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Abstract

This thesis investigates how well a neural architecture search can find competitive image classifiers on the
CIFAR-10 data set with limited computational resources. Most work done on architecture search either uses
vast computational resources or narrow and strongly informed space of possible solutions.

The solution space proposed consists of residual convolutional networks with separable convolutions and
is explored by a primitive evolutionary procedure. When regularizing the evolution it proceeds to find
an architecture outperforming the ResNet-110 baseline. Further evolution is shown to find networks with
significantly lower average performance than random search. In comparison with Bayesian optimization and
local search, evolution show competitive final performance. Bayesian optimization however gives unmatched
sample efficiency.

One pressing matter in the process of reducing computations is how extensive networks must be trained
before evaluation. Small scale experiments shows a tolerable rank-correlation between early performance
and final performance of residual networks but indicates a bias for shallow networks.

Keywords: Neural Architecture Search, Automated Machine Learning, Black-box Optimization, Residual
Networks, Convolutional Networks, Image Classification, Neuro-Evolutionary Computing
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1 Introduction

1.1 Background

The use of machine learning, and artificial neural networks in particular, have been growing rapidly in the
last five years. While deep neural networks have proven to be very capable at learning various tasks [18, 10]
they often require extensive engineering to perform optimally. Primarily the user must design a neural
topology suitable to the task. Then multiple hyper-parameters must be tuned in order to maximize the
learning of the network. In all, this takes extensive work and often requires a specialist in the area.

The aim of automated machine learning is that the user simply introduce a task and a data set. Then the
machine should find a complete machine learning pipeline that solves the problem. The fact that this process
is computationally expensive could then be accepted as it would replace another time consuming task. For
example an engineer could press a button on the machine and then work on other tasks for a few days until
the pipeline was returned, instead of spending these days constructing the pipeline manually.

However designing a tool that finds solutions to every possible problem is a big task. This thesis will focus
finding image classifiers for low resolution images. Deep convolutional networks [18] with residual connections
[12] are proven to be top performing image classifiers [12, 1, 9, 31, 32]. This prior knowledge is used to limit
what types of networks that will be considered.

To find suitable candidates among a large number of possible networks an evolutionary algorithm is im-
plemented. Similar algorithms have proved to perform well in the architecture search setting given a large
computational budget [28, 29]. Here it is also investigated whether they also perform well on a smaller
computational budget. The software base used in this project already includes implementations for Bayesian
optimization, local search and random search, used as baselines for the evolutionary procedure.

1.2 Problem Description
The following questions will be investigated in this work.

e Can an evolutionary architecture search with limited computational budget find architectures that
outperforms known baselines such as ResNet-1107

e Can an evolutionary architecture search with limited computational budget outperform a random
search and how does it compare to methods like Bayesian optimization and local search?

e How well does final performance of network correlate to early performance? If it does not, is bias given
to specific types of architectures at early estimates?



2 Theory

2.1 Machine Learning

This thesis will mainly study deep learning, a specific kind of machine learning. Machine learning in turn
is one of the most exploited sub-fields of Artificial Intelligence (AI) in resent years. It is necessary to get a
grasp of the basic concepts of machine learning before diving into deep learning [10].

2.1.1 Basic Concepts of Machine Learning

In machine learning data is supplied to an algorithm from which the algorithm is supposed to learn. How do
we define what it means to learn? A widely accepted definition of learning is the one presented by Mitchell
et al. (1997) [22]:

A computer program is said to learn from experience E with respect to some class of tasks T and performance
measure P, if its performance at tasks in T, as measured by P, improves with experience E.

Now to explain the task, T', one distinction is necessary. The learning process alone is not the task. The
learning process has the goal of being able to perform the task better then before. If, for example, the aim
is for a robot to gain the ability of playing chess, the task would be playing chess, not learning to play chess
[10].

The resent hype about machine learning can partly be credited to the rapidly rising number of tasks that can
be solved. Common machine learning tasks are: classification where the algorithm should categorize inputs
to one of k given classes; regression where the algorithm should predict a numerical value from an input
value; anomaly detection where the algorithm finds atypical or unusual values in a series of data [10].

In order for the learning algorithm to know how to improve its performance on the task 7. It is necessary
to quantify a performance measure P that can evaluate the algorithm’s ability on a the task. Also the
performance measure P can help to visualize the progress of the learning [10].

The workflow is often to first make the machine learn and then perform the task on data it never has seen
before. When measuring performance it is interesting how well it performs on the unseen data, not on
the data it has been trained on. If the machine performs well on unseen data, it is said to generalize. As
performance on seen and unseen data can differ a lot it is common to split the data set into two parts. One
that the machine actually learns from and one that is purely dedicated to measure the performance after the
training procedure. This to make the measure more representative of how well the machine would perform
on the task in a real world setting [10].

An other aspect of performance measure is that people and learning algorithms does not want the same kind
of information. When classifying images for example people are interested in whether it is right or not. A
binary 1/0 measure, that after classifying many images, results in a percentage of correctly classified images.
To a learning algorithm this is not interesting. Scoring 84% does not include information about how to get
a higher score. The learning algorithm rather wants a continuous measure that it can differentiate. This to
find a direction in the parameter space which would improve performance. While presenting the result in
terms of accuracy the learning algorithms are often trained with log-probability as loss-function [10].

On to the experience E. When working with a experience in form of a fixed data set learning algorithms
are divided into two general categories. Supervised learning, where the data is labeled, and unsupervised
learning where no labels are available. Having labeled data means that if the data set contains images of
animals it also contains information about what animal that is in each image. This obviously makes it easier
for the machine to learn how to classify the images [10, 22].



2.1.2 Supervised Learning

In this work the focus will be on supervised learning. The data sets are of the type [X,y] where one sample
is [X;, yi] € [X,y]. Here X; can be an image and y; would then be the label of which class X; belongs to. In
a different scenario where the task was to approximate a polynomial, X; could be coordinates and y; would
be the function value. Notating the data set as [X,y] is common for supervised learning independent of the
task [10].

The learning process in supervised learning generally consists of making the learning algorithm find the
relation between data points X; and their labels y;. This builds on the assumption that the samples [X;, y;] €
[X,y] is independent and identically distributed random samples from an underlying distribution. And then
the learning actually consists of identifying the underlying distribution of X [10].

2.1.3 Artificial Neural Networks and Deep Learning

Artificial neural networks are a type of machine learning algorithms that have become very popular in resent
years [18, 10]. They are called artificial neural networks, or just neural networks, as they are inspired by
how the neural system in the human brain works. The simplest form of a neural network is the perceptron
model. This is, mathematically, a non-linear transform of a linear combination:

N

y=0(> wiar) = p(wx). (1)

k=0

Here x and y are the input and the output of the model. The non-linear transform ¢ is called the activation
function and w is the model parameters. The learning of a network consists of finding the optimal set of
weights w. As wx is a linear combination it is essential that ¢ is non-linear, otherwise the output would
always be a linear combination of the input.

In deep neural networks these functions are stacked on each other. For example a two layer network with
multiple outputs would look like:

J K
Yi = 900(2 Wi QDh(Z’LZ)jkfk)) .
j=0 k=0

The activation functions are denoted o and h referring to the output layer and the hidden layer. In a deep
neural network all layers but the last one are called the hidden layers. Although neural networks consists of
simple operations the networks get highly complex when the number of nodes and layers increases. Because
of this, neural networks are considered to be black-box models [25].

2.1.4 Activation Functions
The activation function can be designed in many ways. Some traditional choices are;

the threshold function:

the logistic function:
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A0 = T
and the linear rectifier function
0 if <0
p(z) = . :
x if x>0

The decision is up to the user but some are better suited to different problems and networks. For example
the linear rectifier, ReLU, is a very common choise when using convolutional neural networks [25, 10].
2.1.5 Training a Neural Network

Training a neural neural network can be seen as an optimization problem. The problem is to minimize the
networks error on a task with respect to the weights in a network. To do so gradient based methods are
often used, this is called gradient descent learning [10, 25]. Algorithm 1 shows the basic steps of gradient
descent learning where the half squared error is used as error function

E(w) = 52/27 0= (ypredicted - ytme)
AWE(w) = (ypredi,cted - ytme)x = dz.

In the equation above x is the inner derivative when differentiation with respect to w, see equation 1.

Algorithm 1: Gradient descent learning

Randomly initiate the weights wy.
Define the learning rate 7.
Repeat until convergence
while True do
Compute output: Ypredicted = Y()
Compute the difference: 6 = Ypredicted — Ytrue
Update weights by stepping in the opposite gradient direction:
w=w —nix
end

This method always steps in the direction of most immediate improvement. When the error function is
convex, as it is for many machine learning algorithms, this often works well. However for deep neural
networks the error function can be non-convex. This means that finding a point w where A,, E(w) = 0 is not
equivalent to w being the optimal solution. In this case, standard gradient descent learning is not sufficient.
Today there are a number of different approaches to overcome the difficulty of non-convex error functions
[25]. Most of them are still designed around the gradient descent idea, for more details the reader is referred
to other literature.

2.1.6 Convolutional Neural Networks

Convolutional neural networks [18] are a special kind of neural networks that are very popular in image
analysis [25]. Instead of connecting each node in layer ¢ with each node in layer i+1 using linear combinations,
convolutional networks connect layers by performing convolutions between the input and a kernel [25].

A filter, or a kernel, is a matrix and the filtered output, y, of the layer is the convolution of the input, I,
and the kernel, K:

y(i,j) = (I x K)(i,5) =Y > I(i—m, j—n)K(m,n).



See this example below of a convolution in one dimension:

1, 2, 3,4, 5]=[1, 0, 1]=[(1+3), (2+4), 3+5)] =14, 6, 8].

The trainable weights in these networks are the kernels, in the example above there were three weights.
While the network learns the kernels values it self their behavior can be explained mathematically to a
certain extent. For the example above, if the kernel would be [1/3, 1/3, 1/3] it would take the average of
the nearby inputs and make the sequence smoother. If the kernel would be [—1, 0, 1] it would differentiate
around the middle point [25].

In a regular neural network each input was connected to each output. In these convolutional networks an
output node only is connected to as many input nodes as there are entries in the filter. In the example above
the difference is not to big, but imagine if the input was a image with 256 x 256 pixels and the filter was a
3 x 3 matrix. Then one output would be connected to only 9 out of the 65,536 pixels from the input. This is
called sparse connectivity. Further a kernel slides over the entire input, all outputs are therefore computed
using the same parameters. This is called parameter sharing [25].

Up til now a convolutional layer has been described as a single filter. In convolutional networks a convo-
lutional layer usually has multiple filters an hence outputs multiple filtered maps. Further, a convolutional
layer often includes three components: the filters, a pooling or batch normalization [14] layer and an acti-
vation function [25, 10]. There is much more to convolutional networks than described here, the interested
reader is referred to [10].

2.1.7 Residual Neural Networks

For image classification tasks, using a residual structure [12] for the convolutional networks have proved to
improve performance, especially for deeper networks. A residual connection, or just a skip connection, means
that a layer transmits its output not only to its following layer but also to at least one other layer further
forward in the network see figure 1. Then the function expressing the residual segment can be considered as
Y = F(X) + X rather than Y = F(X) [12].

Three structures can be used to describe the residual networks, or just ResNets; sections, blocks and layers.
A ResNet is consists of an initial feature extraction, a sequential chain of sections, a downsampling and an
output layer [12]. The blocks contain convolutional layers and are the keys to the residual structures, as
they are the only part including residual connections. To do so, the block passes its input both through the
convolutional layers and straight to the output activation function, see the long bent arrows in figure 1. This
figure shows two types of residual blocks, basic blocks and bottleneck blocks, which both where introduced
in [12]. The section structure has the sole task of reducing the size of the feature maps, which is done in the
first block of each section, except the first one. An interesting extreme case of the residual connections is the
DenseNet [9]. In a DenseNet each convolutional layer transmits its output to all subsequent layers.

2.2 Neural Architecture Search

The main topic studied in this work is neural architecture search, a branch of automated machine learning.
Automated machine learning is the process of automating the construction of good learning algorithms for a
given problem. This so that the user can make good models without being an expert of the problem. Further
the automated process might find learning algorithms beyond the human knowledge. Neural architecture
search specifically regards how to design the model topology of a neural network, ex. how many and what
type of layers to use.
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Figure 1: Left: A basic residual block which has two convolutional layers. Right: A residual bottleneck
block which has three convolutional layers. Image from [12].

As this is a relatively new field there is not a many educative books describing neural architecture search
and there are no general procedure for how to execute an architecture search, instead inspiration must
be taken from recent research. This section will give a rather basic explanations of the sub tasks of an
architecture search: defining a search space, searching the space and evaluating performance. More in depth
explanations of how architecture searches can be conducted are described in section 2.3, the literature review.
The workflow of the sub tasks are shown in figure 2.

architecture
Ac A
Search Space L—— | Performance
| Search Strategy Estimation
A ~_ Strategy
performance

estimate of A

Figure 2: Here the simplified architecture search procedure is shown. Divided into the three sub tasks, image
from [7].

2.2.1 Search Space

The first thing to do in an architecture search is to define a search space. This is the space of possible
solutions. Defining the space can be done in many ways. The size of the search space can be reduced by
prior knowledge from the user, while this simplifies the search it also increases the human bias. Reducing
the search space might prevent the search from finding novel architectures beyond the human knowledge
[7].

As the search space in practice must be limited, there will always be a bias. The question is rater how much



bias the user choose to introduce.

2.2.2 Search Strategy

The Search strategy is how to navigate through the search space. Measuring the performance of a network
requires training, which is time consuming. Hence we cannot use gradient based searches. Searching through
the space can be considered a black-box optimization problem. Different approaches to search the space have
been used in research and it is not clear what is the best way to do it. The methods have in common is that
they must deal with the exploration-exploitation trade-off. On one hand you want to find good solutions
fast, on the other hand you avoid local minimums [7].

2.2.3 Performance Evaluation

The objective of the architecture search is usually the same as in general machine learning: to find architec-
tures that perform well on unseen data. However normally this is done by fully training a network and then
evaluating it. This is time consuming and limits how many architectures that can be considered. Hence
much work in the field now focus on how to measure performance more efficiently ex. weight inheritance and
low-fidelity estimates [7].

2.3 Literature Review
2.3.1 Search Space

The basic way of building networks is to simply stack layers on top of each other. This approach is taken by
Davison (2017) in DEvol, an open source software for architecture search and hyper-parameter optimization
[3]. The objective in DEvol is always to maximize the performance om the MNIST data set [19], an image
classification problem. Here the prior is strong, using the knowledge that convolutional networks are suitable
for these tasks [18]. The search space only includes sequential networks that first have convolutional layers
and end with fully connected layers. The user choose the maximum number of each type of layer as well
as the maximum allowed width of the layers. In this way the user spans the search space under the given
constraints. This approach manages to find networks with high classification accuracy, but MNIST is a
relatively simple task.

State-of-the-art performance on more complex tasks is not reached with sequential networks though. To
find networks with higher performance recent studies have incorporated more complex network structures
[5, 6, 34, 29]. These non-sequential networks can for example have skip connections or divide networks into
branches. Examples of manually designed non-sequential structures are residual networks [12] and dense
networks [9].

A new paradigm, the cell-based search space, was suggested by Zoph et al. (2018). In this setting a cell is a
non-sequential structure of layers. Then the search is divided into two separate processes. The inner part is
to find good cells and the outer part is to stack the cells on top of each other. In this approach there are two
different cells, the normal cell that preserves dimensionality of the input and the reduction cell that reduces
the spacial dimension by a factor two. This leads to three searches, one for each cell and one for how to
stack them [34].

The concept of simply stacking cells or blocks, of non-sequential layer structures, has a proven track record
[12]. Using the cell-based search space gave new state-of-the-art performance [34] on the ImageNet data set
[4]. Following this, other work have also had success using this cell-based search space [29, 6].



2.3.2 Search Strategy

Common approaches for navigating the search space includes Bayesian optimization, evolutionary algorithms,

random search and reinforcement learning [7].

In a survey over the field of architecture search by Elsken et al. (2019b) a few papers stood out as they had
moved the field forward with their work in some sense. Early work on evolutionary approaches was done
by Real et al. (2017). The suggested algorithm is a very simple tournament selection procedure. The initial
population consist of one layer models that grows into well performing architectures solely by mutating the
most promising architectures in the population. They obtained competitive results on both CIFAR-10 and
CIFAR-100. However this method is very computationally expensive and solutions might get stuck in local
minimums [7, 28].

Further Real et al. (2019) combined the cell-based search space from Zoph et al. (2018) with the large scale
evolution designed in Real et al. (2017). To make the evolution less greedy, the procedure is regularized by
removing the oldest individual from the population instead of removing individuals based on performance.
Argue that the regularization relates to how biological evolution works. However while showing that reg-
ularizing the evolution improves the performance over time the focus lies in comparing these evolutionary
strategies to the reinforcement learning methods used by Zoph et al. (2018). The conclusion is that both
evolution and reinforcement learning can outperform random search, albeit by a small margin. Evolution
and reinforcement learning gave similar final results but evolution has better anytime performance and found
less complex solutions. Using the regularized evolution they found a new architecture, AmoebaNet, that set
a new state of the art performance on CIFAR-10 and ImageNet [29].

A simple hill-climbing procedure is used in network morphism by Elsken et al. (2018), a network morphs
into a new one by taking a small step in a promising direction. The key to network morphism is efficiency in
evaluation, which limits the options in the search phase. These limitation prohibits networks from reducing
complexity. Constantly growing goes against the idea of simplicity and also makes the search very greedy and
prone to get stuck in local minimums [5]. To improve upon network morphism Elsken et al. (2019a) introduced
approximate network morphism. Here the key is the introduction of complexity reducing operations. This
allows executing an evolutionary multi-objective architecture search that approximates the entire Pareto
front [6].

Note that the evolutionary approaches used are rather simple, new networks are obtained by adding a
mutation. Neither the large scale evolution in Real et al. (2017) and Real et al. (2019) or the morphism
in Elsken et al. (2018) and Elsken et al. (2019a) manages to implement a successful cross-over mechanism
although both mentioned it as an interesting extension to their work. As a mutation would represent a small
step in a random direction these evolutionary algorithms are similar to a local search. In Elsken et al. (2018)
the search is actually referred to as a hill climb, they do not consider the search but rather the morphism
concept as the evolutionary aspect. The evolutionary resemblance strengthens in the following study Elsken
et al. (2019a) as Lamarckin inheritance is introduced. In Real et al. (2017) the search is always referred to
as an evolution as the population of individuals is always in focus. However initializing a random population
and updating it by mutating promising individuals bears strong resemblance to a multi-start local search. To
conclude, it is common to use evolutionary concepts in search strategies but not a full evolutionary procedure
[28, 29, 5, 6].

An other way of conducting an architecture search is to consider it as a reinforcement learning problem. In
the reinforcement learning setting the sampling of a neural architecture can be considered as an agent taking
an action. In Zoph et al. (2018) a proximal policy optimization is implemented to search for architectures.
The agents rewarding system is based on the neural architectures estimated performance on unseen data



[34].

2.3.3 Performance Estimation

One pressing issue in neural architecture search is the computational cost. Organizations like Google have the
resources to train thousands of big networks but that is not the case for smaller companies and institutions.
This is why effort is made to make these searches more efficient. An example of this is network morphism
by Elsken et al. (2018). The concept is to start with a small network. Then a new network is obtained by
adding complexity to the current one. Weight inheritance is used in such a manner that the new network is
a function preserving update of the old one, frew(2) = fora(z). Hence the new networks do not have to be
trained from scratch, which significantly reduces computations [5].

However reducing complexity of networks cannot be done in a function preserving way. But Elsken et al.
(2019a) introduces approximate network morphism. There complexity reducing operations are executed
in a 7almost” function preserving manner, fpe,(2) & foqa(x). In the context of evolution, (approximate)
network morphism can be considered a Lamarckian inheritance as knowledge is passed on to new generations
[6].

It is difficult to explore a vast search space with network morphism. A much more naive approach is taken
by Real et al. (2017), Real et al. (2019) and Zoph et al. (2018) where the networks are trained from scratch,
but only for 20-30 epochs. As a full training is over 150 epochs this reduces the computations with ~ 80%.
The issue is that the networks that performs best when evaluating after ~ 20 epochs are assumed to be the
best performers after the full training, but this assumption does not always hold.

When making an architecture search based on low-fidelity estimates it is desirable to evaluate the networks
as fast as possible, and still finding architectures with strong final performance. To do so, inspiration can be
taken from Li et al. (2018) where they speed-up random search for hyper-parameter optimization by using
multi-fidelity estimates [20]. This means that they sample C random configurations and then train them
a short time, T', and does successive halving iteratively until they have one configuration left. This idea
assumes that rank-correlation holds reasonably well. Rank-correlation in this setting means that if neural
network A performs better then neural network B after ex. 20% of the training it will, most likely, also
perform better after the full training. This is the same assumption as in the last paragraph.

In Efficient Neural Architecture Search (ENAS) by Pham et al. (2018) the one-shot architecture search
concept is explored. Here the entire space is designed as a directed asyclical graph which is trained on
approximate gradients the beginning of the procedure using reinforcement learning. All architectures are
subgraphs of the big graph, from which they inherit their weights, so no further training is needed. The
search is then guided by a RNN controller that samples subgraphs. ENAS claims to be 1000 times more
computationally efficient then standard architecture search but this concept arguably introduces more human
bias than some of the previously mentioned work by setting up the search graph. Also ENAS proves to get
competitive architectures on both tasks within computer vision, CIFAR10, and language technology, Penn
Treebanks [21, 27]. The inherited weights does not give the architectures optimal performance. As models
can be retrained after the search, as with the low-fidelity estimates, this is accepted. However this approach
also rests on the assumption that rank-correlation holds.

2.3.4 Future Direction

The long term goal of automatized machine learning would be to remove the human bias and still be
able machine learning pipelines with competitive performance. This however is far away from where the
research is today. Attempts to do so is seen in very recent work by Real et al. (2020) called AutoML-Zero.



In this study the search space only consists of predefined mathematical operations. By an evolutionary
search, stacking these mathematical operations, a two-layer neural network trained by backpropagation is
discovered. Further these networks are then evolved directly on concrete tasks ex. binary classification
variants of CIFAR-10. Doing so they can eventually outperform baseline method linear regression [30].
While this appears promising, it does not compete with state-of-the-art methods on specific tasks and the

required computations are vast.
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3 Methodology

Now let us go through the end-to-end construction of a full pipeline for a neural architecture search. First the
problem and data used, as well as what hardware and software will be described. Then follows the technical
procedure with details of how; the ResNet structure was used as a prior for the search space, the evolutionary
algorithm was implemented and the assigned low-fidelity estimates of general performance.

3.1 Data

Image classification is one of the most mainstream tasks for neural networks to perform so there are many
available data set. For the experiments the public data set CIFAR-10 [16] has been used. It consists of 6000
32 x 32 pixel images with motifs from ten different classes. Additionally each image has a corresponding
label of which class it belongs to. The motifs are different animals and vehicles.

This data set is well used since its images are rater small, this makes computation on relatively fast compared
to data sets of bigger images. Also it still has a considerable difficulty level. The best published networks
[29, 34] have reached test accuracy of over 97% but finding those required extensive searches taking multiple
GPU-weeks. For hand crafted networks, an accuracy of above 95% [11] is considered very good. See example
of the CIFAR-10 images in figure 3.

(g) Horse (h) Plane (i) Ship

Figure 3: Random images from each class of the CIFAR-10 data set.

3.2 Software

The code in this project is written in python 3.6. For construction, training and evaluation of neural networks
the PyTorch [26] library was used. The pytorch extension torchvision [2] was used for accessing of image
data sets and preprocessing of data.

The code basis for this project comes from the multi-objective hyper-parameter optimization tool Hyper-
Mapper (24, 23].

To design the residual networks in the search space torchvision’s implementation [2] of which was used and
also inspiration was taken from Train CIFAR10 with PyTorch by Kuang (2017) [17].

11



Early in the work inspiration was taken from DEvol - Deep Neural Network Evolution by Davison (2017)
[3]. This is one of the few available software that uses evolutionary methods for architecture searches. While
the study showed some promising results a more novel search space was desired for this project.

3.3 Hardware

Experiments was run on Sentian’s servers in Malmo. For main experiments the stronger server, Frank, was
used. Frank has 128 Giga byte RAM and is equipped with two 6 core Xeon E5/2620 v2 @ 2.10GHz CPUs
and two Nvidia GTX 1080ti 12Gb GPUs. For smaller experiments the older server Rosenblatt was used.
Rosenblatt has 48 Giga byte RAM and is equiped with two 4 core Xeon X5550 @ 2.67GHz CPUs, two Nvidia
GTX 1050ti 4Gb GPUs and further two two Nvidia GTX 1650 4Gb GPUs.

3.4 Design of the Search Space

This project focuses solely on image classification for relatively small (= 500 — 1600 pixels) images. The
search space was constructed around the ResNet architectures designed for CIFAR10 in He et al. (2016),
which are proven to perform well [12].

The key implementation wise was to construct a mapping from parameter configurations, representing a
network, to an actually neural network object in pytorch. To do so a direct encoding was designed what
builds complete residual networks guided by eight parameters with predefined possible values.

In some previous work the search procedure consists of both finding blocks and then stacking them [34, 29].
This study is limited to stacking pre-defined blocks. For this, the basic block and the bottleneck block defined
in [12] are used. They can be seen in figure 1. A network will have only basic blocks or only bottleneck
blocks, not a combination of them. This is the first parameter in the constructed search space.

Further the networks have four sections, and there are one integer parameter representing each one of them.
The first section can have zero blocks and the others have at least one block, so in practice the networks
will have either three or four sections. The maximum number of blocks in a section is 18 for all sections.
The flexibility of having either three or four sections in the networks is due to that both have been proven
successful. The standard ResNets have four sections [12] and using ResNets with four section on CIFAR-10
can give good results [17]. However on CIFAR-10 the original study successfully use ResNets with only three
sections [12].

This means that our search space contains networks with b € [3,72] blocks. The basic block have two
weighted layers while the bottleneck block has three layers. Outside of the section the networks will have
two weighted layers, the initial feature extraction and the output layer. So in total the possible networks in
the search space will have [ € [8,218] layers.

The width is controlled by two parameters. 1) The number of filters, this decides the number of filters the
convolutions in the first section will output. This parameter is ordinal and can take the values 2¢, i € [0, 5].
2) The filter update, this decide by what factor the number of filters will increase between the sections. The
possible values are {1,2}. Normally ResNets increase the number of filters with the factor two.

To enable cardinality, see figure 6 in section A.1, in the networks the last parameter is called group size. The
group size sets how many filters each group will have, hence the networks cardinality will be the number
of filters divided by the group size. Group size can take the values 2%, i € {0,1,2,3,5}. To clarify, if the
number of feature maps increases between the sections the size of the groups will grow but the cardinality
will be constant.
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As all parameter values can be freely combined we will have 13,296,960 possible configurations. However
problems occur when the group size is bigger then the number of filters. Then the group size is set to be
the number of filters and networks become duplicates. So the search space only contains 8,864,640 unique
networks.

3.5 Searching the Space

To search this space an evolutionary algorithm, inspired by Real et al. (2017) [28], was implemented. The
procedure is described in algorithm 2. The mutation function alters a given configuration by randomly
assigning a new value to one of its parameters. The new value is drawn from a uniform distribution of the

possible parameter values.

Algorithm 2: Evolution

Set values for population size P, number of generations G.

Through the procedure P + G configurations will be evaluated.

Initiate the population pop by drawing P random samples from the search space.
for g in range(G) do

draw two random individuals, A and B from pop;

if A >B then

C =A;

remove B form pop;

else
C = B;
remove A form pop;

end

mutate(C);

add C' to pop;
end

Two slightly modified versions of the algorithm was also enabled. The first modification was to regularize
the evolution as in Real et al. (2019) [29]. By regularizing, the oldest individual in the population is removed
after each generation. It is not based on performance as in algorithm 2. The second modification was to
both regularize the evolution and also add a crossover mechanism. When using the crossover mechanism,
three individuals is drawn from the population instead of two. Further the child, C, is obtained by randomly
combining the two best picked individuals, still the mutation is applied.

The evolutionary approaches will be compared to the search algorithms available in HyperMapper. These

are Bayesian optimization, local search and random search. The first two algorithms are explained in section
A2

3.6 Performance Estimation

For the search to be meaningful, performance of the configurations must be measured sufficiently. As training
a network to convergence is time consuming, the networks was evaluated after just 20 epochs of training.
The choice of 20 epochs was inspired by similar works where networks were trained for between 20 and 30
epochs [28, 29, 34].

Pre-processing of data and environment for training the networks are the same as when training ResNets on
CIFAR-10 in [12]. Training details can be read in section A.3.
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4 Results

4.1 Architecture Searches

As described neural architecture searches was conducted with existing algorithms random search, local search
and Bayesian optimization as well as with three variants of the evolutionary algorithm. At the end of the day,
the most interesting aspect of an architecture search is the general performance of its best found architecture
after a complete training. To measure this the best found architecture from each search will be compared
to each other as well as the baseline architecture the search space was built around, the ResNet-110. In this
process each network was trained identically.

However the algorithms can only be held responsible for the performance of the networks in the search
environment, where they are only trained for 20 epochs. In an effort to understand the algorithms the
performance of each evaluated network will be analyzed. To further get a grip of how well the low-fidelity
estimates in the search correlates to high-fidelity estimates, a rank-correlation study of residual networks
rounds of this section.

4.1.1 Final Results

In table 1 the performance of the best network from each architecture search is shown along with the depth
and number of trainable parameters in the networks. The search space includes networks with over 200 layers
but each architecture search finds networks with less then 100 layers. While the found architectures have less
layers then the ResNet-110 baseline they are not necessarily smaller or less complex. On the contrary, the
three architectures that outperforms ResNet-110, Bayesian optimization, evolution and regularized evolution,
have significantly more trainable parameters then the baseline has. For this reason a wider version of ResNet-
110 was included as comparison, and this performed slightly better than its shallow counterpart.

Table 1: CIFAR-10 classification results after full training for the best architectures found by each search.
Compared to the baseline architectures.

Model/Origin # layers | # params | Error (%)
ResNet (baseline) 110 1.7M 7.5
ResNet wide 110 6.9M 7.1
Random Search 47 0.92M 8.5
Local Search 74 1.4M 8.4
Bayesian Optimization | 52 12.3M 7.3
Evolution 41 6.8M 7.0
Regularized Evolution | 80 15.0M 6.7
Crossover Evolution 36 6.6M 8.5

4.1.2 Search Analysis

Previous results have shown that well performing architectures can be found. However only evaluating the
best found solution tells little about the search over all. In figure 4 the performance of each evaluated sample
for each algorithm is seen. This shows that, after the random sampling phase, the guided searches finds
fewer solutions with very high error compared to the random search.

More visualizations of the architecture searches can be seen in figure 5. Subfigure 5a shows that Bayesian
optimization finds the best architecture as it slightly outperforms evolution and regularized evolution. Out
of the evolutionary methods regularized evolution finds the best solution. But it finds significantly better
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Figure 4: Error percentage for all evaluated network for each search as a function of real elapsed timed. The
networks are evaluated after 20 epochs of training.

solutions during the random sampling phase than the other searches do. All guided searches beats random
search.

Perhaps the sub figures 5b and 5c¢ are more telling. That the guided searches on average finds better solutions
are shown in 5b and 5c tells that the difference is bigger between the guided searches and random search in
the later parts of the procedure. All the evolutionary approaches and local search behaves quite similarly
while Bayesian optimization has completely different behavior. Early in the process Bayesian optimization
significantly outperforms the other methods in average sample performance. However figure 5c indicates that
the other algorithms do catch up. It must also be mentioned that while all other algorithms evaluated 200
samples the Bayesian optimization search only evaluated 181 samples. This is due to the fact that Bayesian
optimization requires more computations to pick a new sample, so a time limit of 80 hours was put upon
that procedure.

The local search algorithm used as benchmark behaves very similar to the basic evolution in particular,
see figures 5b and 5c. However comparing figure 4b to figure 4e shows that local search has less volatile
performance. This can be the reason to why its best found architectures is slightly worse. Also it finds worse
architectures in the random sampling phase, which also could hinder its performance.

The ordering of the best found architectures is visualized in figure 5a. However the actual performance is
easier to quantify by studying table 2. This table looks similar to table 1 from the last section, but now the
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scores comes from the low-fidelity estimates when only training the networks for 20 epochs in the architecture
search environment.

Worth noting is that Bayesian optimization found the architecture with the smallest error in the search, see
table 2. But after full training it only ranks as third best, see table 1. Also it is interesting that while the
wide ResNet-110 had a strong final performance it shows a much higher error than the other architectures
after 20 epochs, see table 2. These behaviours motivates the following section about rank-correlation.

Table 2: CIFAR-10 classification validation results after 20 epochs of training in the architecture search

environment.

Model/Origin # layers | # params | Error (%)
ResNet (baseline) 110 1.7M 104
ResNet wide 110 6.9M 19.9
Random Search 47 0.92M 11.7
Local Search 74 1.4M 10.7
Bayesian Optimization | 52 12.3M 8.2
Evolution 41 6.8M 8.8
Regularized Evolution | 80 15.0M 8.3
Crossover Evolution 36 6.6M 10.6

4.2 Rank-Correlation Experiments

This section analyses anytime performance of ResNets with two different experiments. One where only the
depth is varied and one where only the width is varied. The purpose of this is to get a feeling for how biased
the architecture search might be. And in general what to expect if comparing performance prematurely.
For these experiments networks are validated at 5 different fidelity defined by amounts of data processed in
training. The levels used are 5, 10, 20, 50 and 100 epochs on the CIFAR-10 training data.

4.2.1 Width Comparison

In table 3 the performance at the different fidelity is shown for four versions of ResNet-56, meaning that
they all have 56 layers of trainable parameters. The regular version with 16 convolutional kernels in the first
section as well as variants with 8, 32 and 64 filters respectively. So to be clear, the only difference between
these networks are their width. There are clear indications that estimating very early biases networks with
less width as the smaller networks dominates at 5 epochs while the wider networks perform best at 100
epochs.

Table 3: Comparing multi-fidelity performance of ResNets of depth 56 with varying width. Performance
measured in classification accuracy on CIFAR-10 test data.

Filters | ¢ 16 |32 |64
Epochs
5 72.7 | 707 | 56.0 | 45.3
10 776 | 79.5 | 78.0 | 63.8
20 81.9 | 85.0 | 86.3 | 80.3
50 852 | 87.1 | 88.8 | 87.5
100 89.1 | 90.7 | 92.3 | 92.0
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The Rank-Correlation is quantified in table 4. The entry at index (¢, j) shows how much the rank of the
networks at fidelity ¢ correlates with the rank of the networks at fidelity j, hence the matrix is symmetrical
with ones on the diagonal. As the architecture searches in this report evaluated networks at 20 epochs,
a high rank-correlation between 20 and 100 epochs is desired. Here it is actually negative, which would
suggest that measuring performance at 20 epochs is rather wasteful. However the network with 64 filters in
the same group is not included in the search space as it is to wide. And if that network was removed from
the computations, the rank-correlation would be 1 between 20 and 100, see table 5.

Table 4: Rank-Correlation for the results in table 3.

Epochs 5 10 20 50 100
5 1 04 02 -08 -1
10 0.4 1 038 0 -04
20 0.2 08 1 04 -02
50 -0.8 0 04 1 08
100 -1 -04 -02 038 1

Table 5: Rank-Correlation for the networks in table 3 that fits in the search space.

Epochs | 20 100
20 11
100 11

As this is a very small sample size it would be hazardous to draw to strong conclusions from rank-correlation
results. But it indicates that the architecture searches on the search space used in this work should not be
limited by bias for thinner networks.

4.2.2 Depth Comparison

Fixating the width to 16 filters, as in He et al. (2016) [12], and instead varying the depth gave similar results,
see table 6. Smaller networks, in case less deep, learns faster and performs the best at 5 and 10 epochs. But
after 100 epochs the deep networks are the strongest performers. The rightmost column showing ResNet-602
performs as an outlier but this network is very deep and way outside the search space. This is merely
included to give perspective.

Table 6: Comparing multi-fidelity performance of ResNets with 16 initial filters and varying depth. Perfor-
mance measured in classification accuracy on CIFAR-10 test data.

Layers |4y 139 |56 110 | 602
Epochs
5 75.9 | 75.0 | 70.7 | 49.3 | 10.0
10 80.4 | 80.9 | 795 | 71.4 | 10.0
20 82.4 | 85.1 | 85.0 | 835 | 10.0
50 84.0 | 86.1 | 87.1 | 86.3 | 76.4
100 87.9 | 89.9 | 90.7 | 91.1 | 89.8

Table 7 shows that the rank at fidelity 100 is positively but not totally correlated with fidelity 20 and 50.
ResNet-110 performs the best after 100 epochs, and is proven to outperform its shallower counter parts in
[12]. However ResNet-110 is not ranked first at any other fidelity. Measuring rank-correlation excluding the
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ResNet-602 in table 8 shows that performance after 20 and 100 epochs barely is positively correlated. This
could be an indication that the architecture search could struggle in finding deep networks that would have
strong final performance.

Table 7: Rank-Correlation for the results in table 6.

Epochs 5 10 20 50 100
5 1 09 04 01 -04
10 0.9 1 07 02 -02
20 0.4 0.7 1 07 05
50 01 02 0.7 1 08
100 -04 -02 05 038 1

Table 8: Rank-Correlation for the networks in table 6 that fits in the search space.

Epochs | 20 100
20 1 02
100 02 1

4.2.3 Combined Comparison

Combining the networks from the studies of bias for depth and width, but excluding the networks that was
not parts of the search space, gives the rank-correlation shown in table 9. This measure still only includes
6 networks out of 13 million in the search space. But it shows a rank-correlation of 0.71 between fidelity 20
and 100, which can be considered a rather strong correlation. Further, training for less then 20 epochs in
the search appears to be rather pointless. The networks ranked by performance after 10 epochs is actually
negatively correlated with how they are ranked after 100 epochs.

Table 9: Rank-Correlation for the results in table 3 and 6 excluding networks outside of the search space.

Epochs ) 10 20 50 100
5 1 077 -0.31 -0.77 -0.89
10 0.77 1 031 -0.26 -0.43
20 -0.31 0.31 1 077 071
50 -0.77 -0.26 0.77 1 094
100 -0.89 -043 0.71 094 1
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5 Discussion

5.1 Search Results

After the search space was constructed around ResNet-110 and included variants of it with increased com-
plexity in most dimensions it was expected that better performing networks would exist. However it was
unclear if the architecture searches would be able to find such solutions. Implementations similar to the
evolution used in this work had proven successful previously [28, 29]. But then applied to a more vast search
spaces and using computational resources on a completely different scale.

The results in table 1 however showed that the regularized evolution and the basic evolution both found
architectures that beat ResNet-110, as did Bayesian optimization. But all searches did not and it is not
guaranteed that the results would reproduce.

The regularized evolution found an architecture with lower error then random sampling and the other
evolutionary methods in the search environment, as it did in [29]. Also figure 5c¢ strengthens the hypothesis
of regularized evolution being less greedy then the regular evolution but having stronger final performance.
But after only running the algorithms once, and not allowing them to evaluate many samples, it would be
hazardous to assume the results would reproduce that behavior consistently. In this discussion it is also
worth pointing at figure 5a. This shows that regularized evolution found an architecture that significantly
outperforms (8.6 % error) the architectures the other algorithms draws in their random sampling phases.
Actually this architecture performed stronger then anything the other algorithms, bar Bayesian optimization,
ever found. And the best architecture found by the regularized evolution shares four out of eight parameter
values with the strong performing random sample. So it is possible that the random sampling phase is as
important as the search procedure it self. If all algorithms where ran again it could be possible for random
search to find the best architecture.

The same argument can be made to defend the local search which was expected to perform better. The
local search did not really find any good architectures in its random sampling phase. And then its procedure
consists of searching close to best found random samples. This is bound to fail if the random samples are
not good enough. The mutation function driving the evolutionary procedures assigns, uniformly distributed,
random values to a parameter. This allows for it to take bigger steps then the local search can do. Because
of this, maybe the random sampling phase for the local search should have been longer.

While local search and evolution behaves similarly when comparing average performance in 5b and 5c¢ they
behave significantly different in sample to sample perspective seen in figures 4b and 4e. It is much less
deviation in the performance of the solutions from the local search. If the average is similar for both
methods, evolution could find the strongest solution by being more volatile.

Bayesian optimization proves to be much more sample efficient then the other methods. As it only takes
nine (number of dimensions + 1), random samples and then starts to consistently find good architectures
straight away. Looking at figure 5, Bayesian optimization is clearly the preferable choice of algorithm if the
time limit was 48 hours or less, given the used hyperparameters. But that is, at least partly, due to the
other algorithms taking many more random samples. In the later parts of the searches the other methods
eventually catch up as seen in figure 5c. I might be the case that the preferable choice of algorithm depends
on for how long the search is allowed to run. Further discussions on algorithmic sample efficiency is out of
the scope for this thesis, anytime performance comparison of random sampling and Bayesian optimization
can be read in [8].

It is not by looking at the final performance but by looking at the figures 5b and 5c¢ that the guided algorithms
shows that they outperform random search. When the basic evolutionary procedure ends, after around 75
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hours, the average performance of all evaluated networks are almost identical for both the evolutionary
methods without crossover and for local search. Outperforming random search with a clear margin.

5.2 Rank-Correlation

As shown in both table 1 and 2 the deepest network any of the searches found had 80 layers. This is just
over a third of the number of layers the search space allows. Further this network has the bottleneck block
structure, see details of the best found architecture from each search in table 10 and 11, which has three
layers, compared to the ResNet-110 that has basic blocks of just two layers. So counting blocks ResNet-110
has 54 blocks, more than twice as much at the 26 blocks in the 80-layer network. An other interesting aspect
is that the 80-layer network performs the best after 20 epochs while being the deepest, as table 6 showed a
bias for shallower networks. On the other hand, table 3 showed that wide networks, within the search space,
outperformed their shallower counterparts already at 20 epochs. And the 80-layer network has 15 million
weight, more than all of the other architectures, indicating that it probably is wide. And further it can be
assumed to have a very high potential to learn complex patterns.

Looking at table 2 the performance for the networks from the six architecture searches is largely correlated
with their number of weights. This would indicate that large networks are preferable. But then, why do they
not find even bigger networks? There are networks in the search space with over 80 million weights.

In section A.4 table 10 and 11 shows the parameter values of the best architecture each search finds. Again
as the there is no guarantied significance in the results it is dangerous to draw to strong conclusions from
the found architectures. However there are clear indications that wide networks are preferable. All but one
of the architectures have 64 filters which is the highest allowed number. Increasing the number of filters
between the sections also seem to be successful as most do so to. The number of blocks in the sections varies
a lot. There the only emerging pattern is that few sections have ten or more blocks. Only three out of the
six networks have such a section. If randomly drawing a network from the search space the probability of it
to have 10 or more blocks in at least one section is over 90%. This strengthen the hypothesis that evaluating
after short training prohibits the search from finding deep networks.

5.3 Training Networks to Optimal Performance

In table 1 there was an attempt to train the networks to optimal performance. There, the final performance
of the networks found by the architecture searches was compared to each other, and the ResNet-110 baseline.
All networks was trained in the same manner and long enough to converge, so the comparison is considered
fair. However the achieved performances was not quite as good as expected. While it is not known how well
the architectures from the searches could perform the ResNet-110 performs a classification error of less then
7% consistently in [12]. In the almost identical training environment used for training in this thesis it got a
error of 7.5%. The difference does not sound huge but on CIFAR-10 1% is a lot. Now the network found by
regularized evolution performs comparable to the best architectures in [12]. If its error could be decreased
by 1% it would look like a clear improvement upon the architectures proposed in [12].

5.4 Answering of Research Questioning

e Can an evolutionary architecture search with limited budget find architectures that outperforms known
baselines as the ResNet-1107

Yes, it certainly can. But it is not guaranteed to do so.
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e Can an evolutionary architecture search with limited budget outperform a random search and how
does it compare to methods like Bayesian optimization and Local Search?

The results indicates that the evolutionary approach is preferable to random search, but it is not guar-
antied to perform better.

The results also suggest that evolution competes well with local search and Bayesian optimization, but
Bayesian optimization was more sample efficient in the conducted experiments. Although all methods
might improve with a hyper-parameter tuning.

e How well does final performance of network correlate to early performance? If it does not, is bias given
to specific types of architectures at early estimates?

Performance after 20 epochs appear to correlate quite well with final performance. However results
suggest that the short training gives a disadvantage to deeper networks that might prohibit us from

finding even better architectures.
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A Appendix

A.1 Cardinality

Cardinality is considered to be the third dimension of a CNN [33], depth and width being the first two. This
concept is sometimes referred to as separable convolutions or grouped convolutions. The idea is to make the
convolutional kernels sparsely connected. In regular convolutional neural networks the cardinality is one.
But if, for example, the cardinality would be two, half the filters would act on half the input feature maps.
This is equivalent to having two parallels convolutional layers each having half the number of filters and
each getting half of the input feature maps. For visualization see figure 6. Increasing cardinality is show to
improve performance under the restrictions of maintaining complexity and also, when increasing complexity,
increasing cardinality is shown to be more efficient then increasing depth or width [33]. On the original
ResNets, increasing cardinality is only used together with bottleneck blocks [33] [2]. But for this thesis it

will be allowed for the basic blocks as well.
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Figure 6: Left: A regular residual bottleneck block. Right: A residual bottleneck block with cardinality 32.
Image from [33].

A.2 Search Algorithms
A.2.1 Bayesian Optimization

Bayesian optimization, the default optimizer in HyperMapper, is recommended when the goal is to mini-
mize the black-box function with the least number of function evaluations [23]. The Bayesian optimization
algorithm in HyperMapper can use different scalarization methods and acquisition functions. In architec-
ture search the Acquisition function is expected improvement (EI) [13]. The scalarization method used is
tchebyshev [15].

A.2.2 Local Search

Local search is used as a benchmark algorithm in this thesis as it was available in the HyperMapper software.
More specifically it is a best-improvement multi-start local search algorithm. The search procedure consists
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of randomly sampling 10,000 configurations and then make best-improvements local searches on the 10 best
random samples. Local search is recommended for problems where the black-box function is easy to evaluate
[23]. As 10,000 random samples is well out of the budget for the Neural architecture search the number of
random samples was set to 50 instead.

A.3 Detalils for Training of Networks

Most details are done in the same fashion as when training residual networks on CIFAR-10 in [12]. This
include random cropping, horizontal flips and train-validation splits of the images, the batch size is 128,
the methods for weight initialization and batch normalization and the networks are trained against cross
entropy loss. Also for optimization stochastic gradient decent was used with a initial learning rate of 0.1,
momentum of 0.9 and a weight decay term 0.0001. When making a final performance estimation on the test
data, networks are trained for 164 epochs on all the training data. The learning rate is divided by 10 after
half the training, and then again after three fourths of the training. What differed from the pre-processing in
[12] was that the data was normalized per channel rather then per pixel, this because it is common in open
source implementations and easier to conduct. When conducting the 20 epoch training in the architecture
searches the learning rate scheme obviously cannot be followed, then the initial learning rate is kept but
reduced to 0.01 for the last three of the 20 epochs in order for the candidates to get somewhat accurate.
As the test error after the full training should be unbiased the networks in the search cannot be evaluated
on the test data. To avoid this the training data is randomly divided into two parts. Each network will be
trained on 45,000 of the samples in the training set and evaluated on the other 5,000.

A.4 NAS Architectures Discovered

Table 10 shows the best performing architecture found by the evolutionary search methods. The best found
architectures found by the baseline algorithms can be seen in table 11.

Table 10: The parameters for the best found architectures from the evolutionary methods.

Parameter Evolution | Regularized Evolution | Crossover Evolution
Block type Bottleneck | Bottleneck Basic

Sections [3,6,3,1] [7,9,9,1] [1,10,1,5]

Filters 64 64 32

Filter update | 2 2

Cardinality 64 2

Depth 41 80 36

Weights 6.8M 15.0M 6.6M
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Table 11: The parameters for the best found architectures from random sampling, local search and bayesian

optimization.
Parameter Random Sampling | Local Search | Bayesian Optimization
Block type Bottleneck Basic Basic
Sections [0,3,5,7] [15, 2, 14, 5] | [5,2,17,1]
Filters 64 64 64
Filter update | 1 1 2
Cardinality 2 2 2
Depth 47 74 52
Weights 0.92M 1.4M 12.3M
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