class H is said to be Uniformly
Convergent wrt the label function f and the domain Z iff for every distribution D over Z
and every (€,8) € (0,1)2, there exists a function mYC : (0,1)> — N such that a sample S
with size greater than mUC (e, §) would be e-representative with a probability of (1 — §).

Similar to how we had defined the sample complexity to be the value of my (€, ), we define the
sample complexity for the hypothesis class to be uniformly convergent as m%c(s, 0). Itis clearly
evident that my(€,8) < mYF(€/2,8). The proof can be arrived at via contradiction fairly quickly,
because if the inequality were the other way around, it would imply that there would be cases such
that the set is representative but not Agnostic PAC Learnable.

We have previously shown that PAC Learning occurs for all finite hypothesis classes, as long as
they satisfy the realizability assumption. We now use the concept of uniform convergence to show
that the realizability assumption is not necessary, and that there would analogously exist a minimum
sample size.

Finite Hypothesis Classes are Agnostic PAC Learnable

Similar to what we had done previously, we with to arrive upon a result for a function which would
state the minimum possible size of the sample needed. Let us define the problem statement first.
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Given the values of €, we need to find an expression for the m, such that;
IS|>m = PVheH:|Lp(h)—Ls(h)|<eg]>1-0
Equivalently, we can write that

PVhe H:|Lp(h)—Ls(h)| > €] < b

— P [ U {S:1Lo(h) — Ls(h)| > e}] <8
heH

We now try to maximize the LHS of the inequality to get minimum value of m.

P [U {S:|Lp(h) = Ls(h)] > 8}] < ) PllLp(h) — Ls(h)| > €]
heH heM

If we look at the definitions of the loss functions, the True loss function is the expected value
of the generalized loss function where as the Empirical loss function is the empirical mean of the
values of the loss function over all the data points in the sample. Although we can say from The
Law of Large Numbers that they both would be nearly equal asymptotically, this isn’t true for finite
values. We therefore use an inequality called the Hoeffding’s Inequality which tells us how close
they both can get.

(Hoeffding’s Inequality) Given m i.i.d random variables x1,x; - - -x;,, where
E[x;] = 1 and Pla < x; < b] = 1, then for any € > 0 we have that:

—2me

Ly <2exp [(b_;]

o[l

—Y xi—u|>e

(=il

Assuming that the loss function has a range of (0, 1), we can use this theorem in the inequality
which we obtained earlier;

P [U {$:[Lp(h) = Ls(h)| > 8}] < Y PILp(h) — Ls(h)| > €]
heH heH
—_2me?
< 2|H|exp [(bz_ag)z]

< 2|H|exp [-2me?]
From this we obtain that;
log(2|H|/é
m 2> 0g(2!82|/) = PVheH:|Lp(h)—Ls(h)| <eg>1-0

We have successfully shown that Every finite hypothesis class is Uniformly Convergent, and
thus by extension, Agnostic PAC Learnable. This can be improperly extended to infinite hypothesis
classes as well, because all numbers in practice are represented by, say, 64 bits. This would imply
that the set N would be finite and have a size of 2%*. A more formal proof will be learnt further down
the line.
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2. Bias-Complexity Trade-off

Let us review what we’ve done so far. We first came up with an algorithm to find an estimator
which tries to minimize the true risk by assuming that the empirical risk is related to it. We then
realised that this need not always be the case, and that Overfirting can occur. Inorder to combat
this problem we induced a bias in the system by restricting the Hypothesis Class to a finite set of
functions, using some prior knowledge about the problem.

However, is it not possible to have a learning algorithm which requires no prior
knowledge, and can come up with an estimator for a binary label set with reasonable
accuracy and a high enough probability?

This is the question which we wish to answer here. The No-Free-Lunch-Theorem defined below
states that such a learning algorithm is impossible for binary labelling. This means that some prior
knowledge about the system is necessary to have a proper leaning algorithm, such as about the
distribution D or whether the system satisfies the Realizability Assumption and the such.

No Free Lunch Theorem

We shall state and prove the No Free Lunch Theorem, and understand why having a universal learner
is not possible.

Theorem 2.1.1 (No Free Lunch)
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