1 MLP

This chapter starts with a brief historical introduction to neural networks and introduces
the perceptron that represents the state of the art until the mid 1990s.

1.1 The historical threshold perceptron

There was always a strong interest of Al researchers in real intelligence, that is, to
understand the human mind. For example, both Alan Turing and John von Neumann
worked more directly on biological systems in their last years before their early passing,
and human behaviour and the brain have always been of interest to Al researchers.
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Fig. 1.1 Representation of the boolean OR function with a McCulloch-Pitts neuron (TLU).

A seminal paper, which has greatly influenced the development of early learning
machines, is the 1943 paper by Warren McCulloch and Walter Pitts. In this paper, they
proposed a simple model of a neuron, called the threshold logical unit, now often
called the McCulloch-Pitts neuron. Such a unit is shown in Fig. 1.1A with three input
channels, although it could have an arbitrary number of input channels. Input values
are labeled by x with a subscript for each channel. Each channel has also a weight
parameter, w;. The McCulloch—Pitts neuron operates in the following way. Each input
value is multiplied with the corresponding weight value, and these weighted values are
then summed. If the weighted summed input is larger than a certain threshold value,
—wy, then the output is set to one, and zero otherwise, that is,

o LAY Jwm = wlx >0
ylx w) = {O otherwise : .1y

Note the notation for the function on the left hand side; it tell us that the output y
is calculated from the input x and that this function has parameters w listed after
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the semicolon. The right hand side then specifies this function. We can also write the
formula more compact as

y(x;w) = O(wlx) (1.2)
where the function 6 is called a threshold function of the Heavisde step function
1 ifz>0
0(x) = {0 otherwise (1.3)

The Heaviside step function is here first example of a non-linear function that trans-
formed the sum of the weighted input. This function is often called transfer function
or grain function in the neural network community.

The model above resembles, to some extend, a neuron in that a neuron is also
summing synaptic inputs and fires (has a spike in its membrane potential) when
the membrane potential reaches a certain level that opens special voltage-gated ion
channels. McCulloch and Pitts introduced this unit as a simple neuron model, and they
argued that such a unit can perform computational tasks resembling boolean logic.
This is demonstrated in Fig. 1.1 for a threshold unit that implements the Boolean
OR function. The symbol h is used in these lecture notes since the output of this
neuron represents the hypothesis that this neuron implements given the parameters w.
Also note that the non-linear step-function used in this neuron model corresponds to
hypothesis for classification.

The next major developments in this area were done by Frank Rosenblatt and his
engineering colleague Charles Wightman (Fig. 1.2), using such elements to build a
machine that Rosenblatt called the perceptron. As can be seen in the figures, they
worked on a machine that can perform letter recognition, and that the machine consisted
of a lot of cables, forming a network of simple, neuron-like elements.

The most important challenge for the team was to find a way how to adjust the
parameters of the model, the connection weights w;, so that the perceptron would
perform a task correctly. The procedure was to provide to the system a number of
examples, let’s say m input data, x(*) and the corresponding desired outputs, 3y(*). The
procedure they used thus resembles supervised learning. The learning rule they used
is called the perceptron learning rule,

wj = w; + (y(i) — y(x(i))) x?% (1.4)

which is also related to the Widrow-Hoff learning rule, the Adaline rule, and the delta
rule. These learning rules are nearly identical, but are sometimes used in slightly
different contexts It is often called the delta rule because the difference between the
desired and actual output (difference between actual (training) data and hypothesis) to
guide the learning. When multiplying out the difference with the inputs results in two
product term, where the components are the values of nodes framing the connection.
A learning rule that depends on the activities of the pre- and post-synamptic neurone
is called a Hebbian rule. Thus the delta rule is a Hebbian rule (after the famous
NovaScotian Donald Hebb) which learned according to the desired output and unlearns
the actual output,

Aw; x (y(i)xy) - ymy)). (1.5)
In other words, the learning rule reinforces the correlation between the input and the
desired output and reduces the correlation between input and the actual output. Such
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Fig. 1.2 Neural Network computers in the late 1950s.

a learning rule is also called Hebbian . We will see later that learning rule as a special
case of a gradient descent rule for a linear hypothesis function. Although this rule is
not ideal for a perceptron with non-linear functions, it turned out that it still works in
same cases since it corresponds to taking a step towards minimizing MSE, albeit with
a wrong gradient.

There was a lot of excitement during the 1960s in the Al and psychology community
about such learning system that resemble some brain functions. However, Minsky and
Peppert showed in 1968 that such perceptrons can not represent all possible boolean
functions (sometimes called the XOR problem). While it was known at this time
that this problem could be overcome by a layered structure of such perceptrons (called
multilayer perceptrons), a learning algorithms was not widely known at this time. This
nearly abolished the field of learning machines, and the AI community concentrated
on rule-based systems in the following years.

1.2 The sigmoid perceptron

1.2.1 Derivation of the batch learning rule

The logistic perceptron is a specific model or parameterized hypothesis function
given by



4 | MLP

1 1
Y6 w) = Tewx  1qe Ziwa (1.6)

A graphical representation of this model is shown in Figure 1.3A. This is a perceptron
which sums up the weighted inputs and puts the resulting value through the logistic

function
1

TGO 4D

g(x)
We have included there the parameters a and b which determines the slope and offset of

this sigmoidal function. Some examples of this function with different values for this
parameter is show in Figure 1.3B. In the perceptron the slope parameter is represented

A: Perceptron B: Logistic function
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Fig. 1.3 A) Graphical representation of a perceptron with three input channels of which one is
constant. B) The logistic function with different slopes and offset parameters.

by the weighted sum of the input channels, and the offset is represented by a weight
to a fixed input that is always set to 1. This little trick in representations simplifies the
notation considerably.

Supervised learning means that we are fitting this function to our data points of
the training set {x(*), 3(Y)}. The superscript (i) labels the individual training datum.
We do this by comparing the desired label y(*) with the label predicted by the model
y(x; w). Note the difference between these two y-values. The first is a given number
for each training datum, the other one is calculated from the feature values x(®)
according to the model for a given set of parameters w.

The next step is to specify how we will search for good parameters. The first step
is to quantify how we measure a good fit. We chose here to measure this with what we
will call the objective function or error function. We choose this for now to be the
mean square error function

2
E(w) = % > (0~ yxiw)) (18)
(2

Using the 1/2 in this formula is pure convention. Note that this is a function of the
parameters as the output of our model depends on the weight values. The minimum of
this function correspond to the weight values that best describe the training data. To find
this minimum we use an iterative method called gradient descent. In this method we
start with a guess of the weight values and improve our prediction iteratively according
to the change of the error function. More formally, the update of the weight values is
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OF
Wj ¢~ Wj — Oz

Dw,;’ (1.9)

where « is is a learning rate, often called a hyper-parameter since it is a parameter of
the learning process rather than the resulting model. We can now calculate the gradient

in order to provide a formula that can be implemented with Matlab. For this we have
to recall two rules from calculus namely that the derivative of an exponent function is

d

ax” =nz" !, (1.10)
and the other is the chain rule
d df dg
— == 1.11
o) = 3 (111)
With these rules we get
OF 1 . . dy
— = (@ _ (@. —1==. 1.12
= 3 2 (10 v ) (L1
The derivative of our model with respect to the parameters is
@ B i 1 o e~ >, wiw; 821 W; X5 (1.13)
ow; o Ow; 1+ e~ 2 wii N (14 e~ Ziwizi)2 Qw; ’

In the remaining derivative over the sum, only the term containing w; survives. Hence
this derivative is z;. We can also write the other portion of this equation in terms of
the original function, namely

e Zl W44
(1+ e Zowm)2 =y(l—y), (1.14)
and hence 5
573 =yl —y)z;. (1.15)
J

We can now collect all the pieces and write the whole update rule for the weight values
as

1 , . , . .
wj Wyt o > ((y(” —y(xD;w))y(xD; w) (1 — y(x; w))z! )) (1.16)

K2

The first part of the sum is called the delta term

5(xsw) = (¥ — y(x; w)y(xD;w) (1 - y(xP;w)), (117
or, if we write this without the arguments to better see the structure, it is
5=y —yy(l-y) (1.18)
We can thus write the learning rule as
1 i) o) (@)
w; - wj+as (5(x(),w)xj ) (1.19)

i
Note that the learning stops when y = 1 or y = 0. This should of course be the case
when when the correct answer is reached. However, it is even zero when the the wrong
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answer was reached, and learning also slows down when the y values approach these
values. Such a slow down of learning together with the distribution of the gradient in
deep networks leads to the problem of vanishing gradients that have been a major
problem of deep networks in the 19990s. We will come back to this point later.

1.2.2 Batch versus online learning rule

We have derived here the learning rule based on the mean square error over all the
training points. This corresponds to applying all the training examples and calculating
the average gradient before updating the weight values based on this average. This
is called batch learning since we use the whole batch of training examples for each
weight update step.

In contrast, in class we have derived the learning rule for one example. That is, we
could just apply one training tuple (x(i)7 y(i)) and calculate the gradient for this point,
and use this gradient to update the weight value after the application of each data point.
This is called online learning since the idea is that we could use each incoming data
point for one update and don’t have to store anything. Of course, in reality we want
to do several iterations so we have anyhow to keep each training point. This method
is also called stochastic gradient descent if we assume that the training points are
randomly chosen.

(Include figure showing the difference)

What is the advantage or disadvantage of the different methods? The batch algo-
rithm guarantees that the average training error goes down. So if you plot this curve
and you see that the training error is rising than there must be something wrong. In
contrast, when we change the weights based only on the last training example it is
expected that the performance on other training points gets worse, so we have to make
sure to keep the learning rate small. Note that we might at first think that making
the average training error small is hence much better, but also keep in mind that we
are after good generalization and that making the average training error very small
might indeed lead to overfitting. It is hence good to monitor the generalization (test or
validation) error. The advantage of the stochastic method is that it is less likely to get
stuck in shallow areas of the error manifold. With big data it is now common to use a
method with mini batches in which we divide the data into small batches and use a
stochastic gradient over these sub batches.

1.2.3 The threshold perceptron

The original perceptron we discussed was a threshold perceptron that was based on
the gain function

1 ifz>0
g(z) = {O otherwise (1.20)

We can not apply gradient descent directly to this function as it is not differentiable
at g(#). Even if we take the left or right limit would not work as the gradient of g(x)
for x # 0 is always zero. However, we can see the the sigmoid function as a smooth
approximation of the step function.

We could however also think about just using a linear perceptron with transfer
function
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Fig. 1.4 A) logist function versus threshold function. B) Logistic regression in two dimensional
feature space.

g(x) ==z, (1.21)

and just use a threshold function after training in a post processing step. The gradient
of the linear function is just x so that we end up with the perceptron learning rule as
originally stated.

1.3 Multilayer perceptron (MLP)

The generalization of a delta rule, known as error-backpropagation, was finally intro-
duced and popularized by Rumelhart, Hinton and Williams in 1986, although many
others including Paul Werbos and Sunichi Amari have used it before. This populariza-
tion resulted in the explosion of the field of Artificial Neural Networks.

A multilayer perceptron with a layer of m input nodes, a layer of h hidden nodes,
and a layer of n output nodes, is shown in Figure 1.5. The input layer is merely just
relaying the inputs, while the hidden and output layer do active calculations. Such a
network is thus called a 2-layer network. The term hidden nodes comes from the fact
that these nodes do not have connections to the external world such as the input and
output nodes. Instead of the step function used in the McCulloch-Pitts model above,
most such networks use a sigmoidal non-linearity,

1

g(x) = tanh(Bzx) = 2W

—1, (1.22)

to allow for continuous values of the nodes. The network is thus a graphical represen-
tation of a nonlinear function of the form

y = g(w°g(w"x)). (1.23)

It is easy to include more hidden layers in this formula. For example, the operation rule
for a four-layer network with three hidden layers and one output layer can be written
as
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Fig. 1.5 The standard architecture of a feedforward multilayer network with one hidden layer, in
which input values are distributed to all hidden nodes with weighting factors summarized in the
weight matrix w™. The output values of the nodes of the hidden layer are passed to the output
layer, again scaled by the values of the connection strength as specified by the elements in the
weight matrix w°.

y = g(wg(w"g(wg(w"'x)))). (1.24)

Let us discuss a special case of a multilayer mapping network where all the nodes in

all hidden layers have linear activation functions (g(x) = ). Eqn 1.24 then simplifies
to

y = WOWh3Wh2Wh1X

= Wx. (1.25)

In the last step we have used the fact that the multiplication of a series of matrices simply
yields another matrix, which we labelled w. Eqn 1.25 represents a single-layer network
as discussed before. It is therefore essential to include non-linear activation functions,
at least in the hidden layers, to make possible the advantages of hidden layers that
we are about to discuss. We could also include connections between different hidden
layers, not just between consecutive layers as shown in Fig. 1.5, but the basic layered
structure is sufficient for the following discussions.

Which functions can be approximated by multilayer perceptrons? The answer is,
in principle, any. A multilayer feedforward network is a universal function approx-
imator. This means that, given enough hidden nodes, any mapping functions can be
approximated with arbitrary precision by these networks. The remaining problems are
to know how many hidden nodes we need, and to find the right weight values. Also, the
general approximator characteristics does not tell us if it is better to use more hidden
layers or just to increase the number of nodes in one hidden layer. These are important
concerns for practical engineering applications of those networks. These questions are
related to the bias-variance tradeoff in non-linear regression as discussed later.

To train the these networks we consider again minimizing MSE which would be
appropriate for Gaussian noisy data around the mean described by the model. The
learning rule is then given by a gradient descent on this error function. Specifically,
the gradient of the MSE error function with respect to the output weights is given by
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)
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_ 1! ]) _ 2
Do Qawgut 20" =y
1
20

(1.26)
Let’s call the activation of the hidden nodes y"’,
y" = g(w"x)). (1.27)
Then we can continue with our derivative as,
oF 1 0 2
_ - (k) _ out h )
w2 dwt zk: (v = gtwerty™)
S MLl
__ gout
= 67"y, (128)

Eqn 1.28 is just the delta rule as before because we have only considered the output
layer. The calculation of the gradients with respect to the weights to the hidden layer
again requires the chain rule as they are more embedded in the error function. Thus
we have to calculate the derivative

OE 1 0 .
Bt ~ 20 2.6 =y
k

ij
= h Z( (k) _ woutg(whx(k))) (1.29)

After some battle with indices (which can easily be avoided with analytical calculation
programs such as MAPLE or MATHEMATICA), we can write the derivative in a form
similar to that of the derivative of the output layer, namely

oF

I
ow;;

=o'y, (1.30)

when we define the delta term of the hidden term as

? _ gh/(hip) Zw?]:t gut. (131)

k

]

The error term 67 is calculated from the error term of the output layer with a formula
that looks similar to the general update formula of the network, except that a signal
is propagating from the output layer to the previous layer. This is the reason that the
algorithm is called the error-back-propagation algorithm.

In this derivation we used the MSE over all the training patterns. Since all the
training patterns are used at once, this algorithm is called a batch algorithm. This is
generally a good idea, but it also takes up a lot of memory with large training sets.
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Table 1.1 Summary of error-back-propagation algorithm

Initialize weights arbitrarily
Repeat until error is sufficiently small

Apply a sample pattern to all input nodes: x;

Propagate input through the network by calculating the rates of
1 lfl)

nodes in successive layers [: yf = Q(Zj w; Y

Compute the delta term for the output layer:
gout — g/ (yOUt—l)(ydesired o yqut)
7 (2 3

i
Back-propagate delta terms through the network:
-1 _ -1 L sl
o =4 ) Zj wjiaj
Update weight matrix by adding the term: Awéj = a(ﬁyé*l

However, we can also use a similar algorithm with one training pattern at a time. This
is called an online algorithm, and this algorithm is summarized in Table 1.1. Much
more common with large data sets are mini-batches as discussed later in more detail.

Such multilayer perceptrons were able to learn nonlinear relations in data and
had some success in application. However, the general problem of overfitting and the
question of optimality, and well as the applicability to large data problems with more
complex functions, has hampered the field since the early successes. This area of
artificial neural networks become now absorbed into the more general are of machine
learning with new methods that have clarified field and have led to more applicable
methods that we will discuss below. We therefore follow in the next sections a more
contemporary path.

Before leaving this area it is useful to point out some more general observations.
Artificial neural networks have certainly been one of the first successful methods
for nonlinear regression, implementing nonlinear hypothesis of the form h(x;w) =
g(wTz). The corresponding mean square loss function,

Lo (y— g(wTa:))2 (1.32)

is then also a general nonlinear function of the parameters. Minimizing such a function
is generally difficult. However, we could consider instead hypothesis that are linear in
the parameters, h(x; w) = w’ ¢(x;, so that the MSE loss function is quadratic in the
parameters,

Lo (y— WT¢(X))2 . (1.33)

The corresponding quadratic optimization problem can be solved much more effi-
ciently. This line of ideas are further developed in support vector machines discussed
next. An interesting and central further issue is how to chose the non-linear function
¢. This will be an important ingredient for nonlinear support vector machines and
unsupervised learning discussed below.



