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Abstract: Tuning hyperparameters can be very counterintuitive and misleading, yet it plays a big
(or even the biggest) part in many machine learning algorithms. For instance, finding the right
architecture for an artificial neural network (ANN) can also be seen as a hyperparameter e.g. number
of convolutional layers, number of fully connected layers etc. Tuning these can be done manually
or by techniques such as grid search or random search. Even then finding optimal hyperparameters
seems to be impossible. This paper tries to counter this problem by using bayesian optimization,
which finds optimal parameters, including the right architecture for ANNs. In our case, a histological
image dataset was used to classify breast cancer into stages.
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1 Introduction

Hyperparameters in machine learning are properties of an algorithm. There exist many
hyperparameters and especially neural networks have numerous of them. An essential task
is to find the hyperparameters which lead to the best results of the proposed classifier.
Techniques such as grid search and random search [BB12] can be proposed to solve this task
but lack of the ability to learn from previous outcomes. This is where Bayesian optimization
[Mo75] comes into play. This paper describes how Bayesian optimization can be used
to counter the problem of finding the right model architecture for Convolutional Neural
Networks to yield for the best results. The final evaluation of the proposed method in this
paper was done on a histological dataset [Ar17].

2 Related works

Similar works whose task is to optimize the model architecture are [ZL16], [Li17] and
[Zo17]. The mentioned works use reinforcement learning to consider the results of the
previous architectures to find better ones after each step. A controller, which is equivalent
to an agent, trains a child network each step. The feedback scores for the controller are the
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validation accuracies. This guides the controller to produce better models at each iteration.
In contrast to this paper, the methods in [ZL16], [Li17] and [Zo17] use recurrent neural
networks where hyperparameters have to be set, too. Differently, the methods used in this
paper require only two hyperparameters which are the number of models to be trained and
the choice of the acquisition function. The trade-off seems to be better as fewer settings
have to be considered to optimize a function which requires much more settings.

3 Foundation

Bayesian optimization is a global optimization algorithm and works by firstly making a
prior belief about the objective function2. Then a prediction is made to find the minimum
or maximum. After observing the current evidence, the posterior belief is updated by the
given evidence and the prior belief. This update step is repeated for a defined number of
iterations so that the uncertainty decreases and the objective function can be approximated.
Assuming that each point of the function is normally distributed, then this function can
be modeled with Gaussian process (GP) regression. It can target multiple variables, thus
multiple hyperparameters can be optimized.
To determine the next point xnext for an observation X , an acquisition function is required.
This function usually noted by a : X → R+, with set of points X , takes all observations and
the best result into account [BCdF10]. It also has to be maximized to select the next point
xnext to evaluate the function at e.g. xnext = argmaxxa(x). Solving another optimization
problem than the objective function seems to be impractical but the acquisition function is
usually easier to optimize and much cheaper. It also limits the regression task of the objective
function: not all points are going to be evaluated, only points which are important to find
the minimum or maximum. An acquisition deals with the trade-off between exploration and
exploitation. Exploration is discovering regions with higher uncertainty and exploitation is
sampling on regions that will likely offer an improvement [BCdF10]. Exploration is needed
to escape from the local optimum.

Consider the hyperparameter optimization task with n hyperparameters, the objective
function is the function that samples all hyperparameter settings. Each point is n-dimensional
and contains values for each hyperparameter. The objective function has to be maximized
because a high accuracy is yielded. This can be formalized as argmaxx f (®x,D, y,Dval, yval)
where x is the n-dimensional vector containing hyperparameter values, D is the training
data, Dval is the validation data, y and yval are labels with f being a classifier which returns
the validation accuracy. The search space can be defined as intervals, making it continuous
as in random search.
2 A function to minimize or maximize
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4 Methods

This chapter aims to explain the method of how hand tuning has been replaced. The proposed
method can be divided into two steps: finding the model and fine-tuning the model. The first
subsection deals with the aspect which models can be found and the second subsection deals
with the details of fine-tuning the best model that has been found. This method has been
split in two because searching for all hyperparameters at once is not practical considering
the exponential growth of the search space.

4.1 Model finding

As already said in Section 3, the classifier can be seen as a function f which takes
®x,D, y,Dval, yval as inputs and returns the validation accuracy. Due to the fact that
the used python package [Sc] minimizes the objective, the optimization problem is
argminx f̃ (®x,D, y,Dval, yval) with f̃ being the classifier which returns the negative valida-
tion accuracy. Note that the goal is to find ®x.

The objective is called by the bayesian optimization algorithm which can be seen in
Algorithm 1 [BCdF10]. The attended hyperparameter ®x and its linked validation_accuracy
= F(®x,D, y,Dval, yval) are being saved to D̃ which is not to be confused with the training
or validation data. The Gaussian process regression is then updated in the last step. The
best hyperparameters can then be observed after n iteration steps of calling the objective
with different ®x. This optimization method does not have many hyperparameters itself.
Only the number of calls and the acquisition function is needed. For this paper, Expected
Improvement was chosen as the acquisition function and is defined for the minimization
task as follows [JSW98]:

EI(x) = E[max {0, f (x̃) − f (x)}]

where x̃ is the best hyperparameter that has been observed so far. This formula expresses
that the current f (x) has to be smaller than f (x̃) and their difference should be maximized.
The expected improvement can then be obtained by the expected value.

The model architectures proposed by this algorithm follow the trend of how modern
convolutional neural networks are built (see comparison with VGG16, VGG19 [SZ14],
DenseNet [Hu17]). The created model architectures are sequential and nonrecurrent. As
seen in Figure 1, the first convolutional block can be of size m, meaning it can contain m
convolutional (Conv) layers activated with the ReLu function. The second Conv block can
be of size n. The batch normalization (BN) layer was marked differently in the Figure as
the use of it was set to be a hyperparameter. Convolutional layers that are contained in the
same block have equivalent output dimensions and filter sizes. After several additional p
Conv blocks, the output is fed to k dense layers. A dropout layer is added between each
dense layer. The dense layers were also activated with the ReLu function. The last layer is

Automated Architecture-Modeling for Convolutional Neural Networks 165



4 Manh Khoi Duong

Algorithm 1 Bayesian Optimization
1: procedure bayesopt(®x,D, y,Dval, yval)
2: for i ← 1,n do
3: ®xnext ← argmax®xacq(®x, D̃) . acq is the acquisition function
4: val_accuracy← f̃ ( ®xnext ,D, y,Dval, yval)
5: if val_accuracy < best_accuracy then
6: best_accuracy← val_accuracy
7: ®xbest ← ®xnext
8: end if
9: D̃← D̃ ∪ ( ®xnext , val_accuracy)

10: Update Gaussian process regression based on D̃
11: end for
12: return ®xbest
13: end procedure

the softmax function which produces probabilities for the final output. Note that after each
Conv Block, a maxpooling (MP) layer is added consecutively. The MP layer reduces the
shape it receives into a much smaller shape. Too many MP layers can lead to an exception
of negative output shapes. The maximum amount of Conv blocks is therefore limited by
the very first input shape. Larger image sizes can have deeper models because more MP
layers are allowed. The algorithm developed for this paper is able to adapt the maximum
amount of Conv blocks to be created based on the input shape. To prevent underfitting, the
parameters m,n, p (see Figure 1) are at least one. Differently, it is possible that the created
neural network can have zero additional dense layers (k = 0).

4.2 Fine-tuning

The fine-tuning was applied on the model that has achieved the best results on the model
finding algorithm. The algorithm in fine-tuning is the same as described in Algorithm 1.
The only difference is that the objective gets different hyperparameters. In the fine-tuning
process a total of eight hyperparameters were tuned. The output dimension of the first,
second and other Conv blocks make up three hyperparameters. The rest consists of the
learning rate, dropout, number of dense nodes, lambda value of the L2-regularization and
the kernel size of each Conv filter. All other settings that are not mentioned were preserved
from the model finding task e.g. the optimizer and activation function were not changed.
The hyperparameters which are to be optimized in this task can be easily switched up with
other hyperparameters available. The hyperparameter vector ®x and the search space could
be defined arbitrary.

After finding the right model and fine-tuning the model, it was aimed to train the model
further to achieve even better results.
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Fig. 1: Model architectures that can possibly be created

5 Evaluation

The application of the methods was done on a histological dataset of breast cancer (see
Figure 2). The dataset provided by [Ar17] consists of 249 training samples and 36 test
samples labeled in the following four classes: normal, benign, in situ carcinoma and invasive
carcinoma. This leads to a four-class classification task. Another task that comes up by
this dataset is the classification into carcinoma and noncarcinoma cells where normal,
benign are noncarcinoma and in situ, invasive are carcinoma. Each image has a resolution
of 2048 × 1536 pixels. The breast tissues were stained with haematoxylin and eosin (H&E)
and were digitized under the same conditions. The magnification on this tissue is 200×. The
provided test set contains 20 images where the images can be classified clearly (labeled
as initial in [Ar17]) and 16 additional images with increased ambiguity. The latter were
labeled as extended. The classes have almost evenly distributed samples.
Because neural networks require a high amount of training samples, the dataset was aug-
mented with flippings, mirrorings, rotations and random contrast changes. The augmentation
increased the number of images by eight times. This results in 1992 samples to train the
neural network.
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(a) Normal (b) Benign (c) In Situ (d) Invasive

Fig. 2: Samples of each stage

5.1 Inspecting bayesian optimization

Due to the use of bayesian optimization to find the optimal hyperparameters, its accom-
plishment in this task can be studied further in this section. From a theoretical point of
view, this optimization algorithm should find better values after each evaluation of the
objective function and a convergence should be seen. To see how this optimization technique
performed, a plot (see Figure 3) has been made which shows the accuracy of each created
model in the y-axis and the nth model in the x-axis. It was set that each created model has
to be trained for 40 epochs. Note that the fine tuning process was not done yet in this figure
and only the created models are considered.

0 100 200 300 400 500 600
20%

40%

60%

80%

100%

Tw
o-

cla
ss

Model accuracy
Training Validation

0 100 200 300 400 500 600
Iteration

20%

40%

60%

80%

100%

Fo
ur

-c
la

ss

Fig. 3: Accuracy of the created models on both classes. A linear regression for each validation and
training accuracy describes how bayesian optimization finds optimal models.

Considering the two-class classification, the values in the y-axis ranges from slightly under
50% to 100%. This is because guessing in a binary classification problem will already

168 Manh Khoi Duong



Automated Architecture-Modeling for CNNs 7

result in an accuracy of 50% on average if the dataset is evenly distributed which is fulfilled
in our given dataset. A lot of models that were created, scored bad accuracies. Meaning
those models were not able to learn from the data. This can be seen in the figure where a lot
of points lie in the accuracy of 50% which nearly creates a horizontal line visually. The
same can be observed in the four-class classification where the threshold is 25%. If the
plot as a whole is considered, there is no evidence of a convergence obtainable. All points
appear to be randomly distributed. The linear regression even shows a decrease in both
training and validation accuracy with each model that is found. This contradicts with the
theoretical assumption that better models should be found. For both classification tasks, the
best validation accuracy was found after 157 iterations. The achieved validation accuracy in
the four-class task is 61%. For the two-class task, the achieved validation accuracy is 75%.
This might be caused by randomly bad weight initializations or by the exploration step that
was done too much.

5.2 Final results

The best model that was found as described in Section 5.1 was fine-tuned and trained for
additional epochs. 1000 different hyperparameter settings were tested and it was chosen
to let the model train for 60 epochs with each hyperparameter setting. The results which
are presented in the following are based on the validation set: The confusion matrices in
Figure 4 are normalized which means that the number of predictions were divided by the
total number of images per class. This results in class-wise recall scores on the diagonal.
The confusion matrix in Figure 4a) shows on the diagonal that nearly all classes were
predicted correctly with a probability of 67%. Only benign has a recall score of 78%. It
can be misleading to state that benign tissues get classified at best because the first column
shows that benign was predicted at most and therefore the ANN was already likely to score
best at it. The higher number of predictions on the benign class can be explained by the
slightly unbalanced class distribution as it makes up 28% of the training data. The precision
score for the benign class is only 50%. Because normal and benign belong to non-carcinoma
cells, the most confusion happened there: 1

3 of the normal tissues were labeled as benign
but the opposite did not happen. The confusion matrix in 4b) shows that the classifier stages
carcinoma and non-carcinoma tissue both with a probability of 89%. As seen, the false
positive rate and false negative rate is 11%.

Table 1 shows different metrics to evaluate the classifiers. As seen, the metrics score for two
classes is the same everywhere. This is due to the equally distributed dataset and - as seen in
Figure 4b) - that all classes were fortunately predicted right with the same probability. For
non-binary classes there exists different averaging methods for the measures. The chosen
averaging method is macro which computes the given measure for each class and then takes
the arithmetic mean of it. As seen, the precision score is higher than the recall score for four
classes. The neural network is therefore good at classifying into the right classes but misses
a few elements which belong to it.
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Fig. 4: Confusion matrices of the ANN on both classification tasks

Classes Accuracy Recall Precision F1-score
Two-class 89% 89% 89% 89%
Four-class 69% 69% 74% 70%

Tab. 1: Different metrics to evaluate the ANNs

5.3 Comparing with related works

The following comparison is done against [GAS18], [Na18] and [NAE18] who made their
papers publicly available. The mentioned works participated in the ICIAR 2018 Grand
Challenge on Breast Cancer Histology Images [Ar18]. The dataset provided in this challenge
is based on the dataset [Ar17] used in this paper but consists of 151 more samples which is
an advantage. The dataset provided by the challenge was not used here because the dataset
was only made available for the participants. The comparison can be seen in Table 2 and all
results are based on the validation accuracy.

Team 4-class acc. 2-class acc. Approach
Aditya et al. [GAS18] 85% 93% Transfer learning: Inception-v3 [Sz15]
Wajahat et al. [Na18] 81% - Transfer learning: AlexNet [KSH12]
Kamyar et al. [NAE18] 95% - Transfer learning: Inception-v3 [Sz15]
Own work 69% 89% Automated Architecture-Modeling

Tab. 2: Validation accuracies compared with similar works

As seen in Table 2, not every team did the two-class classification. The comparison for two
classes can only be done against Aditya et al. [GAS18]. It can be observed that the results
are very similar in this case. For four classes, this work achieved inferior results against
the participants of the challenge. This can be caused by the higher amount of samples the

170 Manh Khoi Duong



Automated Architecture-Modeling for CNNs 9

teams had or by the use of a very common method of transfer learning. Though transfer
learning has been used by every mentioned team, the results can still differ. The results can
even vary if the teams use the same base model ([NAE18] and [KSH12]). As the number
of samples is essential for neural networks, the differences in the results can likewise be
caused by the different preprocessing and data augmentation methods. Apparently the
validation set is not the same for every team which can also lead to an inaccurate comparison.
[GAS18] and [Na18] used a fixed validation set throughout the hyperparameter search
whereas [NAE18] used cross-validation. The split was set differently by every participant.
The results, therefore, should be obtained with caution.

6 Conclusion and future works
Though the presented methods were applied on only one dataset consisting of two tasks, the
results were quite decent as an accuracy of 89% was achieved in the binary classification
task. For the four-class task, an accuracy of 69% was achieved. Also, it has been shown that
the real application of bayesian optimization neglects the intuitive results as no convergence
could be observed. This can be caused by many reasons, a further inspection and application
of the methods could be done in future works.

Furthermore, the model finding method could be extended by allowing the creation of
recurrent and nonsequential models. Considering more hyperparameters could lead to a
closer goal to the global optimum. Though the problem might be the curse of dimensionality
when considering too many possibilities, a bypass is to split the task into more steps instead
of two. The model finding algorithm could also be optimized: Some models already lack
to learn from the data and further training is not required. Some models, however, can
accomplish better results when being trained on a very high amount of epochs. When
considering the number of epochs as the depth and the amount of models that are going to
be created as the breadth, an application of iterative deepening depth-first search which
combines the breadth-first and depth-first search can thus be applied.
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