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Abstract

Surprise is an emotion emerging from the mismatch between expectations and what is
actually experienced or observed. In this master’s dissertation our concern is not with
the emotion of surprise but rather with the quantification of surprise. We look at surprise
in the context of deep learning, where being surprised means that the neural network is
processing data that it did not expect as it is too dissimilar to the data on which the
network was trained. When a neural network is surprised, it makes inaccurate predic-
tions, which can only be measured when the true labels of the inputs are known. In this
work we define three surprise metrics that make it possible to measure surprise in the
context of deep learning, without the need of having the true labels. These surprise met-
rics are reconstruction accuracy surprise, hidden activations surprise and reconstruction
loss surprise. The proposed metrics make it possible to adapt deep learning models to
unexpected changes to the input. This can be used to train sensor systems in an online

fashion so that they can adapt to surprising situations.
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Abstract—Surprise is an emotion emerging from the mismatch
between expectations and what is actually experienced or ob-
served. In this work our concern is not with the emotion of
surprise but rather with the quantification of surprise. We look
at surprise in the context of deep learning, where being surprised
means that the neural network is processing data that it did not
expect as it is too dissimilar to the data on which the network was
trained. When a neural network is surprised, it makes inaccurate
predictions, which can only be measured when the true labels
of the inputs are known. In this work we define three surprise
metrics that make it possible to measure surprise in the context
of deep learning, without the need of having the true labels.
These surprise metrics are reconstruction accuracy surprise,
hidden activations surprise and reconstruction loss surprise. The
proposed metrics make it possible to adapt deep learning models
to unexpected changes to the input. This can be used to train
sensor systems in an online fashion so that they can adapt to
surprising situations.

Index Terms—surprise, deep learning

1. INTRODUCTION

Surprise is something everybody knows what it feels like. It
is a feeling caused by something that is unexpected or unusual.
Surprise can occur in a variety of intensities, certain events can
be perceived as very surprising while other events may only
be observed as a little surprising. When surprising events start
reoccurring more regularly, over time they will be observed as
less and less surprising.

Surprise is often used interchangeably with novelty in many
studies, and while closely related, they are very different from
each other [1]. Novelty refers to the property of being not
previously encountered or experienced while surprise refers to
the result of experiencing something suddenly or unexpected.

When using machine learning the assumption is made that
the samples used during training are similar to the ones
seen during inference. As a result, machine learning cannot
handle surprising events properly. For example, when all of a
sudden something in the setup produces rotated images during
inference, the network will continue making predictions about
the labels of these rotated images. When the network has
not encountered rotated images before, it will most likely be
inaccurate. However, it is impossible to detect this change in
accuracy because it happens during inference where the true
labels are no longer available. Therefore the network is no
longer reliable. Adding a notion of surprise to neural networks
allows recovering from an unexpected situation. Being able
to use this notion of surprise can then be used to retrain
the network on rotated images to adapt to the new samples
seen during inference. Retraining the network to adapt to
the surprising situation is a way of doing online learning, as

opposed to the standard way of training once and then doing
inference.

Currently, the most commonly used machine learning tech-
nique to prevent surprising events is to anticipate all possible
surprising events and already include them during training
using data augmentation. When using data augmentation, all
augmentations of the original image are also processed during
training. This makes the network robust to any anticipated
surprising situation (which are as a result no longer surprising).
However, creating such a robust network results in a larger net-
work than strictly necessary. This has as a downside that such
a network requires a more extensive training process which
needs more processing power, more memory and consumes
more energy. A smaller network that is tailored to a specific
task, on the other hand, has as advantages that it can do faster
inference, needs less resources and consumes less energy. It
has as downside that it is not robust to surprising situations.
Adding a notion of surprise to such a smaller network can
enable it to adapt to surprising situations through online
learning, while keeping the advantages of being a smaller
network.

While surprise is an intuitive concept and could prove to be
useful in machine learning, one of the key problems is that
it is hard to quantify. The goal of this work is to define and
validate surprise measurements that can be used in the context
of deep learning for image classification tasks.

II. TECHNICAL BACKGROUND

In neuroscience it has been recognised that the amplitude of
the P300 component of event-related brain potentials reflects
the degree of surprise [2]. However, outside the context of
neuroscience, surprise has no standard metric to be quanti-
fied with. In what follows, several alternative definitions are
introduced

A. Kullback-Leibler divergence

The Kullback-Leibler divergence (Dgy) plays a role in
both the Bayesian surprise formula (4) and the confidence-
corrected surprise (6), which are discussed later. This is not
unexpected as the Kullback-Leibler divergence on its own can
also be seen as a measure of surprise. The Dy, has its origin
in information theory. The Kullback-Leibler divergence [3] is
defined as:

Dr(PIQ) =~ Plog



It measures how one probability distribution differs from
the expected probability distribution. D, (P||Q) is the di-
vergence from () to P, and it measures the information
gained when changing the prior distribution () to the posterior
distribution P. If applicable, P represents the true distribution
of the data while @) represents a model or approximation of
P. The Dk, is defined only if for all 4, Q(i) = 0 implies
P(i) = 0. An important property is that the Kullback-Leibler
divergence is additive for independent distributions. If P
and P, are independent distributions with joint distribution
P and likewise for @1, Q2 and @Q, then Dk (P||Q) =
Dgr(P1||Q1) + D r(P]|Q2).

B. Shannon Surprise

In information theory, Shannon’s information content [4] or
self-information
I(X) = —In p(X), 2)

is often associated with surprise, and therefore also sometimes
called surprisal. The information content of a sample X
measures the amount of information that is revealed when
observing X . This metric of surprise will further be referenced
as Shannon surprise. Unlikely events have a high amount of
information. Conversely, when a common event is observed,
a small amount of information is associated with this event.

C. Bayesian Surprise

Another way to look at surprise comes from Bayesian
theory. In the Bayesian framework models or hypotheses are
associated with confidence or belief. Bayesian surprise is then
defined as the changes for a given observer that take place
when going from prior to posterior distributions of the data [5].
When considering a set of possible models M, an observer
has a prior distribution P(M). Observing new data D leads
to reevaluating the beliefs and changes the prior probability
into a posterior probability. Bayes theorem states that

P(D|M)
P(M|D) = PID) P(M). 3)
From this formula it can be seen that the effect of D is that
it can be used to change P(M) to P(M|D). The surprise
of data D is then defined as the Kullback-Leibler divergence
between the prior and the posterior

S(D, M) = Drr(P(M)[|[P(M]|D)). )

The alternative version S(D, M) = Dy (P(M|D)||P(M))
is also used and may be even preferred if the “best” distribution
is used as first argument.

D. Confidence-corrected surprise

The Shannon surprise and Bayesian surprise formulas are
distinct formulas to capture surprise yet they can be seen
as complementary. Confidence-corrected surprise [6] is a for-
mula that tries to combine both surprise measures by using
their complementary benefits and overcoming their individual
shortcomings. First it replaces Shannon surprise by a weighted
average over all possible model parameters . The weight is

determined by the current belief 7o(6). This gives the raw
surprise

Sra.w(X;ﬂ—O) - - /@ Wo(ﬂ)lnp(X|9)d(9 (5)

This is also equal to the sum of the Shannon and Bayesian
surprise:  Sraw(X;m0) = Surpriseshannon(X;mo) +
Surprisepayes (X; 7). Confidence corrected surprise extends
this by also including the confidence in his belief, in the
formula. This confidence is represented by the entropy of the
current belief about the model parameters (). Confidence-
corrected surprise is then derived from subtracting the entropy
from the raw surprise, where p(X|#) is normalised to the
scaled likelihood p(6).
The confidence-corrected surprise then becomes:

TTo) = T nﬂo(a)
Scorr(Xv O)_L 0(0)1 ﬁx(e)

df = Dg(m0(0)||px (9))-
(6)
III. SETUP

In the context of deep learning, surprise is a metric that
captures a persistent mismatch between the expected char-
acteristics of the input data and the characteristics of the
observed data. In this work we define a neural network as
being surprised when an unexpected event occurs that affects
the stream of input data. This means that a surprising event
does not just influence a single data sample but rather a
sequence of samples following the event. In this work we
define unexpected and thus surprising events as events that
are unlikely to happen according to the characteristics of the
data that the model learned during training. As a consequence,
surprising events often result in inaccurate predictions of the
model. Sometimes it can be useful to measure the mismatch
between a single input sample and the expected characteristics
of the input data. Capturing such ‘surprise’ of a single sample
is covered by the field of novelty and outlier or anomaly
detection [7], [8], but this is not what is regarded as surprise
in this work.

Concretely we will work with image classification on the
MNIST dataset [9] where the unexpected event is rotating all
inputs with a fixed angle between 0° and 90°, and where the
model has not seen any rotated inputs during training.

A. Reconstruction accuracy surprise

The main idea behind reconstruction accuracy surprise is
that autoencoders are only able to reconstruct images that
are similar to the ones seen during the training phase of the
autoencoder, which is a characteristic that can be used to
measure surprise. The typical deep learning architectures for
image classification are convolutional neural networks, which
consists of several convolutional layers, optionally followed
by a few fully-connected layers. This neural network can be
trained using the standard techniques such as gradient descent
and regularisation.

In order to capture surprise, the classifier is expanded into
an autoencoder architecture by adding decoder layers directly



to the output layer of the classifier, or to one of the last
hidden layers of the classifier. The actual configuration is task
dependent. For example, when only a few classes appear in
the output layer, it is recommended to use the second to last
or an even earlier layer, so that a latent space with a higher
dimension can be used. An important requirement however is
that this latent space is small enough so that nearly lossless
reconstruction cannot happen, as a lossless autoencoder will be
able to reconstruct any input, regardless whether it is similar
to input data seen during training or not.

After the network is extended, it is retrained as an au-
toencoder. However, it is not trained in the default way
autoencoders are trained. The layers that are originally part
of the classifier keep their weights fixed and only the weights
of the decoder layers are trained. The autoencoder is trained
on the same data that has been used to train the classifier part.

To measure the reconstruction accuracy surprise, each data
sample x is first passed through the classifier part of the
network, resulting in output p = [p1, ..., px] Where p; is the
probability that the input belongs to class C; of the k possible
classes. Next, the data sample « is fed through the entire
architecture including the decoder to reconstruct image x*,
this second pass can continue from the activations of the last
common part of the full classifier and the autoencoder. The
reconstructed data sample =¥, is then again passed through the
classifier network, resulting in output p*. The reconstruction
accuracy divergence (Dga) of a single data sample is then
calculated as

Dra = Dk 1(pllp"). (7

As surprise in the context of this work is not applied to a
single sample, this metric is averaged over a sequence or batch
of samples in order to come to the reconstruction accuracy
surprise of the batch. The reconstruction accuracy surprise is
thus defined as,

Surprisepa = Z Dk r(pillpi™)- ®)

B. Hidden activations surprise

An alternative method for surprise in the context of deep
learning is the hidden activations surprise (Surprisesr 4). This
formula does not use an autoencoder to capture surprise but
is based on the activations of the last hidden layer. As in the
previous formula, the classifier is first trained in the standard
way. However, part of the training set is not used during
training and kept separately. This unused part is then fed
through the network and the outputs of the last hidden layer
are recorded. These outputs are then used to estimate the
probability density function of the output values for each
node in the last hidden layer. Let P(hq,...,h,) be the joint
probability of the outputs of the last hidden layer, with h; the
output value of node 7. After training, during inference, the
same methodology can be applied to a set of new samples,
to again estimate the joint probability of the outputs of the
last hidden layer, let this new estimate be P*(hq,...h,,). This
estimate will be very similar to P if the samples of this

new set are similar to the ones used for estimating P, but
will likely be different if the samples in the new set capture
a surprising event. The hidden activations surprise formula
measures surprise as

However, as the last hidden layer can have hundreds to
thousands of nodes, approximating the joint probability be-
comes infeasible due to the curse of dimensionality. This
problem is solved by making the naive Bayes assumption that
all probabilities P; (h), ..., P2(hs) are independent. Using the
property that the Kullback-Leibler is additive for independent
distributions then gives

Surprisera = »_ Dir(Pi(hi)||P} (hi)).

3

Surprisega = Dip(P(hy, ...

(10)

The observation that not every hidden node influences the
final output equally allows reducing the complexity even more.
Therefore only a subset of the most activated nodes is used.
In this context, a node is activated when it outputs a value
greater than 0 when using a ReLU activation function.

C. Reconstruction loss surprise

The third and last surprise formula tested in this work is
the reconstruction loss surprise (Surpriserr). It combines el-
ements from both the reconstruction accuracy surprise method
and the hidden activations surprise method. The model archi-
tecture is the same as used for Surpriser 4. Training happens
in a similar fashion as well. First, the classifier is trained,
followed by the autoencoder. The weights of the classifier stay
fixed during this last training stage. However training is not
done on the full training set, a subset is kept separately just
as with hidden activations surprise method. After this two-
stage training process is done, the part of the training set that
was kept separately is fed through the entire architecture and
the reconstruction loss of the autoencoder is recorded. The
reconstruction losses of the samples are then used to estimate
the probability distribution of the reconstruction loss. Let P
be the probability density function of the reconstruction loss,
approximated during training. After training, the same proba-
bility density function can be estimated using new sequences
of data samples. Let this new estimate be P*. This estimate
will again be very similar to P; if the set used for the new
estimate is similar to the subset used during training. The
reconstruction loss surprise is calculated as

Surpriserr, = D (P P)). (11)

D. Model architecture

The baseline architecture used for the experiments, includ-
ing the decoder part, is illustrated in figure 1. The blue
part shows the classifier, while the green part shows the
autoencoder extension that is used in reconstruction accuracy
surprise and reconstruction loss surprise.

The classifier consists of three convolutional layers with
respectively 32, 64 and 128 filters. The last convolutional
layer is then flattened and used as input of a fully connected
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Fig. 1.
reconstruction accuracy surprise and in reconstruction loss surprise.

layer on which the output appears. A softmax function is then
applied to the output, in order to obtain probabilities for each
output class. The autoencoder extension used in reconstruction
accuracy surprise and reconstruction loss surprise is applied
directly to the output layer of the classifier, but skipping the
softmax function. The 10 outputs thus become the inputs of
a fully-connected layer with 1152 outputs. These outputs are
reshaped into 128 patches of 3 x 3 to which several transpose
convolutional layers are applied in order obtain to an output
image of 28 x 28.

IV. RESULTS

The classifier achieves an accuracy of 99.11% on the test
set after 10 epochs. The autoencoder achieves reconstruction
error of 0.3299, which is a good performance.

What is important for both the reconstruction accuracy
surprise and the reconstruction loss surprise is that the au-
toencoder is only able to reconstruct images that are similar
to the ones seen during training and that it cannot reconstruct
surprising images with the same precision. This is tested by
rotating the test set over different angles and measuring the
reconstruction loss. The loss increases as the angle of the
rotation goes from 0° to 90° anticlockwise, which means that
the autoencoder is performing worse on ‘surprising’ samples.

A. Rotation invariant network

The current way of dealing with possible surprising events
such as rotated images, is to apply data augmentation during
training. This means that during training, rotations are also
added to the inputs. This way, whenever the surprising event
of rotated input images happens, the network can still correctly
classify them as it has seen these kinds of images during
training. However, training a network that can accurately
classify the MNIST dataset with random rotations between
0 and 90 degrees requires a bigger network architecture.

Autoencoder extension

Architecture used in the experiments. The blue part shows the classifier, while the green part shows the autoencoder extension that is used in

Achieving a 99% accuracy on this augmented dataset is no
longer simple. There are networks that achieve 99% accuracy
on rotated MNIST by using rotation-invariant convolutional
filters [10] but such architectures are not relevant to try in
this context as rotation is just one example of surprise. Data
augmentation on the other hand, is a technique that can adapt
the network to any kind of surprising event, as long as this
surprising event can be anticipated during training. We adapted
our baseline model to achieve the highest possible accuracy
on MNIST with random rotations between 0 and 90 degrees.
The resulting network has a total of 1,689,594 parameters.
This is more than ten times the amount of parameters than
the classifier part of the baseline and more than five times
compared to the extended baseline. In addition, it is also
trained for 40 epochs instead of just 10 as more data needs to
be processed and more parameters need to be learned.

B. Reconstruction accuracy surprise

Reconstruction accuracy surprise depends on the autoen-
coder extension and the ability of the network to make
predictions on the reconstructed inputs. As mentioned in the
previous section, the average reconstruction loss is 0.3299. The
classification accuracy of the reconstructed inputs of the test
set is 94.22%. This means that the network does a reasonable
job at making accurate predictions of the reconstructed images.
Calculating the reconstruction accuracy surprise on the test set
gives Surprisegpa = 0.1307. This value is the surprise for the
regular, non-rotated test set, which should not be surprising
to the network. The surprise is then calculated over rotated
variants of the test set. Starting from a rotation of 5° which
should be only a little surprising up to a rotation of 90°, which
should be perceived as very surprising as the accuracy on this
rotation is only 18%. The Surprisera values range from 0.2
for a rotation of 5° to 1.9458 for a rotation of 90°. Figure 2
shows the development of the Surpriserpa value compared to



the classification error. The surprise metric shows that for the
least surprising event, i.e. a rotation of 5°, the surprise goes
up by 53% while the error goes up 32%. Over the course
of all rotations, the surprise metric seems to have similar
characteristics compared to the classification error. However,
measuring surprise does not require labelled samples while
measuring the classification error does.
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Fig. 2. Surprisera and the classification error curves.

C. Hidden activations surprise

Hidden activations surprise captures surprise without using
the autoencoder extension, Surprisegm 4 is measured by esti-
mating P(hq, ..., h1152), the joint probability of the outputs of
the last hidden layer. Estimating this probability distribution
function is done by observing the outputs at this hidden layer
on a set of data points.

Estimating the joint probability P(hq, ..., h1152) is impracti-
cal due to the curse of dimensionality. To overcome this limita-
tion, we assume that all probabilities P; (h1), ..., P1152(h1152)
are independent, just as done in the naive Bayes algorithm.
Additionally, to further simplify the surprise calculation, only a
subset of the 1152 nodes is taken as not every node contributes
equally to the final output predictions. The selection of which
nodes to use, is done by looking at the nodes that are activated
the most. As the activation function in the last hidden layer a
ReLU is used, hence a node can be seen as activated when its
value exceeds 0. The complete node selection procedure is as
follows: first, for all the samples in the surprise training set,
the values at the last hidden layer are stored together with the
predicted label. Next, for each possible output class, the nodes
that are activated the most are selected. Finally, for each class
the most activated nodes are added to the final set of nodes
until this set contains at least 50 nodes.

Estimating the probability density function for each of the
selected nodes happens in two stages. As a ReLU activation
function is used, most of the nodes have a high percentage
of values that are 0. P(h; = 0) is simply estimated as the
fraction of the samples in the surprise training set that have a
0 output for hidden node h;. For the values greater than zero,
the probability distribution is approximated using Gaussian
kernel density estimation (KDE) [11].

To capture surprise, this estimation is also done over the test
set. This estimation P* is then used to calculate Surprisea

using equation (10). The Surprisey 4 of the non-rotated test
set, using all samples in the test set to estimate P*, is 0.0685.
The surprise is then calculated over rotated versions of the test
set, up to a rotation of 90°. Figure 3 shows the development
of the surprise values and the classification error as the test
set gets rotated from 0° to 90°. The least surprising test set,
which has a rotation of 5°, has a surprise of 0.5476. This is
a value that is 8 times larger than the non-surprising test set.
The most surprising variant of the test set, the version rotated
by 90°, has a surprise of 14.496.

0.8

Average surprise
°
=
Error

0.2

0 20 40 60 80
MNIST rotation angle

Fig. 3. Surprisem 4 and classification error curves.

D. Reconstruction loss surprise

The third and final surprise method tested is the reconstruc-
tion loss surprise, which is a combination of the previous for-
mulas. The architecture of the full network is the same as used
in reconstruction accuracy surprise, as both formulas use the
autoencoder extension. However, as a probability distribution
function needs to be estimated just as in hidden activations
surprise, the training set is split in the same fashion as done
for Surpriseg 4. This has as a consequence that the classifier
accuracy is also 99.07%. Training the autoencoder with this
modified training set results in an average reconstruction error
of 0.334, which is only slightly higher than the reconstruction
loss when trained on the full training set.

The probability distribution function P; of the reconstruc-
tion loss between x and x* is estimated and used to measure
surprise with. Estimating the probability distribution P, of
the reconstruction loss is achieved by storing the losses for
all samples of the surprise training set and then applying
Gaussian KDE to approximate a probability density function.
Next, the probability distribution of the reconstruction loss is
estimated over the data set of which we want to measure the
surprise. This approximation P}* is then used in equation (11)
to calculate the reconstruction loss surprise. The Surprisery,
of the non-rotated test set is 0.00113 when using the test to
approximate P. The test set is then rotated from 0° to 90°,
and the surprise is calculated over these variants of the test set.
The least surprising test set, which has a rotation of 5°, has a
Surprisery, of 0.0258. This is more than 20 times higher than
the surprise for the non rotated test set, while the classification
error only slightly increases from 0.93% to 1.15%. The most



surprising version of the test set is the one with a rotation
of 90°. The accuracy on this rotated version is as low as
15.5%, which corresponds to a Surprisery, of 2.185. Figure
4 shows the evolution of the surprise values compared to the
classification error as the test set gets rotated to 90 degrees.
Over the course of all rotations, the surprise metric seems to
show similar behaviour compared to the classification error.
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Fig. 4. Surprisery, and classification error curves.

V. DISCUSSION

The presented surprise metrics prove being capable of
capturing surprising situations without the need of having the
true labels of the data. From the conducted experiments it
cannot be concluded which formula is the best to use in
order to capture surprise. All formulas show behaviour that
is desired in a surprise metric. In order to have a clear
view of which formula is best, more experiments need to
be done on larger and more complex problems and using a
wider range of surprising situations. However, reconstruction
accuracy surprise is likely to be the least useful metric due to
its sensitivity on the autoencoder performance.

The hardest part of the various presented methods is the
interpretation of the surprise result. What does it mean to
have a Surprisega of 1.254, a Surprisega of 5.89 or a
Surpriserr, of 0.67? The answer is that it is very much
task and model dependent, a Surprisery, of 0.025 might be
surprising for a certain dataset and deep learning model, while
that value may indicate no surprise on another dataset and
model. In order to determine which value is surprising for a
given dataset and model, first the average surprise over the
test set needs to be measured. Once this is known a threshold
for surprise can be set by looking at the surprise values for all
the different batches of the test set. A good threshold would
be a slightly higher value than the maximum surprise value
found across all the batches in the test set. For example, if for
a given dataset and model the average Surprisery is 0.016
with some batches having values close to 0.25, a Surprisery,
threshold to flag a situation as surprising could be set at around
0.30 or higher.

VI. CONCLUSION

Every human knows surprise as the feeling one gets when
something unexpected or unusual happens. It captures our

attention and enables us to learn from a new experience. Deep
learning models work differently, while their architecture is
roughly based on the brain, they do not have a notion of
surprise. Deep learning models apply what they have learned
to new inputs. When something in the input images changes
and creates inputs that are unexpected to what the model has
learned, the network will try to keep applying its knowledge
on it, but will fail to make accurate predictions.

By measuring the surprise of a deep learning model on
input sequences, it becomes possible to track the network
performance on new situations without having access to the
true classes of the data. Adapting to surprising situations using
online learning, is key for machine learning models to stay
accurate when inputs suddenly behave unexpectedly.

This work defined three metrics to quantify surprise: re-
construction accuracy surprise, hidden activations surprise and
reconstruction loss surprise. Reconstruction accuracy surprise
and reconstruction loss surprise are metrics based on the idea
that an autoencoder is only able to reconstruct images that are
similar to the ones seen during training. Hidden activations
surprise is based on the idea that the nodes in the last hidden
layer of a neural network activate differently during surprising
situations. The proposed surprise metrics offer measurements
that can be used to capture the surprise of a deep learning
model in image classification tasks. The surprise metrics prove
being capable of capturing surprising situations. Retraining a
model to surprising situations also correctly lowers the surprise
again to a non-surprising value. While more experiments on
more complex and industry relevant deep learning tasks should
be conducted, surprise shows to be a promising tool for deep
learning applications.
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Chapter 1

Introduction

Surprise is something everybody knows what it feels like. It is a feeling caused by some-
thing that is unexpected or unusual. Surprise can occur in a variety of intensities, certain
events can be perceived as very surprising while other events may only be observed as a
little surprising. When surprising events start reoccurring more regularly, over time they
will be observed as less and less surprising. Surprise also plays a vital role in learning as
it raises our attention [16]. It is a concept that is also covered in neuroscience where it

has been studied how it is triggered in the brain and what its effects are [10].

Surprise is often used interchangeably with novelty in many studies, and while closely
related, they are very different from each other [5]. Novelty refers to the property of being
not previously encountered or experienced while surprise refers to the result of experienc-
ing something suddenly or unexpected. Surprise often, if not always, accompanies novelty.
When something is encountered for the first time, it should not only trigger novelty but
also surprise, because the novel item could not have been predicted or expected. On the
other hand, it is obvious that surprise does not imply novelty. A familiar situation may
be surprising in a context where something else is expected. This thesis focuses on sur-
prise. While our research may also be useful in areas focusing on novelty such as novelty
detection, the focus in this work is on situations where something unexpected happens

that persistently changes the observations after the event.
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The goal of this thesis is to use the concept of surprise in the context of deep learning
and more specifically on tasks involving sensor systems. Concretely we will look into image
classification which is a task performed on data from an image sensor. Image classification
is the task of predicting the class of given input images, categorising the image as one
class of a defined set of classes. Each class usually corresponds to the main object that
can be identified in the image. A popular machine learning technique for classification
is using neural networks, which are described in detail in section 2.1.1. Neural networks
have two phases of operation. The first phase is the training phase. During training, the
network processes labelled images, i.e. every image has a label indicating the class of the
image. The goal of the training phase is to learn the network parameters so that the
neural network can make accurate predictions of the labels of previously unseen images.
The second phase starts after the training process is finished, and is called the inference
phase. During this phase the network uses the knowledge it has acquired and utilises it

to predict the labels of new images.

An important remark is that, when using machine learning the assumption is made
that the samples used during training are similar to the ones seen during inference. A
neural network cannot recognise an image of a horse if all images during training are of
cats. As a result, machine learning cannot handle surprising events properly. For example,
when all of a sudden something in the setup produces rotated images during inference, the
network will continue making predictions about the labels of these rotated images. Either
the network has seen rotated images during training and will continue making accurate
predictions, or the network has not encountered rotated images and will most likely be
inaccurate. In the latter case, it is impossible to detect this change in accuracy because
it happens during inference where the true labels are no longer available. Therefore the
network is no longer reliable. Adding a notion of surprise to neural networks would
allow recovering from an unexpected situation. If rotated images were not present during
training and suddenly appear during inference, this would be a surprising event. Being
able to use this notion of surprise can then be used to retrain the network on rotated
images to adapt to the new samples seen during inference. Retraining the network to

adapt to the surprising situation is a way of doing online learning, as opposed to the
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standard way of training once and then doing inference.

Currently, the most commonly used machine learning technique to prevent surprising
events that will be classified inaccurately, is to anticipate all possible surprising events
and already include them during training using data augmentation. When using data
augmentation, all augmentations of the original image, such as a rotated, skewed, flipped
image are also processed during training. This makes the network robust to any antici-
pated surprising situation (which are as a result no longer surprising). However, creating
such a robust network results in a larger network than strictly necessary. This has as
a downside that such a network requires a more extensive training process which needs
more processing power, more memory and consumes more energy. A smaller network that
is tailored to a specific task, on the other hand, has as advantages that it can do faster
inference, needs less resources and consumes less energy. It has as downside that it is not
robust to surprising situations. Adding a notion of surprise to such a smaller network
can enable it to adapt to surprising situations through online learning, while keeping the

advantages of being a smaller network.

While surprise is an intuitive concept and could prove to be useful in machine learning,
one of the key problems is that it is hard to quantify. In information theory, Shannon’s
information content is sometimes described as surprise, and in Bayesian statistics, surprise
is quantified by measuring the difference between posterior and prior beliefs. Yet neither
of those metrics for surprise are suited to be used in the context of deep learning as they
define surprise differently, as will be shown in section 2.2 . The goal of this work is to
define and validate surprise measurements that can be used in the context of deep learning

for image classification tasks.

This thesis starts with a technical background of deep learning and surprise in chapter
2. The proposed surprise formulas and the setup of the experiments are described in detail
in chapter 3. Chapter 4 covers the result of the experiments. These results are evaluated

and discussed further in chapter 5. Finally, this thesis is concluded in chapter 6.



Chapter 2

Technical background

2.1 Deep Learning

Artificial Intelligence (Al) is a field of computer science that aims to create machines that
are capable of thinking and acting like humans. Today, Al is a thriving field and rapidly
transforming our world with many practical applications such as autonomous vehicles,
personal assistants on our smartphones, and so on. Many of the contributing factors to
the remarkable progress made during the past decade can be attributed to advancements

in machine learning [25].

Machine learning is a subfield of Al seeking to provide knowledge to computers not by
explicitly programming them but through data. Machine learning enables computers to
make decisions not by following fixed rules but through knowledge of the real world. The
term machine learning was first used by Arthur Samuel back in 1959, he described the
field as “Field of study that gives computers the ability to learn without being explicitly

programmed” [39].

Machine learning algorithms can be divided into three categories: supervised learning,

unsupervised learning and reinforcement learning [41]. In supervised learning, a rela-
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tionship between input and output is modelled. Supervised learning also means that
the desired outputs are provided to the machine during training. The aim is to learn
a mapping from these inputs to the desired outputs so that the outputs of new unseen
inputs can be predicted. Supervised learning can be further categorised into regression
and classification. Regression tasks are those where the output is a real value such as
price or distance, while classification tasks have a categorical output that can be put into
classes, such as ‘cat’ or ‘dog’. The machine learning problem tackled in this thesis is

image classification which is a classification problem where the inputs are images.

In unsupervised learning, there is only the data, no supervisor is providing the desired
output. Unsupervised learning tasks aim to find structure in the data. A significant
portion of unsupervised algorithms are clustering algorithms; their goal is to find groupings
or clusters in the input. Clustering has many use cases such as document clustering [7],
data compression [40] and customer segmentation [47], which provides natural groups of

customers that can be targeted differently.

The last category is reinforcement learning. The output in this category is a sequence
of actions. Unlike supervised learning, there are no input-output pairs given during train-
ing. Instead, the machines are provided with a reward function to evaluate its perfor-
mance. Reinforcement learning mimics how animals and humans learn, by trying out

different things and rewarding what goes well and penalising what goes wrong.

A simple machine learning algorithm called linear regression is able to estimate housing
prices [35]. Another simple algorithm is naive Bayes, which can filter spam emails from
legitimate emails [38]. The performance of traditional techniques such as the ones just
mentioned depends heavily on the representation of the data. For example, when linear
regression is used to estimate housing prices, the house is not directly examined. Instead,
certain pieces of information of the house are used, such as the surface of the living area,
the neighbourhood, surface of the lot, etc. These make up the data representation or
so-called features of the house. Linear regression learns how the housing prices relate to
each of these features. The algorithm is heavily dependent on these chosen features, if

only the number of bathrooms of a house were given, rather than all relevant measurable
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features, linear regression would not be able to make accurate predictions.

For many years the main task in machine learning problems was to create the right
features for a given problem. Many tasks can be solved by a relatively simple machine
learning algorithm when given the right features. The difficulty lies however in knowing
what features should be extracted. For example, suppose that we would like to do face
recognition. We know how faces look like, they have amongst others, eyes, a nose and
a mouth. We also know the geometric shape of the eyes, but sometimes people wear
sunglasses or hair obscures part of the eyes, and so on. It is difficult to describe precisely
what a face should look like in terms of raw pixel values. One approach to solve this
problem is to use machine learning to discover the best representation of the data. These
learned features often perform much better than manually designed representations. They
also make it possible for Al systems to adapt to new tasks, without having to spend many
hours manually engineering new features [17]. Learning algorithms are also able to learn
these representations in minutes or up to days for complex tasks, where hand-designing
representation for a complex task can require many efforts from an entire community of

researchers.

Extracting high-level features from raw data can be very difficult, even for learning
algorithms. Individual pixels in an image of an outdoor scene depend heavily on the
shadows and light intensities. The viewing angle also changes the silhouette of objects.
Therefore high-level representations need to have disentangled factors of variation. Many
of those high-level features can only be extracted by having a sophisticated understanding

of the data.

Deep learning does feature learning by creating features that are expressed in terms
of other, more straightforward features. For example, the simplest representation of an
image are the input pixels. It has been shown that the features in the first layer can
represent the edges in the image and from those edges, the next features can represent
things like corners and contours, and so on. Until finally the features can be used to

identify entire objects [49].
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Deep learning is a powerful tool for supervised learning. A deep neural network can
represent increasingly complex functions by adding more layers and more units within a
layer. Many tasks that are easy for a person to do but are hard to program explicitly
and that consist of mapping an input vector to an output vector can be done with deep

learning, given sufficiently large labelled datasets and sufficiently large models.

2.1.1 Neural Networks

Artificial neural networks are the basis for deep learning, and are inspired from the brain.
But while they are inspired by neuroscience, the goal is not to understand the brain
per se, but to create powerful machines that achieve good results in machine learning
tasks. A biological brain consists of neurons and synapses. Neurons are the fundamental
computational units of the brain. The human brain houses approximately 86 billion
neurons, operating largely in parallel [3]. Those neurons are largely connected to other
neurons, with each neuron having around 10 synapses, or connections to other neurons.
In the brain, each neuron receives an input signal from its dendrites. All inputs from the
dendrites are accumulated in the cell body and if they reach a certain threshold, a spike
is sent through the axon where it outputs a signal. The axons are connected via synapses
to dendrites of other neurons. This flow is something that is mimicked in artificial neural

networks.

Multilayer perceptron

The perceptron, invented by Rosenblatt in 1958 [36], is the basic unit of a neural network.
It has inputs z; € R,j = 1,...,m and output y. Each input also has a corresponding

weight, in the simplest case, the output is a weighted sum of the inputs,

y = ijxj + wo. (2.1)

j=1

The extra wy weight is called the bias weight and is added to make the model more
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general. It is modelled as the weight of an extra input zy which is always 1. The output

y can also be written as a dot product,

y=w'x, (2.2)

with w = [wo, wy, ..., )T, = [1,21,...,x,)T. To solve a task with the perceptron, the
weights w need to be adapted so that the correct outputs are calculated for the given

inputs, how exactly this is done, is covered later.

The perceptron implements a linear discriminant function as equation (2.2) defines a
hyperplane. As such it can separate two classes as a hyperplane divides the input space
into two half-spaces. Class C) is chosen if w”x > 0 and C, is chosen otherwise. It is
important to remark that two classes can only be separated using a linear discriminant

function if those classes are linearly separable.

When there are more than two classes, multiple perceptrons can be combined. For
K > 2 outputs, there are K perceptrons with each of them having their own weight vector
w;. The corresponding outputs y; can be combined to an output vector y and calculated
as,

y=We, (2.3)

with W the K x (m + 1) weight matrix where the rows correspond to the weight vectors
w; of the K perceptrons. To select a class in a classification task, the class C; is chosen

if y; = max y. Figure 2.1 shows K parallel perceptrons.

With a single layer of parallel perceptrons, only linear functions can be approximated.
Other simple functions like for example, the XOR function, cannot be represented. One
way to solve this is by using multilayer perceptrons (MLP) or feedforward neural net-
works. An MLP combines multiple layers of parallel perceptrons, where the inputs of
intermediate layers, also known as hidden layers, are the outputs of the previous layer
after a non-linear function is applied to them. The reason for this non-linearity is that

linear combinations of linear combinations result in a linear combination, i.e. an MLP
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xo = t+1 X| X; Xq

Figure 2.1: K parallel perceptrons with inputs z; and outputs y;. Each output
is a weighted sum using weight w;j to connect input x; with output y;. Figure
taken from [2].

without a non-linearity can be simplified to a single layer perceptron and hence has the
same expressive power. Including a non-linearity allows learning non-linear relationships

between inputs and outputs. An often used non-linearity is the sigmoid function,

= 2.4
o) = T, (2.4
and the hyperbolic tangent,
et — et
tanh = —. 2.5
anh(z) = S (2.5

These function are differentiable, continuous functions that mimic a threshold, e.g. the
sigmoid function generates an output in the (0, 1) range. The non-linear function that is

applied to the output of a perceptron is called the activation function.

Back-propagation

A multilayer perceptron can be used to approximate any function. The universal approx-
imation theorem [9] states that any continuous function can be approximated by an MLP
with at least one hidden layer. However, it does not state how the weights of such multi-
layer perceptrons are obtained. To go from a multilayer perceptron to a neural network

and deep learning, the network must learn how to obtain the right weights for a task.
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To learn the weights, a cost function is used, which is defined in terms of these weights.
In supervised learning, cost functions are used to measure how good or bad the model
is in terms of the model predictions ¢ compared to the true labels y. Typically the cost
function is expressed as the difference or distance between the predicted value and the
actual value. The cost function is also often referred to as the loss or error function. The
objective of machine learning is to find parameters that minimise this cost function. The
exact cost function used is heavily problem dependent. Classification tasks use different
cost functions than regression tasks, and for each of those category different cost functions
can be used. For regression tasks, the most used cost function is the mean squared error

(MSE)

N
1 Z .
i=1

While for classification the Cross-Entropy loss is commonly used

oy [(eptallass)
loss(z, class) = — log (Z] exp(m[j])) . (2.7)

To minimise the cost functions in neural networks, an iterative process is used, called
gradient descent. Gradient descent is an optimisation algorithm that finds the minimum
in an iterative way. Minimising f () can be done by taking a step in the direction in which
f decreases the fastest. This can be done by using the gradient, as the negative gradient
points directly downhill. As a result, f can be decreased by moving in the direction of

the negative gradient. Gradient descent selects a new point by
' =x—eVyf(x) (2.8)

with € the learning rate. The learning rate is a positive scalar that determines the size of
the step taken. Choosing the right learning rate is an essential step in optimising neural
networks. While a high learning rate can cover more distance in each step, it has a risk
of overshooting the minimum as the gradient is constantly changing. A low learning rate
is more precise but has as a downside that it is more compute intensive as it will take a

longer time to get to the minimum.

10
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In the standard gradient descent formula of equation 2.8, the cost function is evaluated
over the entire training set. Having to compute the gradient over every training sample
for each iteration in gradient descent is a rather compute-intensive task and not strictly
necessary. A variant of standard gradient descent is stochastic gradient descent where the
gradient is calculated over only one sample. This has the advantage that the gradient is
much faster evaluated, but the downside is that the gradient can have a lot of noise as it is
only computed over a single data sample. Therefore, the most common variant of gradient
descent is a compromise of both. It uses minibatches to compute the gradient, this keeps
the speed advantage over standard gradient descent while also being more stable than

stochastic gradient descent.

If the cost function is J(@), then we need to calculate the gradient VoJ(0). So the

parameters can be updated using gradient descent by applying

2J(0)

t+1 _ pt
0 =0"—¢ 90

(2.9)

In this formula # denotes the parameters of the network. The primary parameters are

k
w”,

which is the weight between node ¢ in layer £ — 1 and node j in layer k. In order to
calculate the gradient of the weights with respect to the cost function, back-propagation
is used. The back-propagation algorithm [37] is a way to compute the gradient by using
the information from the cost function and flowing it backwards through the network.
The backward part comes from the fact that the gradients of the weights of the final layer
are being calculated first and the gradients of the first layer are calculated last. The back-
propagation algorithm calculates the gradient by using the chain rule and the product

rule. This also explains why the activation function had to be a continuous, differentiable

function, as it will be used in the chain rule for derivatives.

The back-propagation algorithm is based on applying the chain rule to the error func-

tion partial derivative
aJ aJ 8@?

E .k 9k’
ow;;  dai dwy;

(2.10)

where a? is the activation of node j in the kth layer, before it is passed through the

11
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non-linear activation function. The first term can also be written as

0
&t 5o (2.11)

If
S

and is called the error term. The second term can be rewritten as the weighted sum of

the outputs from the previous layer

k
8a]

j d -— k _k—1 k—1
dwk ~ dwk (Z wio” | = 0 (2.12)
v =0

ij

where of is the output of node i in layer k, i.e. after passing through the non-linear
activation function and r; is the number of nodes in layer k. Putting these expression
together we can write equation (2.10) as

= okoh1, (2.13)

3 5%
ow;;

This means that the partial derivative of a weight wfj is the product of the error term of
node j in layer k£ and the output of node ¢ in layer kK — 1. The calculation of the error term

5? is dependent on the error terms of the next layer and eventually on the error function

J. Computing these error terms starts from the output layer down to the input layer.
Taking the MSE cost function as example, the cost function becomes J = % (g — y)Q,
where ¢ is the output of the network and y is the true output. Without loss of generality
a one output final layer is assumed (j = 1). J can then be written as J = %(go(a’ln) — y)2,
where g, is the activation function for the output layer. Through formula (2.11) and
the product rule, the error term of the final layer becomes 07" = (go(at*) — y) g, (a}*) =

(9 —y) g.(a]"). Plugging this into equation (2.13), the partial derivative with respect to

the weights of the last layer becomes

o0J

m
owy

=670 = (g —y) g)(a]") 0" . (2.14)

In the hidden layers, the partial derivative takes a bit more calculations. The error

12
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term in the hidden layers depends on all the nodes in the next layer. The error term in

these layers can be written as

Tkl a1
l

oJ
ok = 2F = > ot 5 (2.15)
J =1 J

where ;1 is the number of nodes in the next layer. The last term of this equation can

be written as

aak+1
o = it (@), (2.16)
J

where ¢’ (x), is the derivative of the activation function. Combining all of this together

we get the back-propagation formula for the partial derivatives of the cost function J in

terms of the weights

Tk+1

aJ
Sk = §¥of ™t = ¢ (ab)of ™! Z whHertt. (2.17)
LY =1

To summarise, during the forward phase of the network the output y is computed. In
the backward phase the error between § and y is used to calculate the error terms and
partial derivatives with respect to the weights in each layer in a backward flow. Once the
backward phase is completed, the weights can be updated using gradient descent. This

process iterates until a local minimum is found.

Rectified Linear Units

As described above, each layer adds a non-linearity through the activation function. The
stgmoid and tanh functions have been the most used activation functions for many years
but have lost popularity in recent years due to the vanishing gradient problem [20]. The
sigmoid function outputs any value into the (0, 1) range, this is useful as it can be used for
representing probabilities. There is, however, an issue with the derivative. The derivative
of the sigmoid function has a maximum of 1/4 and a horizontal asymptote at 0. In
back-propagation, gradients propagate through the network using the product rule, and

since the derivatives of the activations are smaller than one, the final derivative becomes

13
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smaller and smaller. In deep learning where there are many layers in the network, the
first layers will have very small and inaccurate gradients. However, the first layers are the
most important in the forward phase, as the following layers build on this. Inaccuracies in
the first layer therefore corrupt the entire network. To solve this, an activation function

with better derivative behaviour is required.

Rectified linear units (ReLLUs) [32] use the activation function
9(2) = max(0, z). (2.18)

A ReLU is fast to evaluate and has a very simple derivative. The gradient is 0 across
half of its domain and 1 in the linear part. This means that it does not suffer from the
vanishing gradient problem. There is a drawback when using RelLUs though, they cannot
learn from samples for which the activation is zero. One negative value will produce a
0 gradient in all following layers in back-propagation. There are variants of ReLLUs that

guarantee gradients everywhere such as leaky ReLUs [28] and Maxout units [18].

Overfitting and underfitting

The goal in machine learning is that the model must generalise well, i.e. perform well on
previously unseen inputs, and not just on those on which the model was trained. Neural
networks are optimised during training by using the cost function to minimise the training
error. In machine learning we also want to minimise the test error. This is measured on
a test set of samples that were collected separately from the training samples. To achieve
a network that performs and generalises well it needs to have a small training error and a
small gap between training and test errors. These two elements correspond to the concepts
of underfitting and overfitting. When the model is not able to produce a sufficiently low
training error, it is underfitting. Overfitting, on the other hand, happens when the test

error is much larger than the training error.

14
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Regularisation

The behaviour of neural networks is strongly affected by the number of nodes per layer and
the number of layers. Neural networks can approximate increasingly complex functions by
adding more nodes and more layers to the network. While more complex neural networks
can approximate more complex functions, they are also very sensitive to overfitting. One
way to overcome overfitting is to modify the cost function to include weight decay. Weight
decay expresses a preference for weights with a small L2-norm. Taking the MSE cost

function as an example, the new cost function with weight decay becomes
J(w) = MSEqain + M’ w, (2.19)

with X is a hyperparameter that controls the strength of the weight decay.

More generally, any modification to the learning algorithm that aims to reduce over-

fitting is known as regularisation.

A recent powerful method of regularisation is dropout [44]. Dropout refers to dropping
out nodes in a neural network. Dropping out a node means temporarily removing it from
the network, including its incoming and outgoing connections. Which nodes to drop is
chosen randomly. Each node is dropped with probability p, independent of the other
nodes. Dropout can be seen as mimicking an ensemble of similar models. It is applied
only during the training phase. After training, all nodes are used, but the activations are
reduced by a factor p to account for the missing activations during training. Figure 2.2

illustrates dropout.

2.1.2 Convolutional Neural Networks

Convolutional neural networks [26], also known as CNNs, are a specific kind of neural
network. CNNs work mainly on image data, where they exploit the two-dimensional

structure of the data. This section describes the structure of a convolutional neural
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a) Standard Neural Net (b) After applying dropout.

Figure 2.2: Comparison of a standard neural network on the left and a neural

network on which dropout is applied on the right. [44]

network and how it is used to do image classification.

Standard neural networks do not scale well when used on image data. Small images
that are only of size 32 x 32 x 3 (32 pixels wide, 32 pixels high, and 3 colour channels),
require a large regular neural network. One neuron in the first hidden layer has 32 x 32 x
3 = 3072 inputs and thus has 3073 learnable weights (this includes the bias weight). In
deep learning where there are many layers and many neurons in each layer, the amount
of learnable weights for image input data would quickly add up. This huge number of
parameters would need a long training process and would quickly lead to overfitting.
Convolutional neural networks exploit the fact that the inputs are images and thus have

a certain 2D structure to reduce the number of parameters.

A convolutional neural network has three fundamental type of layers, namely convo-
lutional layers, pooling layers, and fully-connected layers. The latter type is the layer
described in regular neural networks. The full architecture of a CNN is shown in figure

2.3. The convolutional layer and pooling layer are described next.

Convolutional layer

In a convolutional layer the parameters consist of a set of filters. These filters are essen-
tially small 2D patches, e.g. 3 x 3 or 5 x 5, that extend through the depth of the network.
Every filter is convolved across the width and the height of the input. The computed

value is the discrete convolution of the filter and the corresponding patch of the inputs. A
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Figure 2.3: The architecture of a convolutional neural network.

discrete convolution is a linear transformation that preserves the 2D structure. Each filter
slides over the input and calculates at every position the product between each element
of the filter and the input element it overlaps with. The results at each position are then
summed up to obtain the output value at that position. Sliding the filter across the entire
image results in a 2D feature map. Repeating this process for multiple filters results in
as many output channels as there are filters. If the input has multiple channels, the filter
needs to be 3-dimensional and the output is obtained by element-wise summation of the
resulting feature maps. An illustration of applying a convolutional filter over an input

image is shown in figure 2.4.

It can be noticed that the output size of a convolutional layer is not only dependent
on the filter size but also on the size of the inputs, this is different than in fully-connected
layers where the amount of neurons determine the output size. Apart from the filter
size and input size, three more hyperparameters control the size of the output layer: the
depth, stride and zero-padding. The depth corresponds to the number of filters used in
a convolutional layer as each filter corresponds with an output channel, the depth thus

determines the amount of channels in the output. The stride in a convolutional layer
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(a)
(b)

Figure 2.4: Ilustration of the computations in a convolutional layer. (a) shows

the filter used in (b) to compute the discrete convolution over [11].

controls how the filter slides over the input. With a stride of one, the filter is moved one
pixel at a time. With a stride N the filter jumps N pixels at a time when sliding over the
input. Higher strides result in a lower output size. Zero-padding is a feature that pads the
input with zeros around the border. The size of the zero-padding is a hyperparameter that
allows changing the output dimensions. This can be helpful when using strides higher
than 1, to adjust the input so that the strides can fit in the input. The final output
size of a convolutional layer with input of size W; x Hy; x C}, K kernels of size F' x F,
a stride S and zero-padding P is Wy X Hy x Cy. Where Wy = (W, — F 4+ 2P)/S + 1,
Hy=(H,—F+2P)/S+1and Dy = K.

The amount of learnable parameters is independent of the size of the image. A con-

volutional layer with K filters of size F' X F has K x F' x '+ 1 weights, this includes a
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bias weight that is added to the result of the convolution. Training convolutional layers

happens in the same way as fully-connected layers, namely using back-propagation.

Pooling layer

Pooling layers are an optional but often encountered layer in convolutional neural net-
works. Pooling layers have as purpose to reduce the dimensions of the output of a con-
volutional layer. A pooling function operates on the output of a convolutional layer and
creates new outputs by summarising the outputs of a small patch. The most used pooling
function is max pooling [50], which takes the maximum output within a rectangular patch.
The most common form of a max pooling layer uses a 2 x 2 filter, applied with a stride of
2. This downsamples the output of a convolutional layer by a factor of 2 in both the width
and the height, the amount of channels remains untouched. Figure 2.5 illustrates max
pooling with a 2 x 2 filter and stride 2. Pooling layers are not always used in CNNs, many
researchers prefer using architectures that only consists of convolutional layers [43]. They
use larger strides in the convolutional layer to reduce the output instead of an additional
pooling layer. It has been shown that not having pooling layers is important in generative

models, such as deep convolutional generative adversarial networks (DCGANSs) [34].

111124
56|78 6 | 8
3| 210 3|4
112|134

Figure 2.5: Ilustration of max pooling. [22]

2.1.3 Autoencoders

An autoencoder [19] is a special kind of neural network that is trained to reconstruct a
copy of its input to its output. An autoencoder takes an input @ and internally maps
it to the latent representation h that describes a ‘code’ used to represent the input. An

autoencoder has two parts: an encoder that produces h = fy(x) and a decoder that
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produces a reconstruction y = gg(h), with § and 6" the parameters of the respective
parts of the network. The architecture of an autoencoder is shown in figure 2.6. The
latent space of the autoencoder is designed so that it is unable to learn to copy the inputs
perfectly. This way the model is forced to select which aspects of the input should be
copied to the latent representation, and as a result learns useful properties of the data.
The parameters are optimised, by minimising the reconstruction loss between @ and y.
This makes autoencoders an unsupervised learning technique as they do not need any

additional labels for the data.

Input = Output v

Encoder Decoder

Figure 2.6: The general structure of an autoencoder, mapping an input x to

the output h through the latent space representation h.

Denoising autoencoders

One way to force an autoencoder to learn a useful representation in the latent space

is by changing the reconstruction term of the cost function. A traditional autoencoder
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minimises a cost function J(x,g(f(x))), penalising high reconstruction losses. A result

of this cost function is that the network will try to learn the identity function.

A denoising autoencoder instead minimises J(x,g(f(&))), where & is a corrupted
version of @ to which some form of noise is added. The autoencoder now has to reconstruct
the clean input from a partially distorted one. As a result denoising training forces f and

g to learn implicitly the structure of pguq() [1, 6].

Convolutional autoencoder

Standard autoencoders and denoising autoencoders use fully-connected layers, and thus
ignore the 2D structure of images. The convolutional autoencoder (CAE) [29] uses con-
volutional layers that can exploit the 2D structure of the data. The CAE architecture
is intuitively similar to the one of a standard autoencoder. In the encoder part of the
network, it replaces the fully-connected layers with convolutional layers. For the decoder
part, the network needs to go from the smaller latent space back to the original input
dimensions. The decoder requires an operation that also respects the 2D structure but
can expand in dimension. Transpose convolutions, also known as fractionally strided con-
volutions or deconvolutions (although it is not an actual deconvolution operation), can be
seen as the gradient of a convolution with respect to its input. The simplest way to rea-
son about a transposed convolution is to view the input of a transpose convolution as the
output of a regular convolution on some initial feature map. The transposed convolution
can then be seen as the operation that reverses this back to the same shape as the initial
feature map. However, it does not recover the original inputs as a transpose convolution
is not the reverse of a convolution. A transpose convolution uses the normal convolution

operation but uses zero-padding and strides to obtain the desired output shape.
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2.2 Surprise

In psychology, it is widely agreed that surprise is an emotion emerging from the mismatch
between expectations and what is actually experienced or observed [14]. In this thesis
our concern is not with the emotion of surprise but rather with the quantification of
surprise. In neuroscience it has been recognised that the amplitude of the P300 component
of event-related brain potentials reflects the degree of surprise [10]. P300 is an event-
related potential (ERP), which is measured by electroencephalography (EEG). Studies
have linked P300 with the processing of unexpected events [33], P300 has also been used
as neural surprise marker in odd-ball experiments [12]. However, outside the context of
neuroscience, surprise has no standard metric to be quantified with. In what follows,

several alternative definitions are introduced.

Kullback-Leibler divergence

The Kullback-Leibler divergence (Dg ) plays a role in both the Bayesian surprise formula
(2.23) and the confidence-corrected surprise (2.25), which are discussed later. This is not
unexpected as the Kullback-Leibler divergence on its own can also be seen as a measure of
surprise. The Dy has its origin in information theory. The Kullback-Leibler divergence

[24] is defined as:

7,
Di1(P||Q) = ZP logP ® (2.20)

It measures how one probability distribution differs from the expected probability distri-
bution. Dgr(P||@) is the divergence from @ to P, and it measures the information gained
when changing the prior distribution @ to the posterior distribution P. If applicable, P
represents the true distribution of the data while () represents a model or approximation
of P. The Dy, is defined only if for all i, Q(i) = 0 implies P(i) = 0. An important
property is that the Kullback-Leibler divergence is additive for independent distributions.

If P, and P; are independent distributions with joint distribution P and likewise for @)y,
Q2 and @, then Dy (P[|Q) = Dxr(P1||Q1) + Drr(P||Qo).
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Shannon Surprise

In information theory, Shannon’s information content [13] or self-information
I(X) = —Inp(X), (2.21)

is often associated with surprise, and therefore also sometimes called surprisal. The
information content of a sample X measures the amount of information that is revealed
when observing X. This metric of surprise will further be referenced as Shannon surprise.
Unlikely events have a high amount of information. Conversely, when a common event is
observed, a small amount of information is associated with this event. A simple example
is the case of a coin flip. If it is a fair coin, both heads and tails will have a probability
of 0.5. This gives a self-information of 1 bit for both events if we use log,. If the coin
is biased and has a probability of 0.75 to be heads, the self-information of a sample coin
toss that lands heads would be 0.415 bits while the self-information of the less common

event of landing tails would be 2.

Bayesian Surprise

Another way to look at surprise comes from Bayesian theory. In the Bayesian framework
models or hypotheses are associated with confidence or belief. Bayesian surprise is then
defined as the changes for a given observer that take place when going from prior to
posterior distributions of the data [4]. When considering a set of possible models M,
an observer has a prior distribution P(M). Observing new data D leads to reevaluating
the beliefs and changes the prior probability into a posterior probability. Bayes theorem

states that
P(D|M)

P(M|D) =~

P(M). (2.22)

From this formula it can be seen that the effect of D is that it can be used to change P(M)

to P(M|D). The surprise of data D is then defined as the Kullback-Leibler divergence
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between the prior and the posterior
S(D, M) = Dk (P(M)||P(M|D)). (2.23)

The alternative version S(D, M) = Dk (P(M|D)||P(M)) is also used and may be even
preferred if the “best” distribution is used as first argument. This metric gives a higher

surprise for data samples that cause a larger change in belief.

Confidence-corrected surprise

The Shannon surprise and Bayesian surprise formulas are distinct formulas to capture
surprise yet they can be seen as complementary. Shannon surprise captures the unex-
pectedness in sample X given a model, while Bayesian surprise is about the model as its
belief changes. Another difference is that Bayesian surprise is calculated only after the
belief is changed while Shannon surprise is immediately available upon observation of the

sample.

Confidence-corrected surprise [15] is a formula that tries to combine both surprise
measures by using their complementary benefits and overcoming their individual short-
comings. First, it replaces Shannon surprise by a weighted average over all possible model
parameters ¢. The weight is determined by the current belief m(#). This gives the raw
surprise

Sraw(X;m) = —/@7?0(9)111 p(X10)d6. (2.24)

This is also equal to the sum of the Shannon and Bayesian surprise: S,q.,(X;7m) =
Surpriseshannon(X; m) + Surprisepayes(X;m). Confidence corrected surprise extends
this by also including the confidence in his belief, in the formula. This ensures that data
samples that occur with a low probability when there is uncertainty about the world,
because not enough is learned about the world yet, are less surprising than samples
that have a low probability when there is more certainty about the world model. This
confidence is represented by the entropy of the current belief about the model parameters

H(my). Confidence corrected surprise is then derived from subtracting the entropy from
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the raw surprise, where p(X|#) is normalised to the scaled likelihood p,(6).

The confidence-corrected surprise then becomes:

Seorr (X m0) = / 70(6)In mo(0) d0 = Dp,(mo(0)|px (). (2.25)
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Chapter 3

Setup

3.1 Defining and quantifying surprise in deep

learning

In the previous chapter it was mentioned that in psychology, surprise is defined as an
emotion emerging from the mismatch between expectations and what is actually expe-
rienced or observed. In the context of deep learning, surprise is a metric that captures
a persistent mismatch between the expected characteristics of the input data and the
characteristics of the observed data. In this work we define a neural network as being
surprised when an unexpected event occurs that affects the stream of input data. This
means that a surprising event does not just influence a single data sample but rather
a sequence of samples following the event. In this work we define unexpected and thus
surprising events as events that are unlikely to happen according to the characteristics
of the data that the model learned during training. As a consequence, surprising events
often result in inaccurate predictions of the model. Concretely we will work with image
classification tasks where the unexpected event is rotating all inputs with a fixed angle

between 0° and 90°, and where the model has not seen any rotated inputs during training.
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As this definition of surprise captures the impact of a persistent event such as suddenly
rotating all the input images, surprise is a metric that is measured over a sequence of
samples. However, sometimes it can be useful to measure the mismatch between a single
input sample and the expected characteristics of the input data. Capturing such ‘surprise’
of a single sample is covered by the field of novelty and outlier or anomaly detection, but
this is not what is regarded as surprise in this work. As mentioned in the introduction,
surprise and novelty are often interchanged concepts but are in fact very different [5].

Outlier and novelty detection are widely studied topics in machine learning [21, 48].

Section 2.2 has already covered different formulas of surprise. To recapitulate, Shan-
non surprise captures the self-information of an observed data sample, Bayesian surprise
captures the change in belief of an observer about the distribution of the data after ob-
serving a data sample, and confidence-corrected surprise is a combination of both. While
those formulas have proven useful in some cases, they are not suited for surprise as it is
defined here, as they work on single data samples or assume a set of models of the world.

A new formula is needed to capture the surprise in the context of deep learning.

3.1.1 Reconstruction accuracy surprise

The first proposed method to measure the surprise of a neural network is reconstruction
accuracy surprise (Surprisega). The main idea behind this method is that autoencoders
are only able to reconstruct images that are similar to the ones seen during the training
phase of the autoencoder, which is a characteristic that can be used to measure surprise.
Consider a typical autoencoder trained on input images of dogs, the autoencoder will
easily reconstruct images of other dogs but will fail to reconstruct the input image when
it is given an image of a car, assuming that the latent space of the autoencoder is small

enough, and lossless reconstruction is impossible.

The typical deep learning architecture of an image classifier has been shown in figure
2.3. This architecture consists of several convolutional layers, optionally followed by a few

fully-connected layers. This neural network can be trained using the standard techniques,
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such as gradient descent and regularisation, see section 2.1.1.

In this method, after the training phase of the classifier is done, this architecture is
expanded into an autoencoder architecture by adding decoder layers directly to the output
layer of the classifier, or to one of the last hidden layers of the classifier. This creates
an autoencoder where the encoder part consists of the trained classifier. Whether the
decoder is appended to the last layer or a hidden layer is task dependent. For example,
when only a few classes appear in the output layer, it is recommended to use the second
to last or an even earlier layer, so that a latent space with a higher dimension can be
used. An important requirement however is that this latent space is small enough so that
nearly lossless reconstruction cannot happen, as a lossless autoencoder will be able to
reconstruct any input, regardless whether it is similar to input data seen during training

or not. Figure 3.1 shows the architecture used to measure Surprisega.

Fully-connected  Fully-connected
layer layer Transpose

Convolutional % - convolutional

layer

Transpose
Transpose convolutional
Convolutional Output convolutional layer
layer layer layer

Convolutional
layer

Flatten Reshape

T Y
Classifier Autoencoder extension

Figure 3.1: The architecture to capture the Surprisera of an image classifier.
The left part of the architecture corresponds to the original classifier, and the

right part is the extension that turns the classifier into an autoencoder.

After the network is extended, it is retrained as an autoencoder. However, it is not
trained in the default way autoencoders are trained. The layers that are originally part
of the classifier keep their weights fixed and only the weights of the decoder layers are
trained. This is done because the primary goal is to classify images accurately, adding
mechanisms to capture surprise should in no way limit this performance. It is important
that the training of the decoder part happens on the same data that has been used to

train the classifier part. When the layers of the decoder part closely resemble the reverse
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of the classifier part, i.e. a similar amount of layers, a similar amount of nodes in the
fully-connected layers and a similar amount of filters in the transpose convolutional layers,
we advise to train the autoencoder for a similar number of epochs so that the autoencoder
training phase closely mirrors the classifier training phase. Adding this decoder part to
the full network setup means that training time and learnable parameters approximately

double.

To measure the reconstruction accuracy surprise, each data sample @ is first passed
through the classifier part of the network, resulting in output p = [py, ..., px] where p;
is the probability that the input belongs to class C; of the k possible classes. Next, the
data sample x is fed through the entire architecture including the decoder to reconstruct
image ax*, this second pass can continue from the activations of the last common part of
the full classifier and the autoencoder. The reconstructed data sample x*, is then again
passed through the classifier network, resulting in output p*. The reconstruction accuracy

divergence (Dga) of a single data sample is then calculated as

Dra = Dk L(pllp*)- (3.1)

As surprise in the context of this work is not applied to a single sample, this metric
is averaged over a sequence or batch of samples in order to come to the reconstruction

accuracy surprise of the batch. The reconstruction accuracy surprise is thus defined as,

Surprisega = Z D1 (pil|pi”). (3.2)

1

3.1.2 Hidden activations surprise

An alternative method for surprise in the context of deep learning is the hidden activations
surprise (Surprisey ). This formula does not use an autoencoder to capture surprise but
is based on the activations of the last hidden layer. As in the previous formula, the
classifier is first trained in the standard way. However, part of the training set is not used

during training and kept separately. This unused part is then fed through the network and
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the outputs of the last hidden layer are recorded. These outputs are then used to estimate
the probability density function of the output values for each node in the last hidden layer.
Let P(hy, ..., h,) be the joint probability of the outputs of the last hidden layer, with h;
the output value of node i. After training, during inference, the same methodology can
be applied to a set of new samples, to again estimate the joint probability of the outputs
of the last hidden layer, let this new estimate be P*(hy,...h,). This estimate will be very
similar to P if the samples of this new set are similar to the ones used for estimating P,
but will likely be different if the samples in the new set capture a surprising event. The

hidden activations surprise formula measures surprise as

Surprisega = Dgp(P(hy, ..., hp)||P*(h1, ..., hy)). (3.3)

However, as the last hidden layer can have hundreds to thousands of nodes, ap-
proximating the joint probability becomes infeasible due to the curse of dimensional-
ity. This problem is solved by making the naive Bayes assumption that all probabilities
Pi(hy), ..., Po(hg) are independent. Using the property that the Kullback-Leibler is addi-

tive for independent distributions then gives
Surprisega = Y Dicr(Py(h)||P (hi)). (3.4)

The observation that not every hidden node influences the final output equally allows
reducing the complexity even more. Therefore only a subset of the most activated nodes
is used. In this context, a node is activated when it outputs a value greater than 0 when

using a ReLLU activation function.

3.1.3 Reconstruction loss surprise

The third and last surprise formula tested in this thesis is the reconstruction loss sur-
prise (Surprisegr). It combines elements from both the reconstruction accuracy surprise

method and the hidden activations surprise method. The model architecture is the same
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as used for Surprisega, as was shown in figure 3.1. Training happens in a similar fash-
ion as well. First, the classifier is trained, followed by the autoencoder. The weights of
the classifier stay fixed during this last training stage. However training is not done on
the full training set, a subset is kept separately just as with hidden activations surprise
method. After this two-stage training process is done, the part of the training set that
was kept separately is fed through the entire architecture and the reconstruction loss of
the autoencoder is recorded. The reconstruction losses of the samples are then used to
estimate the probability distribution of the reconstruction loss. Let P, be the probability
density function of the reconstruction loss, approximated during training. After train-
ing, the same probability density function can be estimated using new sequences of data
samples. Let this new estimate be F*. This estimate will again be very similar to P
if the set used for the new estimate is similar to the subset used during training. The

reconstruction loss surprise is calculated as

Surprisegr, = D (B||P). (3.5)

3.2 MNIST dataset: handwritten digit classification

The dataset used in all experiments is the MNIST (Modified National Institute of Stan-
dards and Technology database) dataset [27]. This dataset contains samples of handwrit-
ten digits. Each sample is a greyscale image of 28 by 28 pixels. The handwritten digits
are centred in the samples. The MNIST dataset contains 60,000 training samples and

10,000 test samples.
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Figure 3.2: Samples from the MNIST dataset.
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MNIST is a widely used dataset to test new image classification techniques, it was first
used by LeCun to demonstrate convolutional neural networks [26]. Image classification on
MNIST is considered to be a relatively simple task to solve and has been widely studied.
It is relatively straightforward to gain an accuracy above 99% with convolutional neural

networks, with some models going up to 99.77% accuracy [8].

This dataset was chosen for this thesis as surprise in the context of deep learning is
a new concept for image classification. Using the MNIST dataset allows us to evaluate
surprise on a well-understood dataset, so that the influence of surprise on the results can

be well evaluated.

3.3 Model architecture

The architecture used for the experiments has to meet several requirements. The main goal
of the network is to perform well on image classification tasks, therefore it should achieve
at least 99% accuracy on MNIST. Furthermore, the architecture should be suitable to be
extended into an autoencoder. Many architectures have been tested, the final architecture,

including the autoencoder extension, is illustrated in figure 3.3.

28x28x1 28x28x1

1152 1152

14x14x32 14x14x32

7x7x64
3x3x128 10

;l—wﬂ*

Flatten Reshape

T Y
Classifier Autoencoder extension

Figure 3.3: Architecture used in the experiments. The blue part shows the
classifier, while the green part shows the autoencoder extension that is used

in reconstruction accuracy surprise and in reconstruction loss surprise.

The classifier consists of three convolutional layers with respectively 32, 64 and 128
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filters. The last convolutional layer is then flattened and used as input of a fully connected
layer on which the output appears. A softmax function is then applied to the output,
in order to obtain probabilities for each output class. The autoencoder extension used
in reconstruction accuracy surprise and reconstruction loss surprise is applied directly
to the output layer of the classifier, but skipping the softmax function. The 10 outputs
thus become the inputs of a fully-connected layer with 1152 outputs. These outputs
are reshaped into 128 patches of 3 x 3 to which several transpose convolutional layers are
applied in order obtain to an output image of 28 x 28. The full architecture is summarised

in table 3.1.

Table 3.1: Architecture summary. The layers marked in grey are only used

during the classifier part, and are disabled when the model is extended to an

autoencoder.
Layer Output shape Parameters
Input 28 x 28 x 1
Conv2d 14 x 14 x 32 832
kernel size 5, stride 2
ReLLU 14 x 14 x 32
BatchNorm 14 x 14 x 32
Conv2d 7Tx7x64 51,264
kernel size 5, stride 2
ReLU 7TXT7x64
Conv2d 3 x3x128 73,856
kernel size 3, stride 2
ReLLU 3x3x128
Flatten 1152
Linear 10 11,530
TOTAL classifier 137,482
Linear 1152 12,672
Reshape 3 x3x128
ConvTranspose2d 7TXT7x64 73,856
kernel size 3, stride 2
ReLLU 7TXT7x64
ConvTranspose2d 14 x 14 x 32 51,264
kernel size 5, stride 2
ReLLU 14 x 14 x 32
ConvTranspose2d 28 x 28 x 1 832
kernel size 3, stride 2
TOTAL 276,106
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Results

4.1 Baseline

This section describes the classification performance as well as the behaviour after induc-
ing an unexpected event of the architecture as described in section 3.3. For the training
phase of the classifier, the negative log-likelihood loss is minimised, using stochastic gradi-
ent descent with hyperparameters, 0.01 for the learning rate, 0.9 for momentum and 103
for weight decay. Training the autoencoder part of the network happens by minimising
the MSE loss using the Adam optimiser [23] with a learning rate of 0.001, betas (81, 82)
of (0.9, 0.999) and a weight decay of 107°.

The classifier achieves an accuracy of 99.11% on the test set after 10 epochs. This
puts it well above the 99% accuracy goal which was set in the previous chapter. By
training for more than 10 epochs, it is possible to get the accuracy slightly higher. But as
the goal is not to achieve the highest possible accuracy on MNIST, 10 epochs is a good
trade-off between training time and accuracy. Next, the autoencoder is also trained for
10 epochs, while keeping the learned weights of the classifier layers fixed. 10 epochs are
chosen so that the decoder part is trained similarly to the classifier part, as the decoder

has a similar amount of learnable parameters compared to the classifier. The network
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achieves a reconstruction error of 0.3299, which is a good performance as can be seen in

figure 4.3a. The validation curves of the classifier and autoencoder are shown in figure
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Figure 4.1: The validation curves of the training phase of the network. On the
left the validation curve of the classifier part, on the right the validation curve

of the autoencoder part.

What is important for both the reconstruction accuracy surprise and the reconstruc-
tion loss surprise is that the autoencoder is only able to reconstruct images that are similar
to the ones seen during training and that it cannot reconstruct surprising images with the
same precision. This is tested by rotating the test set over different angles and measuring
the reconstruction loss. The loss increases as the angle of the rotation goes from 0° to
90° anticlockwise, which means that the autoencoder is performing worse on ‘surprising’
samples. Figure 4.2 shows the average reconstruction loss as the MNIST test set gets
rotated from 0 to 90 degrees, it also shows that the classification error goes up to 0.82 for

a rotation of 90°.

Visually inspecting the reconstructed images makes it clear that the handwritten digits
are still recognisable in the unaltered test set, but no longer in the rotated variant as is

shown in figure 4.3.
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Figure 4.2: Average reconstruction loss and classification error for the test set
as it gets rotated from 0 to 90 degrees.
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Figure 4.3: Impact of rotation on the autoencoder. On the left, the unaltered
test set, on the right the rotated test set. The input images are shown on the

top row, the reconstructions on the bottom row.

4.1.1 Rotation invariant network

The current way of dealing with possible surprising events such as rotated images, is to
apply data augmentation during training. This means that during training, rotations
are also added to the inputs. This way, whenever the surprising event of rotated input
images happens, the network can still correctly classify them as it has seen these kinds
of images during training. However, training a network that can accurately classify the
MNIST dataset with random rotations between 0 and 90 degrees requires a bigger network
architecture. Achieving a 99% accuracy on this augmented dataset is no longer simple.

There are networks that achieve 99% accuracy on rotated MNIST by using rotation-
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invariant convolutional filters [46] but such architectures are not relevant to try in this
context as rotation is just one example of surprise. Data augmentation on the other hand,
is a technique that can adapt the network to any kind of surprising event, as long as this
surprising event can be anticipated during training. We adapted our baseline model to
achieve the highest possible accuracy on MNIST with random rotations between 0 and
90 degrees. The resulting network is summarised in table 4.1, it has a total of 1,689,594
parameters. This is more than ten times the amount of parameters than the classifier part
of the baseline and more than five times compared to the extended baseline. In addition,
it is also trained for 40 epochs instead of just 10 as more data needs to be processed and
more parameters need to be learned.

Table 4.1: Robust architecture summary. Architecture is similar to the base-

line, only the relevant layers and the amount of learnable parameters are shown.

Layer Output shape Parameters
Input 28 x 28 x 1

Conv2d 14 x 14 x 56 1,456
Conv2d 7TxT7x128 179,328
Conv2d 3 x 3 x 256 295,168
Flatten 2304

Linear 012 1,180,160
Linear 64 32,832
Linear 10 650
TOTAL 1,689,594

The resulting average accuracy over all rotations is 98.95%, i.e. just below the en-
visaged goal of 99% accuracy. The accuracy for fixed rotations ranges from 98.13% to
99.21%. Figure 4.4 shows the accuracy for fixed rotations of the test set as well as the

average over all rotations between 0° and 90°.

4.2 Reconstruction accuracy surprise

The reconstruction accuracy divergence compares the output class probabilities p of sam-
ple image « to the output probabilities p* of the reconstructed image x*. The recon-

struction accuracy surprise is measured by taking the average reconstruction accuracy
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Figure 4.4: Accuracy for the MNIST test set as it is rotated. The orange line

shows the average over all rotations.

divergence over a sequence of samples during inference. Surprisegs thus depends on the
autoencoder extension and the ability of the network to make predictions on the recon-
structed inputs. As mentioned in section 4.1, the average reconstruction loss is 0.3299.
The classification accuracy of the reconstructed inputs of the test set is 94.22%. This
means that the network does a reasonable job at making accurate predictions of the
reconstructed images. Calculating the reconstruction accuracy surprise on the test set
gives Surprisega = 0.1307. This value is the surprise for the regular, non-rotated test
set, which should not be surprising to the network. The surprise is then calculated over
rotated variants of the test set. Starting from a rotation of 5° which should be only a
little surprising up to a rotation of 90°, which should be perceived as very surprising as
the accuracy on this rotation is only 18%. The Surprisega values range from 0.2 for a
rotation of 5° to 1.9458 for a rotation of 90°. Figure 4.5 shows the development of the
Surprisegy value compared to the classification error. The surprise metric shows that
for the least surprising event, i.e. a rotation of 5°, the surprise goes up by 53% while the
error goes up 32%. Over the course of all rotations, the surprise metric seems to have
similar characteristics compared to the classification error. However, measuring surprise

does not require labelled samples while measuring the classification error does.
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Figure 4.5: Surprisera and the classification error curves.

4.2.1 Surprise batch size

In this work we mean by a batch, a sequence of samples over which surprise is calculated.
This is not to be confused with the batches used to train a neural network. For the
remainder of this work, the batch size will refer to the number of samples in a batch used
to measure surprise. The Surprisega values of the previous section are computed over the
entire MNIST test set by averaging the individual Dg4 values of each sample. In order
to be a useful metric for surprise, the number of samples to calculate the Surprisera
should be relatively small. This can enable quick interventions when the surprise value
exceeds a certain threshold. On the other hand, the batch size should be large enough
so that the surprise of a certain batch does not differ too much from the surprise over all
batches. If the batch size is chosen too small, non-surprising batches might be wrongly
regarded as surprising. Figure 4.6 shows the reconstruction accuracy divergence and loss
distributions for individual samples on the non-rotated test set. It can be noticed that
the Dy values are generally very close to 0, but a few outliers exist with values above 5,
while the loss distribution does not have large outliers. As the Surprisega of the test set
rotated by 90° is only around 2, these outlier values are extremely high to be present in

a non-rotated test set where no surprise should be present.

A good batch size should result in as few as possible batches that are falsely seen as
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Figure 4.6: Left: Distribution of the Dg4 for individual samples. Right: Dis-

tribution of the reconstruction loss. Both histograms contain 10,000 samples.

surprising in the non-rotated and thus non-surprising test set. As the least surprising
variant of the test set, which is the variant that is rotated by 5°, has a Surprisegs of 0.2
and the non-surprising, non-rotated test set has a surprise of 0.13, the first threshold for
slightly surprising events could be set at 0.19. As the second threshold, representing a
higher surprise, a value of 0.5 could be taken, which corresponds to a classification error
of about 10%. In order to determine the ideal batch size, different sizes are tested on the
non-rotated test set and the amount of false positives, i.e. batches that exceed a surprise
threshold, are registered. Figure 4.7 shows different batch sizes and their corresponding
percentage of false positives. Using batch sizes of 250 results in about 10% false positives,
going up to 500 results in even less false positives. Choosing the batch size is a trade-off

between the number of false positives and how quickly surprise can be detected.

4.2.2 Adapting the network after a surprising event

When a surprising event has occurred, the network has to adapt in such a way that the
‘surprising’ inputs are no longer seen as surprising. In this work, we adapt the network
to the surprising event of rotated inputs by retraining the network on a rotated training

set.
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Figure 4.8: Validation curves of the retraining process of the classifier. The
network is trained to classify the MNIST dataset rotated by 90°.

Adapting to a 90° rotation

When the inputs of the network suddenly get rotated by 90°, the Surprisera of the
network goes up to nearly 2.0, which is more than ten times higher than the surprise of
the non-rotated test set, and the classification accuracy goes down to 17.6%. Adapting to
the new situation means retraining the network. Therefore the MNIST training set is also
rotated by 90° and then used to retrain the network. After 1 epoch the accuracy jumps
back to 98.19%, and after 5 epochs the network is again above 99% with an accuracy of
99.06%. When giving the network as much training time as when the network was trained
originally, which is 10 epochs, the model reaches an accuracy of 99.22% on the rotated

test set. The validation curves are shown in figure 4.8.
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Figure 4.9: Validation curves of the retraining process of the autoencoder.

As the reconstruction accuracy surprise makes use of the autoencoder extension of
the network, that part also needs to be retrained. Not retraining the decoder would
result in an autoencoder of which only half the weights are retrained to do a new task,
which would make the autoencoder useless. The average reconstruction loss is 1.2 before
retraining. Just like the classifier, the decoder adapts quickly to retraining. After 1 epoch
the reconstruction loss is down to 0.38, which lowers further to 0.34 after 10 epochs. This

is shown in figure 4.9.

The surprise follows a similar trend, before retraining the Surprisegs for the rotated
test set was 1.94, after only retraining the classifier part this further increased to 2.68.
After 1 epoch of retraining the decoder, this dropped back to 0.33, which is no longer
surprising. After 10 epochs the surprise becomes 0.18. When retraining both parts of
the network is done, Surprisegs can again be used to measure how surprising events
are to the new situation. Figure 4.10 shows the evolution of the average surprise of the
rotated test set during the retraining phase of the autoencoder and how surprise can
afterwards again be used to capture events that are unexpected to the new situation.
This figure shows that adapting the network to be accurate on the rotated samples has
as a consequence that it is no longer accurate on the original non-rotated samples. This
is a tendency of neural networks that is known as catastrophic interference, which shows

that previously learned information gets forgotten upon learning new information [30].
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Figure 4.10: Left: Evolution of Surprisega for the test set rotated by 90° as
the autoencoder part of the network gets retrained. Right: After retraining
the network, the network can again capture the surprise of situations that are

unexpected to the retrained network.

Adapting to a 10° rotation

Feeding the network input images that are rotated by 10° is, with a Surprisera of 0.22,
perceived as less surprising than the previous situation where the rotation was 90°. This
also has an effect of the speed at which the network can adapt to the new situation. After
only 1 epoch of retraining, the classifier goes from an accuracy of 98.4% back to 99.09%.
The training loss recovers from 0.51 after retraining the classifier to 0.35 after 1 epoch,
which also brings the surprise back down to 0.13. As in this situation the surprising inputs
differ only slightly from the non-rotated inputs, the accuracy on the non-rotated test set

stays reasonably high, achieving an accuracy of 98.65%.

4.2.3 Influence of the autoencoder part

The decoder part of the network is the most crucial part for the Surprisegs calculation.
As established earlier, the autoencoder needs to be able to reconstruct images similar to
the ones seen during training reasonably well while not being able to reconstruct images
of surprising situations. The baseline architecture fulfils these requirements as can be
seen on the reconstructed images shown in figure 4.3, it achieves a reconstruction error

of 0.32 on the non-rotated test set which becomes twice as bad on the test set rotated
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by 90 degrees with a reconstruction error of 0.76. Besides those characteristics, it is also
essential that the network can still recognise the reconstructed images when they are fed
as new inputs to the classifier. In the baseline model, the accuracy of the reconstructed
images for all rotated variants of the test set is between 3% and 8% lower than the original

input image.

This surprise metric was also tested on a slightly modified version of the baseline.
This version had a slightly lower accuracy, 99.03% instead of 99.14%, but a much worse
performing autoencoder. The modified model has a reconstruction loss of 0.46 for the
non-rotated test set. This is substantially higher than the baseline model. It however still
satisfies the requirement that the original digits shown in the input images are recognisable
in the reconstructions at the output of the autoencoder. Similarly to the baseline model,
the reconstruction loss on the test set rotated by 90° was 0.78, which makes the input digits
no longer recognisable. But while the digits in the original inputs can still be recognised
in the reconstructed outputs when visually inspected, the network has difficulties with
accurately classifying them. The accuracy of the network on the reconstructed images is
only 25% on the non-rotated test set. Figure 4.11 shows the accuracy of the classifier for
both the original inputs and the reconstructed inputs for both the baseline model and the

modified model.
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Figure 4.11: Accuracy of the classifier on the input images versus the accuracy
of the reconstructed images, as the test set gets rotated from 0° to 90 °, for
the baseline model (left) and the modified model (right).

Because of the bad classification accuracy of the reconstructed images in the modified
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model, the surprise can no longer be reliably measured. The distribution of the Dg4 of the
individual samples shows that there are much more outliers. The evolution of Surprisega
on the test set as it gets rotated from 0 to 90 degrees also has much worse characteristics

than the baseline model. Figure 4.12 illustrates both of these properties of the modified

network.
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Figure 4.12: Left: Surprise distribution of the modified model. Right:
Surprisegy of the modified model as the test set gets rotated.

4.2.4 Reconstruction accuracy divergence of individual samples

This section looks at the reconstruction accuracy divergence of individual samples to get
insight into what exactly makes a sample ‘surprising’ and what the network is doing.
Insight can be gained by looking at individual samples of the non-rotated test set with an
extremely high Dg4. Figure 4.13 shows an example of a sample with a high reconstruction
accuracy divergence. The sample has a Dg4 of 6.08. This can be explained by the fact that
the classifier is quite confident that the image contains a 7, with only a small probability
that it could be a 4 when given the original input. However the opposite happens with the
reconstructed image, where relatively sure but wrongly is stated that the image contains
a 4, with a small probability that it might be a 7 instead. When looking at the image, it
can be understood that the network classifies the reconstructed image as a 4. This shows
how dependent the metric is on the autoencoder performance, the network has no issues

correctly classifying the original image as a 7, but after going through the entire network,
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it makes a wrong prediction on the reconstructed input.
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Figure 4.13: Sample with a high Dg4.

This also raises the question of what would happen when the reconstructed images
are fed through the entire network as new inputs. How would the reconstructed image
and the surprise evolve as the image gets put through the network again and again, i.e
the reconstructed image is treated as original input in the following iteration? As an
experiment, all input images of the test set are looped ten times through the network,
calculating the accuracy, reconstruction accuracy divergence and reconstruction loss on
every iteration. The results are shown in figure 4.14. The reconstruction loss lowers on
each iteration, indicating that the image converges to a certain final image after a while.
However, as the accuracy also drastically lowers each iteration, the image to which it
converges does not seem to represent the same digit as the original input image. Lastly,
the average Dr4 and thus the Surprisegs metric goes up for a few iterations to finally
also go to 0 as the image converges. This surprise behaviour indicates that for a few
iterations the classifier predicts different output probabilities for the input than for the

reconstructed image.

Figure 4.15 shows the reconstructions of 4 samples as the output of the autoencoder is
fed through the network again as new input in the following iteration. It can be noticed
that the majority of inputs converge to a certain image resembling an 8. This explains
the behaviour for the above metrics. The loss decreased as the reconstruction converges
to a certain image, the accuracy decreases as this certain image resembles an 8, regardless
of the original input. And finally the surprise goes up for a few iterations as the network
starts changing the reconstruction slowly from the original input to an 8, after which

it goes down again once this reconstruction starts clearly looking like the final image.
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Figure 4.14: Loss, accuracy and surprise metrics as the images of the test set

loop multiple times through the network.

While it would be better if the reconstructed image converged to an image similar to the
original input, the convergence to this wrong image only happens after a few iterations.
This phenomenon does not influence the Dr4 and Surprisera as only the original input

and the first reconstruction are used in the surprise calculation.
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Figure 4.15: Convergence of some input images of the test set when fed multiple

times though the network.

One last experiment that gives insight into the reconstruction accuracy divergence

of samples is looking at the Dgr, for a single sample as it gets rotated from 0° to 90°.
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Figure 4.16 shows the evolution of two individual samples. It can be noticed how the
prediction of the samples stays accurate for a reasonably long time, until 40° for the first
sample and 60° for the second sample. As the reconstructed image starts looking less like
the input image, the Dg4 increases. The reconstruction accuracy divergence drops again
once the network makes the same wrong prediction on the rotated input image as on the

reconstructed image.
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Figure 4.16: Surprise of two sample image as they get rotated to 90 degrees.
Top row is the original input, bottom row the reconstructed version. The
prediction of the network is shown above the images. The figure on the right
shows the surprise for each rotation, a green background means the correct

class was predicted.

4.3 Hidden activations surprise

Hidden activations surprise captures surprise without using the autoencoder extension,
instead it uses the activations of the last hidden layer. The baseline architecture, as
described in section 3.3, consists of several convolutional layers followed by one fully
connected layer which goes from 1152 nodes on the last hidden layer to the 10 output
nodes. Capturing surprise in this architecture is done by looking at the activations in the
last hidden layer. As explained in section 3.1.2, Surprisey is measured by estimating
P(hy, ..., h1152), the joint probability of the outputs of the last hidden layer. Estimating
this probability distribution function is done by observing the outputs at this hidden layer
on a set of data points. The inputs used for this estimation should not be used during

the training phase of the classifier. The training set is therefore split in two, one part
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containing 50,000 samples is used to train the classifier, and another part containing 10,000
samples is used to estimate P. From now on this first part will be called the classifier
training set and the latter part the surprise training set. The baseline classifier achieves
an accuracy of 99.07% after training on the classifier training set. This is slightly lower
than the accuracy reported in section 4.1 where the full training set of 60,000 samples

was used.

Estimating the joint probability P(hq, ..., hi1s2) with 10,000 samples is however im-
practical due to the curse of dimensionality. To overcome this limitation, we assume that
all probabilities P;(hy), ..., Pi152(hi1152) are independent, just as is done in the naive Bayes
algorithm. Estimating each individual probability density function is considered to be
feasible with 10,000 samples. Additionally, to further simplify the surprise calculation,
only a subset of the 1152 nodes is taken as not every node contributes equally to the final
output predictions. Only observing the hidden nodes that contribute the most to the final
prediction should be sufficient to capture surprise. The selection of which nodes to use
is done by looking at the nodes that are activated the most. As the activation function
in the last hidden layer a ReLLU is used, hence a node can be seen as activated when its
value exceeds 0. The selection of nodes to consider happens per class. This is done to
avoid including nodes that are active for all inputs, no matter which class is represented
in the input, and therefore carry little information about the input. The complete node
selection procedure is as follows: first, for all the samples in the surprise training set,
the values at the last hidden layer are stored together with the predicted label. Next,
for each possible output class, the nodes that are activated the most are selected. This
selection is based on the predicted labels and not on the true labels, see chapter 5 for a
more elaborate discussion on this. Finally, for each class the most activated nodes are
added to the final set of nodes until this set contains at least 50 nodes. As an example:
when looking at the most active node when label 2 is predicted, node 182 comes out as
the most activated node. Figure 4.17 shows the histogram of the activations when only
considering samples that are classified as an 2 and the histogram of the node when look-
ing at all input samples. It can be seen that the distribution has a peak at 0 when the

histogram contains the values of all inputs regardless of the predicted class. This shows
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that this node activates more times when the input resembles an 2 than when it resembles

any other digit.
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Figure 4.17: Histogram of the output values of node 182 of the 1152 nodes
of the last hidden layer. Figure on the left is the histogram when only input
samples that are predicted to be an 2 are used, while the figure of the right is

the histogram over all inputs of the surprise training set.

Estimating the probability density function for each of the selected nodes happens
in two stages. As a ReLU activation function is used, most of the nodes have a high
percentage of values that are 0. P(h; = 0) is simply estimated as the fraction of the
samples in the surprise training set that have a 0 output for hidden node h;. For the
values greater than zero, the probability distribution is approximated using Gaussian

kernel density estimation (KDE) [42].

To capture surprise, this estimation is also done over the test set. This estimation P*
is then used to calculate Surpriseya using equation (3.4). The Surpriseya of the non-
rotated test set, using all samples in the test set to estimate P*, is 0.0685. The surprise
is then calculated over rotated versions of the test set, up to a rotation of 90°. Figure
4.18 shows the development of the surprise values and the classification error as the test
set gets rotated from 0° to 90°. The least surprising test set, which has a rotation of 5°,
has a surprise of 0.5476. This is a value that is 8 times larger than the non-surprising test
set. The most surprising variant of the test set, the version rotated by 90°, has a surprise

of 14.496.

Looking at the probability distribution estimations for the selected nodes of the hidden
layer, it can indeed be seen that the estimations done on the surprise training set and the

non-rotated test set are nearly identical. However, the estimation done on the rotated test
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Figure 4.18: Surpriseg 4 and classification error curves.

set shows different approximations for the activation distribution of some hidden nodes.
This is shown in figure 4.19. The blue curves show the probability density function,
estimated on the surprise training set. The red curve shows the estimation based on the
rotated test set. The numbers above the figures indicate which one of the 1152 hidden

nodes is estimated.

4.3.1 Surprise batch size

The previous results used the entire test set to calculate the Surprisegs. However, to
become a practically useful metric, it should be possible to calculate this over smaller sets
of inputs. Similarly as to the batch size in Surprisera, the size of the batch is a trade-off
between the amount of batches that are wrongly seen as surprising and the speed at which
surprise can be detected. The batch size in reconstruction accuracy surprise determined
the amount of samples that should be used to average the surprise over, in this surprise
metric however, the batch size determines the amount of samples used to approximate
the probability distribution of the hidden nodes. Larger batches mean more data points
that can be used in the Gaussian KDE, especially considering that a substantial part of

the activations for a node will be 0.

Evaluating different batch sizes is done two folded: by looking at the percentage of
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Figure 4.19: Approximations of the probability density functions of the most
active hidden nodes in the last layer. The blue curves are estimated on the
surprise training set and the red curves are estimated on the rotated test set.

The number above each plot indicates which from the 1152 nodes is estimated.

batches of the non-rotated test set that are mistakenly regarded as surprising. And, by
looking at the difference between the average surprise calculated over the batches of a
certain size and the surprise over the entire test set. As the non-rotated, non-surprising
test set has a Surprisegs of 0.068 and the least surprising variant of the test set a
Surpriseg of 0.54, a first threshold used to define light surprise could be set at around
0.35, this value is chosen arbitrarily. Testing different batch sizes shows that a batch size
of about 500 has a good trade-off between false positive batches and speed. The surprise
metric gets more inaccurate for slightly surprising rotations when the batch size goes
down. This can be seen in figure 4.20, which shows the average surprise over a batch size
of 250 and 500 respectively, compared to the surprise calculated over the entire test set,
as the inputs get rotated to 90 degrees. Both batch sizes yield an average surprise that
comes close to the surprise value that is calculated over the entire test set. However, as

the batch size gets smaller, Surprisey, becomes more inaccurate for the least surprising
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rotations. As a result, when using a batch size of 250, all batches have a Surprisega
value higher than the threshold of 0.35 while the surprise of the batches with batch size
500 never goes below this threshold. This also becomes clear when calculating the mean
square error between the average surprise of a certain batch size and the surprise over all
samples in the test set, for different rotations of the test set. The MSE when using batch
size 500 is 0.0155, which increases to 0.0399 when the batch size is reduced to 250.

15 {1 —®— batch size 250 = i | 151 —e— bpatch size 500 -
batch size 10,000 o batch size 10,000
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Figure 4.20: The average surprise when using batch size 250 and 500 compared
to the surprise when calculated over the entire test set, as the samples get
rotated from 0° to 90°.

4.3.2 Adapting the network after a surprising event

When the inputs of the network are suddenly rotated by 90°, the network measures a
Surpriseg, around 14.5, and the accuracy drops to 15.5%. As discussed in the corre-
sponding section about the reconstruction accuracy surprise, the network can adapt to
this situation by retraining. As the classifier used in this section is the same as used
for evaluating Surprisegra, it takes the same time for the classifier to adapt to the 90°
rotation. However, there is no autoencoder needed in the setup for hidden activations
surprise, which reduces the total time the network needs to adapt to the new situation.
The only remaining thing to do after the classifier is retrained, is to make a new estimate
P of the probability distribution of the hidden nodes, which includes selecting the new
most activated nodes. Figure 4.21 shows that the hidden activations surprise can be used

again to capture events that are unexpected to the retrained network after adapting to
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the rotated test set.
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Figure 4.21: The retrained network can again capture the surprise of situations

that are unexpected to the retrained network.

4.4 Reconstruction loss surprise

The third and final surprise method tested is the reconstruction loss surprise, which is a
combination of the previous formulas. The architecture of the full network is the same as
used in reconstruction accuracy surprise, as both formulas use the autoencoder extension.
However, as a probability distribution function needs to be estimated just as in hidden
activations surprise, the training set is split in the same fashion as done for Surpriseg 4.
This has as a consequence that the classifier accuracy is also 99.07%. Training the autoen-
coder with this modified training set results in an average reconstruction error of 0.334,
which is only slightly higher than the reconstruction loss when trained on the full training

set.

The probability distribution that is estimated is that of the loss of the autoencoder.
In reconstruction accuracy surprise, the reconstruction x* of the input sample x, cre-
ated by the autoencoder, was fed through the classifier a second time. In this metric,
the probability distribution function P, of the reconstruction loss between & and x* is
estimated and then used to measure surprise. Estimating the probability distribution P,
of the reconstruction loss is achieved by storing the losses for all samples of the surprise

training set and then applying Gaussian KDE to approximate a probability density func-
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tion. Figure 4.22 shows the histogram of the reconstruction losses and the corresponding

probability density function estimated using Gaussian KDE.

Probability density

0.0 0.5 1.0 15 2.0
Reconstruction loss

Figure 4.22: Histogram and approximated probability density function of the

reconstruction loss on the surprise training set.

Next, the probability distribution of the reconstruction loss is estimated over the data
set of which we want to measure the surprise. This approximation F* is then used in
equation (3.5) to calculate the reconstruction loss surprise. The Surprisegy, of the non-
rotated test set is 0.00113 when using all 10,000 test samples to approximate F*. The
test set is then rotated from 0° to 90°, and the surprise is calculated over these variants
of the test set. The least surprising test set, which has a rotation of 5°, has a Surprisegry,
of 0.0258. This is more than 20 times higher than the surprise for the non rotated test
set, while the classification error only slightly increases from 0.93% to 1.15%. The most
surprising version of the test set is the one with a rotation of 90°. The accuracy on this
rotated version is as low as 15.5%, which corresponds to a Surpriseg;, of 2.185. Figure
4.23 shows the evolution of the surprise values compared to the classification error as the
test set gets rotated to 90 degrees. Over the course of all rotations, the surprise metric

seems to show similar behaviour compared to the classification error.

Looking at the probability distribution of the reconstruction loss estimated on the
surprise training set, non-rotated test set and the test set rotated by 90°, gives more
insight into the surprise values. These probability density functions are shown in figure
4.24. Tt can be seen that the distribution P, estimated on the surprise training set and the

distribution F;* estimated on the non-rotated test set are nearly identical. However, when
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Figure 4.23: Surprisery and classification error curves.

the distribution P is estimated on the rotated test set, the probability density function

differs a lot from P,.
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Figure 4.24: Approximated probability density functions of the reconstruction
loss. Estimated on the surprise training set, the non-rotated test set and the
test set rotated by 90°.

4.4.1 Surprise batch size

Similar as with hidden activations surprise, to be a practically useful metric, it should be

possible to calculate the surprise over relatively small batches. The batch size determines
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how many samples are used in the estimation of F*. Smaller batch sizes have fewer
samples to make an accurate estimation with but allow the surprise to be calculated

faster as fewer inputs are needed.

The evaluation of different possible batch sizes is done by looking at the difference
between the average surprise calculated over the batches of a certain batch size and the
surprise calculated over the entire test set. The differences are compared for different
rotations. Another evaluation metric is the percentage of batches of the non-rotated test
set that are mistakenly seen as surprising. To determine this percentage, a threshold on
the surprise value needs to be set that marks batches as surprising. As the Surprisegy, for
the non-surprising test set is 0.0011 and the Surprisery, for the least surprising test set,
the variant that is rotated by 5°, is 0.025, a suitable threshold to capture light surprise
with could be set at 0.02. Testing different batch sizes shows that for larger rotations, the
surprise estimations for different batch sizes diverge from each other; larger batch sizes
typically lead to larger surprise values. This is illustrated in figure 4.25, for batch sizes
250 and 1000. The large difference between the average surprise over the batches and the
surprise over the entire test set is not present for slightly surprising situations where the
test set is only rotated over a few degrees. Therefore this is not a real issue as this still
allows surprise to be captured well, just less accurate for very surprising situations. Using
a batch size of 250 provides a good trade-off. This results in 2.5% of the batches being

wrongly seen as surprising, this starts going up when using smaller batch sizes.

4.4.2 Adapting the network after a surprising event

An important experiment that is used to evaluate the usefulness of the surprise formula
is to check how the Surprisery values evolve as the network adapts to the surprising
situation. Applying a rotation by 90° to the inputs results in an accuracy that drops to
15.5%. The Surprisery, also increases from 0.0125 for the non-rotated test set to 1.403 for
the rotated test set. Note that these values slightly differ from the ones reported earlier,
as this experiment used the recommended batch size of 250 and not the entire test set

to calculate the surprise over. After detecting this surprising event, the network can be
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Figure 4.25: The average surprise when using batch size 250 and 1000 com-
pared to the surprise when calculated over the entire test set, as the samples
get rotated from 0° to 90°.

retrained to adapt to the new situation. As the architecture of the network is identical
to the one used in reconstruction accuracy surprise, similar results are obtained. After 1
epoch of retraining the classifier, the accuracy increases from 15.5% to 98.2%. Continuing

the training process for 10 epochs results in an accuracy of 99.15%.

As reconstruction loss surprise uses the autoencoder extension of the network, that
component also needs to be retrained. Just like the classifier, this part of the network
adapts quickly to retraining. After 1 epoch, the reconstruction loss reduces from 1.27 to

0.39, which drops further to 0.344 after 10 epochs.

The Surprisegy, values follow a similar trend, and after both parts of the network
are trained for 10 epochs, the Surpriseg;, for the rotated test set is only 0.022, and thus
no longer surprising. Figure 4.26 shows how the adapted network can again be used to
capture events that are surprising to the new situation. Note that all surprise values
are slightly higher compared to the original network. This is however not a problem as
surprising events also report higher Surprisegy values, it does mean though that new

thresholds need to be defined to detect surprise.
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Figure 4.26: After retraining the network, it can again capture the surprise of

situations that are unexpected to the retrained network.

4.4.3 Influence of the autoencoder part

During the evaluation of reconstruction accuracy surprise, it was shown that the met-
ric was sensitive to the autoencoder performance. Considering that the reconstruction
loss surprise uses the same autoencoder architecture, it is also checked whether this for-
mula is equally influenced by the autoencoder performance. As reported in section 4.12,
the modified network with the worse autoencoder has an average reconstruction loss of
0.46 compared to 0.32 of the baseline model. It, however, satisfies the requirement that
the input digits are still visually recognisable for the non-rotated test set and no longer
recognisable in the rotated test set. As reconstruction loss surprise relies heavily on the
reconstruction loss, the question remains how the autoencoder performance influences the

reliability of the surprise metric.

The results show that Surprisegy is less dependent on the autoencoder performance
as Surprisera. Looking at the estimated probability density functions, it can be seen that
the reconstruction loss of the modified model shows similar behaviour compared to the
baseline model. It has the same characteristics but shifted towards a higher reconstruction
loss. The estimated probability density function P, approximated on the surprise training
set is still very close to P approximated on the test set, and much different from P when
the latter is approximated using the rotated test set. The surprise values for rotated

versions of the test set also still increase significantly as the rotation that is applied to
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the test set increases, with the exception of the larger rotations. Both of these findings

are shown in figure 4.27.
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Figure 4.27: Left: approximated probability density functions of the recon-
struction loss of the modified model. Right: Surprisery of the modified model
as the test set gets rotated.
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Discussion

The previous chapter discussed the results of the experiments on the different proposed
surprise metrics. In this chapter the proposed formulas are compared to each other and

the general use of surprise is discussed.

5.1 Benefits of surprise

Surprise in the context of deep learning has many use cases. The biggest advantage of
measuring the surprise of a neural network is that it enables capturing situations that
are unexpected to the neural network without needing the true labels of the data. One
of the characteristics of an unexpected or surprising event in the context of deep learning
is that such a situation results in lower accuracy compared to the average accuracy over
the training and test set. However, the accuracy of the predictions can only be observed
during training and testing as it requires the true labels of the data samples. The test
set and training set are usually assumed to have similar data, and as a result the network
should not be surprised by any sequence of data samples from either set. Truly surprising
situations happen during inference where the labels of the inputs are being predicted

and the true labels are no longer available. A surprise metric with similar characteristics
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compared to the classification accuracy enables deep learning models to evaluate their
performance during inference. When suddenly the surprise values for batches of input
samples increase, these batches can be examined by an expert to determine what causes
the network to be surprised. The next step is then to adapt to this unexpected situation
so that the network can again make accurate predictions and is no longer surprised by
the situation. Failing to detect surprising events renders the model useless as it no longer
makes accurate predictions. Surprise has enormous potential in the industry where the
deep learning models spend the majority of their time in the inference phase. In a lot of

situations, noise or bugs may introduce surprising events in existing working models.

In this thesis, we used the MNIST dataset and the ‘surprising’ event of rotated inputs.
Other possible and perhaps more likely examples of surprising events are added noise due
to a bad communication channel, having an extra output class that was not present in the
training set, etc. The cause of the surprise determines the steps that need to be taken to
adapt the network. Adapting to a missing output class requires a different strategy then
adapting to rotations. In our experiments we retrained the network on rotated samples,
this was done to demonstrate that retraining can be used to adapt the network in an online
learning way. If however in a practical application the inputs suddenly get rotated due to
accidental misalignment of the input sensor, the best way to adapt to this situation is to

rotate the sensor back to its original position and not by retraining the entire network.

5.2 Comparison of the surprise metrics

This section compares the different proposed surprise formulas and discusses their results.

5.2.1 Reconstruction accuracy surprise

Reconstruction accuracy surprise is the only metric of the three that starts by calculating
a value on individual samples and then combines them to a surprise metric over a sequence

by averaging over the individual reconstruction accuracy divergence values. Although we
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have defined surprise as a metric that is taken over a sequence of samples rather than a
single sample, being able to obtain a value for individual samples has some advantages.
The main advantage of this metric compared to hidden activations surprise and recon-
struction loss surprise is that the distribution of the true classes of the inputs does not
influence the surprise metric. In Surprisey 4, the distributions of the activations of the
nodes in the last hidden layer are different for each predicted label. The nodes in hidden
activations surprise that are selected, are activated the most for a specific label, and as
a result show different behaviour when a batch only contains samples of another class.
To compare the estimation over a batch to the estimation over the surprise training set,
the distribution of the predicted classes of the inputs in each batch should be similar to
the surprise training set. Similar behaviour happens for reconstruction loss surprise, the
distribution of the reconstruction loss is different for each class. As Surprisery, uses the
distribution of the reconstruction loss over samples of all classes, the formula is sensitive
to the class distribution in the batches. Reconstruction accuracy surprise is the only for-
mula of the three that is insensitive to the distribution of the classes as the Dgry values
for the individual samples are independent of the true class. Although for Surprisega
and Surprisegy, this could be solved by selecting the samples over a longer period and
balancing the class distribution artificially, by subsampling the desired predicted classes

distribution.

In order to calculate Surprisega the classifier needs to be extended to an autoencoder.
This effectively doubles the required training time of the network. This is a large increase,
however, it may become negligible over time when the inference phase is much longer than
the training time. The time required during inference to measure Surpriser, is triple
the time it takes to do just the classification. This is because a sample & needs to go
through the classifier, the decoder and then through the classifier again. Therefore it is
advised to only periodically capture surprise during inference. The frequency at which
surprise should be measured is a trade-off between the overhead introduced and the speed

at which surprise can be detected.

Reconstruction accuracy surprise has one major downside and that is its sensitivity to
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the autoencoder as shown in section 4.2.3. The surprise metric captured by Surprisega is
sensitive to the accuracy of the classifier on the reconstructed image x*. For the MNIST
dataset it is relatively straightforward for an autoencoder to reconstruct the original input
well enough so that the reconstructed image can still be accurately predicted during the
second pass through the classifier. For more complex tasks however, it becomes much
more difficult and often impractical to create an autoencoder that can reconstruct the
images well enough to be still recognisable for the classifier. Therefore the sensitivity to
the autoencoder performance in reconstruction accuracy surprise may be a limiting factor

for use in practical applications.

5.2.2 Hidden activations surprise

In hidden activations surprise, the classifier is not extended with a decoder. The only
modification to the training process is that the training set needs to be split in a part
that is used to train the classifier and a part that is used to estimate P(hy, ..., hy,). This
means either losing accuracy due to having less training samples for the classifier or
collecting more labelled data. In the MNIST dataset we split the original 60,000 samples
of the training set into 50,000 for the classifier training phase and 10,000 for the surprise
training phase. This split was chosen to have the same amount of samples in the surprise
training set as in the test set. The exact ratio of this split is not important, the only
requirement is that the surprise training set has enough samples to estimate P(hy, ..., hy,).
For large datasets this part may be relatively small compared to the classifier training

part.

Not having the autoencoder extension means that the training phase takes only half
the time than required for reconstruction accuracy surprise and reconstruction loss sur-
prise. The only overhead during training is the extra computations needed to approximate
the probability density function of the hidden nodes. Gaussian kernel density estimation
is a very compute intensive task. There have been several studies to increase the per-
formance on this computation-intensive task, including GPU acceleration [31]. While

the exact overhead for the autoencoder extension and the Gaussian KDE are model and
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task dependent, there is no clear advantage for either when it comes to overhead during

inference.

Another advantage of the setup for hidden activations surprise is that it can be used
in neural network architectures that do not have an obvious autoencoder extension. Any
architecture of which the activations of a hidden layer can be captured, can be used to

calculate Surprisey 4. Therefore this formula might have more potential than the others.

As mentioned in section 4.3, the node selection procedure happens per class. For each
predicted class the most activated nodes are added to the final set of nodes. The reason
that the predicted class is used rather than the true class is because we are interested in
the node activations that lead to a certain prediction. Using the true classes could more
make sense if the interest is in how the node activations correspond to the true labels. For
the MNIST dataset where the accuracy is over 99%, the impact of choosing the predicted
labels instead of the true labels is rather small. However, for more complex tasks with

lower accuracy, this choice could have a larger impact.

5.2.3 Reconstruction loss surprise

As mentioned before, reconstruction loss surprise is a combination of the methods used in
reconstruction accuracy surprise and hidden activations surprise. As a result it inherits
some advantages and disadvantages of both the previous metrics. The advantage of
Surprisegy is that it uses an autoencoder, which intuitively captures well what a network
finds surprising and what not. But unlike reconstruction accuracy surprise, it is not
sensitive to the absolute performance of the autoencoder. As shown in section 4.4.3,
as long as the autoencoder satisfies the requirements of being worse at reconstructing
surprising samples than at reconstructing non-surprising samples, it results in a good
surprise metric. So it uses the idea of Surprisera, but improves it using the probability
distribution estimating idea of SurpriseH A. Reconstruction loss surprise is therefore a
better option than reconstruction accuracy surprise for situations where an autoencoder

can not achieve well enough performance for reconstruction accuracy surprise to work.

65



CHAPTER 5. DISCUSSION

However, it also inherits the downsides of both previous metrics. As was the case for
Surprisega, the autoencoder effectively doubles the training time of the deep learning
model. It also needs a split in the training set so that the reconstruction loss can be
estimated using Gaussian KDE on the surprise training set. For inference, the autoencoder
doubles the time as the sample needs to go through both classifier and the decoder part.
This is not as slow as in reconstruction accuracy surprise where the samples have to pass
through the classifier part twice. But after the reconstruction losses are calculated for all
samples in a batch, the probability distribution still has to be estimated through Gaussian
KDE, which is a compute intensive task, as shown in the previous section. This has as a
consequence that reconstruction loss surprise has the most overhead during inference of all
the proposed metrics. As mentioned earlier, this overhead can be reduced by measuring

surprise periodically.

While the Gaussian KDE process is the same as the one used for Surprisey 4, the cal-
culation for Surprisery has as advantage that it needs less samples. In hidden activations
surprise, 50 different probability distributions of hidden nodes needed to be estimated,
and only samples with an activation above 0 contribute to the approximation. Surprisegry,
on the other hand only needs one function to be approximated and to which all samples

in the batch contribute.

5.2.4 Best metric

The experiments conducted in the previous chapter show no clear best metric to use in
order to capture surprise. All metrics have advantages and disadvantages and they all
show behaviour that is desired in a surprise metric. In order to have a clear view of which
formula is the best, more experiments need to be done on larger and more complex prob-
lems and using a wider range of surprising situations. However, reconstruction accuracy
surprise is likely to be the least useful metric due to its sensitivity on the autoencoder

performance.

66



CHAPTER 5. DISCUSSION

5.3 Interpreting the surprise values

The hardest part of the various presented methods is the interpretation of the surprise
result. What does it mean to have a Surprisega of 1.254, a Surpriseg, of 5.89 or a
Surprisegy, of 0.677 The answer is that it is very much task and model dependent, a
Surprisegp of 0.025 might be surprising for a certain dataset and deep learning model,
while that value may indicate no surprise on another dataset and model. In order to
determine which value is surprising for a given dataset and model, first the average surprise
over the test set needs to be measured. Once this is known a threshold for surprise can
be set by looking at the surprise values for all the different batches of the test set. The
previous chapter looked into the ideal batch size for every formula. A good threshold would
be a slightly higher value than the maximum surprise value found across all the batches
in the test set. For example, if for a given dataset and model the average Surprisegry,
is 0.016 with some batches having values close to 0.25, a Surpriseg; threshold to flag a

situation as surprising could be set at around 0.30 or higher.

5.4 Future work

This work presents three possible surprise metrics in the context of deep learning. While
we obtained promising results for all three metrics, more research needs to be done in
order to determine the true added value of measuring surprise during inference. In order
to have a clearer view of which surprise metric is the best and the limiting factors of each
formula, more experiments need to be done on tasks that are more challenging than image
classification on MNIST as well as on a wider range of surprising situations. Another topic
for future research is how these formulas can be used in other network architectures such
as residual neural networks [45], as both the autoencoder and the activations of the hidden

layer strategies are not limited to vanilla convolutional neural network.

As mentioned in the previous section, it is hard to interpret the values of any of the
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surprise formulas without context of the dataset and model. Possible topics of future
work include more in-depth analysis of the metrics so that their values can be understood

more easily.

Finally, the biggest challenge for future work is evaluating the usefulness of it in ap-
plications. Surprise shows tremendous opportunities for the industry as a tool to monitor
deep learning models that are constantly doing inference. Testing surprise in a practical
application can gain valuable insights in how quickly surprise can help the model improve
to unanticipated situations. Having a smaller model that is able to quickly adapt to new
situations might be both faster and cheaper as a network that is trained to be robust to

a large category of possible surprising situations.
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Conclusion

Every human knows surprise as the feeling one gets when something unexpected or unusual
happens. It captures our attention and enables us to learn from a new experience. Deep
learning models work differently, while their architecture is roughly based on the brain,
they do not have a notion of surprise. Deep learning models apply what they have learned
to new inputs. When something in the input images changes and creates inputs that are
unexpected to what the model has learned, the network will try to keep applying its

knowledge on it, but will fail to make accurate predictions.

By measuring the surprise of a deep learning model on input sequences, it becomes
possible to track the network performance on new situations without having access to the
true classes of the data. Adapting to surprising situations using online learning, is key for

machine learning models to stay accurate when inputs suddenly behave unexpectedly.

This thesis defined three metrics to quantify surprise: reconstruction accuracy surprise,
hidden activations surprise and reconstruction loss surprise. Reconstruction accuracy
surprise and reconstruction loss surprise are metrics based on the idea that an autoencoder
is only able to reconstruct images that are similar to the ones seen during training. Hidden
activations surprise is based on the idea that the nodes in the last hidden layer of a neural

network activate differently during surprising situations. The proposed surprise metrics
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in this thesis offer measurements that can be used to capture the surprise of a deep
learning model in image classification tasks. The surprise metrics prove being capable of
capturing surprising situations. Retraining a model to surprising situations also correctly
lowers the surprise again to a non-surprising value. While more experiments on more
complex and industry relevant deep learning tasks should be conducted, surprise shows

to be a promising tool for deep learning applications.
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