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Abstract: One of the challenges in deep learning involves discovering the optimal architecture
for a specific task. This is effectively tackled through Neural Architecture Search (NAS). Neural
Architecture Search encompasses three prominent approaches—reinforcement learning, evolutionary
algorithms, and gradient descent—that have demonstrated noteworthy potential in identifying good
candidate architectures. However, approaches based on reinforcement learning and evolutionary
algorithms often necessitate extensive computational resources, requiring hundreds of GPU days or
more. Therefore, we confine this work to a gradient-based approach due to its lower computational
resource demands. Our objective encompasses identifying the optimal gradient-based NAS method
and pinpointing opportunities for future enhancements. To achieve this, a comprehensive evaluation
of the use of four major Gradient descent-based architecture search methods for discovering the best
neural architecture for image classification tasks is provided. An overview of these gradient-based
methods, i.e., DARTS, PDARTS, Fair DARTS and Att-DARTS, is presented. A theoretical comparison,
based on search spaces, continuous relaxation strategy and bi-level optimization, for deriving the best
neural architecture is then provided. The strong and weak features of these methods are also listed.
Experimental results for comparing the error rate and computational cost of these gradient-based
methods are analyzed. These experiments involved using bench marking datasets CIFAR-10, CIFAR-
100 and ImageNet. The results show that PDARTS is better and faster among the examined methods,
making it a potent candidate for automating Neural Architecture Search. By effectively conducting
a comparative analysis, our research provides valuable insights and future research directions to
address the criticism and gaps in the literature.

Keywords: Neural Architecture Search; gradient-based Neural Architecture Search; DARTS; PDARTS;
Fair DARTS; Att-DARTS

1. Introduction

One of the fundamental challenges in machine learning is feature engineering [1].
Deep learning’s effectiveness in various problems is largely because of the automation of
the process of feature engineering. This accomplishment, however, has been followed by an
increase in demand for architectural engineering, in which increasingly complicated neural
structures are constructed manually. The method of automating the process of architecture
engineering, known as Neural Architecture Search (NAS), is, therefore, an obvious step in
automating deep learning. NAS approaches have already surpassed manually developed
architectures on some tasks, such as image classification [2,3]. The goal of NAS is to
create a neural architecture that delivers the best possible performance while using limited
computational resources in an automated manner with minimal human interference.

NASRL [2] and MetaQNN [4] are widely regarded as important initial NAS works. The
neural networks created by these works employing reinforcement learning (RL) approaches
have achieved good performance on tasks such as image classification. This indicates the
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viability of automated neural architecture design. Following that, the work of Large-
scale Evolution [5] confirmed the practicality of this notion by achieving good outcomes
utilizing evolutionary learning. These solutions, however, demand hundreds of GPU days
or much more computer resources. For example, Zoph et al. [6] invested 2000 GPU days in
reinforcement learning (RL) to achieve the best architecture for CIFAR-10 and ImageNet
datasets. On the other hand, Real et al. (2018) [7] used an evolutionary approach that
took 3150 GPU days for the same purpose. As a result, improved approaches to Neural
Architecture Search that ensure low processing resources, memory and power requirements
are needed.

Gradient-based NAS methods substantially reduced search costs and achieved good
performance through continuous relaxation [8]. These methods find better architectures
with a local or global minimum to meet the constraints, such as computational burden [9].

One of the promising methods in the gradient-based NAS category is Differentiable
Architecture Search (DARTS) [10], which has proven to be efficient and effective in finding
good architectures. The authors concluded that its differentiable nature makes it more
computationally efficient than other NAS methods. DARTS has successfully matched
the performance of the state-of-the-art methods [6,7] despite utilizing significantly fewer
computational resources. Specifically, DARTS required a maximum of 4 GPU days, in
contrast to the extensive 2000 GPU days for NASNet [6] and the 3150 GPU days for
AmoebaNet [7].

However, DARTS is not solitary in its approach. Some other popular DARTS-based
methods that have been proposed in recent years include Progressive DARTS (PDARTS [11]),
Fair DARTS [12] and Attention DARTS [13].

PDARTS = [11] is a progressive version of the DARTS method that starts with a
simple architecture and gradually increases its complexity during the search process. This
progressive approach aims to improve the quality of architectures found by the original
DARTS method.

Many works [11,14,15] observed that in cells learned by DARTS, skip connections are
aggregated. In Fair DARTS [12], the primary reason for the aggregation of redundant skip
connections in DARTS was identified as an undue advantage. This occurs when certain
operations contribute more to the competition within the architecture search process than
to the overall performance of the resulting network when limited operations are allowed
to compete.

Attention DARTS [13], another version of the DARTS method, uses attention mecha-
nisms to boost the performance of the neural architectures generated by the original DARTS.
Attention DARTS searches for the optimum architecture using differentiable attention mod-
ules, which allows the model to learn to focus on certain parts of the input during the
search process. The search space utilized by these methods is cell-based, where each cell is
composed of various convolution operations and the network architecture is obtained by
stacking these cells together.

While gradient-based Neural Architecture Search (NAS) methods have shown promis-
ing results in automating architectural design, there are still some criticisms and gaps
in the existing literature. The effectiveness of NAS heavily relies on the defined search
space, and a poorly designed search space can hinder the algorithm’s ability to discover
optimal architectures [16]. The major gradient-based NAS methods have been observed
to aggregate redundant skip connections [15]. This aggregation may lead to suboptimal
architectures, limiting the performance gains that can be achieved through NAS. However,
the current literature lacks a detailed comparative analysis of these specific methods, as
reported in [17,18]. To address this limitation, this paper conducts a comprehensive evalua-
tion of major gradient-based Neural Architecture Search (NAS) methods. By effectively
conducting a comparative analysis, our research provides valuable insights and future
research directions to address the criticism and gaps in the literature.

The rest of the paper is structured as follows: Section 2 presents an overview of
the main DARTS-based methods; in Section 3, a theoretical comparison, based on search
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spaces, continuous relaxation strategy and bi-level optimization, for deriving the best
neural architecture is provided. This section also lists the strong and weak features of
these methods. Section 4 analyzes the performance of gradient-based NAS methods for
Image Classification. Finally, Section 5 presents future directions, and Section 6 outlines
the conclusion.

2. Overview of Gradient-Based Neural Architecture Search Methods

This section provides an overview of the differentiable architecture search (DARTS)
method and its variants, namely Progressive DARTS (PDARTS), Fair DARTS, and Attention
DARTS (Att-DARTS). The main aim of these methods is to jointly optimize the operation
strength parameters and optimal weights for these operations in order to obtain good
architectures for image classification. Figure 1 shows the cell structure employed by these
DARTS-based methods in which each operation is parameterized by a variable (x) that
represents its strength. The details of search space and bi-level optimization are provided
in Sections 3.1 and 3.2, respectively. An overview of major gradient-based methods is
given below.

ap

Operation N

Output feature-inap

Figure 1. Continuous relaxation of the search space in DARTS cell. (a) DAG representing DARTS cell
consisting of 4 nodes. (b) Mixed operation is shown. ‘N’ represents number of operations placed on
the edges between each pair of nodes.

2.1. DARTS

Differentiable Architecture Search (DARTS) is a popular method for automating the
design of neural networks. DARTS enables the search for optimal neural architectures
by treating the architecture as a continuous variable and optimizing it using gradient-
based methods. This approach allows the search process to be efficient and scalable, as
the gradients can be computed using backpropagation. In DARTS, the search space is
cell-based, and the operations included are 3 x 3 and 5 x 5 separable convolutions, 3 x 3
and 5 x 5 dilated separable convolutions, 3 X 3 max pooling, 3 x 3 average pooling and
identity. There is also a unique zero operation to indicate the absence of a connection
between two nodes. These can be combined to create the basic building block of the DARTS
architecture, known as a cell. A cell is a small neural network that can be stacked to form
a larger network. The architecture of the cell is learned during the search process and
can vary depending on the task at hand. DARTS search space is discussed in detail in
Section 3.1.1.



Mach. Learn. Knowl. Extr. 2023, 5 1179

DARTS uses a network of eight cells to learn the cell architecture. Out of these eight
cells, six cells are normal cells, and two cells are reduction cells. Normal cells output an
activation map with the same spatial dimension as the input, while reduction cells output
an activation map with a reduced spatial dimension. By searching for the optimal cell
architecture, DARTS can effectively automate the process of designing high-performance
neural networks for a variety of tasks. The architecture search strategy and procedure for
deriving the best architecture in DARTS are discussed in detail in Sections 3.3.1 and 3.4.1,
respectively. The overview of DARTS is given in Figure 2.
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Figure 2. DARTS overview. (a) The operations on the edges are first unidentified. (b) Continuous
relaxation of the search space through the placement of a mixture of candidate operations on each
edge. (c) Solving a bi-level optimization problem to jointly improve the mixing probabilities and
network weights. (d) Using the learned mixing probabilities to infer the final architecture.
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In DARTS, the aim is to learn the operation strength probabilities () for various
operations used to construct a cell and the optimal weights for these operations (w). The
details of bi-level optimization are given in Section 3.2.1.

The summary of the DARTS method is given below (Algorithm 1).

Algorithm 1 DARTS Algorithm

1. Create a stacked network with eight cells (3rd and 6th cells in the network are reduction cells, and the
remaining cells are normal cells), and all eight operations present in operation space are placed on
each edge of the cell;

2. Initialize operation strength parameters (a) with zeros and weight parameters (w) with random
values;

3. Set loss function as cross entropy;
4. While not converged, do:

I Update weights w by descending the gradient of the training loss function ¢V w Ly, (w,
) [C represents the learning rate parameter]

ie., w; = w;— ¢.(0L4rgin/owi)

where Ly, denotes cross entropy loss and y; denotes labels in training data and y;/ denotes
predicted labels. ¢ represents the learning rate parameter;

11 Update o until convergence by descending the gradient of the validation loss(L,,;) function,
ie.,
ax [i][j] = alillj] — &.(0 Lyg/0 alillj])
where Lyq = —}_y;logy;! which denotes cross entropy loss and y; denotes labels in

validation data and y;/ denotes predicted labels. & represents the learning rate parameter;

5. Retain only one operation (o) at each edge, with maximum « value to obtain the final model structure,
using argmax function
oltl) = argmax, o zxc(,l’j)
where a={ a(i,j) }.

The resulting cell is the final cell with its operation strength parameter and weight
parameters as the optimal parameters.

2.2. PDARTS

Progressive Differentiable Architecture Search (PDARTS), a variant of DARTS, is
another approach for automating the process of designing neural networks. PDARTS uses
gradient-based optimization to learn the operation strength probabilities («) for various
operation strengths and the optimal weights (w) for the operations. The details of the
search space of PDARTS and its bi-level optimization are given in Sections 3.1.2 and 3.2.2,
respectively. PDARTS begins with a base network and progressively grows it by adding
new modules to it in stages. The details about the configuration of the base network used
in PDARTS are provided in Section 3.3.2. At each step, the network is evaluated on a
validation set, and the architecture is updated using gradient descent to minimize the loss
function. The overview of the PDARTS method is given in Figure 3. The summary of the
PDARTS algorithm is given below (Algorithm 2).
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Algorithm 2 PDARTS Algorithm

1. Construct a stacked network with five cells (three normal and two reduction cells), and all eight
operations present in the operation space are placed on each edge of the cell. Set the dropout rate for
skip connections to 0.0;
Obtain_networkparameters (); #defined below

2. Add six normal layers to the network constructed in the previous step (the network now has nine
normal and two reduction cells). This network contains only five good performing operations at each
edge of the cell that were retained in the previous stage. Set the dropout rate for skip connections
to 0.3;
Obtain_networkparameters (); #defined below

3. Add six normal layers to the network constructed in the previous step (the network now has fifteen
normal and two reduction cells). This network contains only three good performing operations at
each edge of the cell that were retained in the previous stage. Set the dropout rate for skip connections
to 0.6;
Obtain_networkparameters (); #defined below
The architecture obtained at this stage is the final architecture. The cell obtained is the final cell with
its operation strength parameter and weight parameters as the optimal parameters.

Procedure Obtain_networkparameters ();

1. Initialize operation strength parameters («) with zeroes;

2. Set loss function as cross entropy;

3. For the first two epochs, train the network weights;
Updated weights: w; = wi — €.(0 Lypgi/0wi) (G represents the learning rate parameter);

4. Until convergence, train both the weights and operation strength parameters. The operation strength
parameters are updated as:
ax [il[j] = alillj] — ¢.(0 L/ alilljl);

5. Retain the top performing operations at each edge, with maximum o value to obtain the final model
structure (for stage 1, retain five out of eight operations; for stage 2, retain three out of five operations;
and for stage 3, retain only top one operation).

Input Input Input
x1 Normal
Normal Normal

Reduction

'

Reduction

v

Reduction

v

x1 Normal

Normal Normal
Reduction Reduction Reduction
x1 x3 5
Normal Normal Normal
Softmax Softmax Softmax
(@ (b) ©

Figure 3. This figure is adapted from [11] with a few modifications. The overall pipeline of PDARTS.
(a) Depicts the initial stage with a shallow architecture and each cell containing all operations.
(b) Represents the intermediate stage with a deeper architecture and each cell containing a reduced
set of operations. (c) Illustrates the final stage with an even deeper architecture and each cell
incorporating the fewest operations. (here, x1 implies 1 cell, x3 implies 3 cells and x5 implies
5 cells).
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2.3. Fair DARTS

Fair DARTS is an extension of the Differentiable Architecture Search (DARTS) method
that incorporates a fairness constraint into the architecture search process. The search space
used is the same as that in the case of DARTS and is described in detail in Section 3.1.3. The
authors of Fair DARTS found that when skip connections become prominent, DARTS suf-
fers from considerable performance deterioration. According to the authors, excessive skip
connections are caused by unfair competition among diverse operations. During training
in DARTS, the weight of a skip connection grows faster than that of other operations due
to the softmax operation, which leads to exclusive competition among different operations.
As a result, the optimization process becomes biased towards skip connections, and they
dominate the final model. So, the authors suggested that while skip connections are useful
for enhancing information flow, other operations should also be given equal importance to
prevent being unfairly overshadowed by skip connections. To achieve this, they introduced
the use of sigmoid activation (o) for each operation strength weight, o ;, which lets opera-
tions be switched on and off separately without being interrupted. Details are provided
in Section 3.2.3. The architecture search strategy and the techniques for deriving the best
architecture in Fair DARTS are discussed in detail in Sections 3.3.3 and 3.4.2, respectively.
The summary of the Fair DARTS algorithm is given below (Algorithm 3).

Algorithm 3 Fair DARTS Algorithm

1. Create a stacked network with eight cells (3rd and 6th cells in the network are reduction cells, and the
remaining cells are normal cells), and all eight operations present in operation space are placed on
each edge of the cell;

2. Initialize operation strength parameters («) with zeroes and weight parameters (w) with random
values;

3. Set training loss to the sum of cross entropy loss and mean square loss;

4. Do the following steps until convergence:

Update weights w by descending the gradient of the training loss function {NV w Ly, (w, ), ie.,
w; = Wi — G0 Lypgin/ow;) (C represents the learning rate parameter);

5. Retain only one operation at each edge, with maximum sigmoid weighted « values by comparing
o(a[i][f]) with Oyyeshold(zero-one loss).

If((7<“(i’j)> > Uthreshold)
lx(i/j) =1
Else
(x[x(irj) =0
where O threshold — 0.85
The resulting cell is the final cell with its operation strength parameter and weight parameters as the
optimal parameters.

2.4. Attention DARTS

Attention Darts is a Neural Architecture Search method that builds upon the DARTS
(Differentiable Architecture Search). The main innovation of Attention Darts is the introduc-
tion of a new attention mechanism that allows the method to focus on the most important
operations in the network during the search process. The details of the search space are
given in Section 3.1.4. During the exploration phase, Att-DARTS examines the cell, which
includes both attention modules and operations. Att-DARTS assumes that an edge in the
cell is formed by an operation preceding an attention module. Att-DARTS recognizes an
operation (from the operation space) and an attention module (from the attention module
space) during the search stage. The details about bi-level optimization and architecture
search procedure in Fair DARTS are given in Sections 3.2.4 and 3.3.4, respectively. Thus, the
aim of Att-DARTS is to learn operation strength parameters (x), attention module strength
parameters (f3) and weight parameters (w). Details about discretization are provided in
Section 3.4.1. The overview of Att-DARTS is given in Figure 4. The summary of the
Att-DARTS algorithm is given below (Algorithm 4).
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Algorithm 4 Att-DARTS Algorithm

1.

Create a stacked network with eight cells (3rd and 6th cells in the network are reduction cells, and the
remaining cells are normal cells), and all eight operations present in the operation space and six
attention modules present in the attention module space are placed on each edge of the cell;
Initialize operation strength parameters (a) and attention strength parameters (g) with zeros and
weight parameters (w) with random values;
Set loss function as cross entropy;
While not converged, do
L. Update weights w by descending the gradient of the training loss function {NV w Ligin (w, &, p),
ie.,
wi = wi —§.(0 Lypgin/0wi)
where Ly, denotes cross entropy loss and y; denotes labels in training data and y; denotes
predicted labels. ¢ represents the learning rate parameter;
11. Update o and g until convergence by descending the gradient of the validation loss function, i.e.,
a* [illjl = a [il[j] — C.(0 Lygr/0 o [El]])
p * [ilj] = g [illj] — ¢.(0 Loi/0 g [ill]])
which denotes cross entropy loss and y; denotes labels in validation data and denotes predicted labels
(C represents the learning rate parameter);
Retain only one operation (o) with maximum w value followed by one attention module (a) with

maximum g value to obtain the final model structure, using the argmax function.
o)) = argmax, .o ocff’])
a(irj> = argmax,. ﬁﬁ(li,j)

where & = {7 | and p=1p (ij) )

! Candidate Operation set ; j Candidate Attention Modules set i
! i H i
Operation Attention module
Tt o ) ¥ Output
pul P (chosen from the set of candi- (chosen from set of atten-
tion operations)
@
................................. ~
Attention \
module 1 ¥ xn .
|
Aftention 1
module 2 X2
1

Attention
modulen

b)

Figure 4. This figure is adapted from [13] with a few modifications. (a) Overview of Att-Darts. Both
the operation and attention module are chosen from the candidate space. (b) Illustration of how

operation, as well as attention module, is inserted between the nodes.

The resulting cell is the final cell with its operation strength parameter, attention

module strength parameters and weight parameters as the optimal parameters.

3. Theoretical Comparison of Gradient-Based NAS Methods

In this section, various components of major DARTS-based methods are explored.

These methods are compared based on several key factors, including their search space, con-
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tinuous relaxation, bi-level optimization, architecture search strategies, and the procedures
for deriving the best architectures.

3.1. Comparison Based on Search Spaces

The neural architectures that can be defined are identified by the search space. The
search space is more clearly defined by the neural network’s selected operation set and
hyperparameters. These options govern which neural architectures NAS may search
for [19].

The two broad categories of search spaces are Global search space and cell-based
search space. The global search space combines various operations in all possible ways,
resulting in a huge search space [4]. The produced combinations are hierarchical networks
with a lot of freedom in terms of how operations are grouped. Cell-based strategies have
been developed to “modularize” the search space, as seen in previous works [20-22]. That
is, distinct layers are combined in the form of modules. The choice of search space affects
the quality of the search [23].

The search space employed by the major gradient-based NAS methods is cell-based.
A cell is a special block in which layers are assembled much like any other model. These
cells use a variety of operations to generate feature maps/activation maps that may be
handed on to other cells. A complete model is created by stacking these cells in succession.
The major DARTS-based methods (DARTS, PDARTS, Fair DARTS and Attention DARTS)
employ two kinds of cells:

Normal cell: These cells output an activation map with the same spatial dimension as the
input. Convolutions and pooling’s in this block have a stride of 1.

Reduction cell: These cells output an activation map with a reduced spatial dimension. This
block’s convolutions and pooling’s have a stride equal to 2. The job of the reduction cell is
to down sample the activation maps.

In these methods, Directed Acyclic Graphs (DAGs) are used to represent the cells. A
DAG is made up of N nodes (xV)) that represent a set of feature mappings and edges (i,j)
that represent operations (0/)) on the feature maps. The number of hidden nodes in a
convolution neural network (CNN) cell is set to four. There are two inputs and one output
for each cell. The outputs of the previous two cells are used as two inputs. The output of
the cell is obtained by conducting a reduction operation (for example, concatenation) on all
of the cell’s intermediary nodes. An intermediate node is calculated using the information
from all of its predecessor nodes:

L) = Zo(i'j)(x(i)) (1)

i<j

3.1.1. DARTS

To explore a cell in a convolution neural network, DARTS employs seven candidate
operations: 3 x 3 and 5 x 5 separable convolutions, 3 x 3 and 5 x 5 dilated separable
convolutions, 3 x 3 max pooling, 3 x 3 average pooling and identity. There is also a unique
zero operation to indicate the absence of a connection between two nodes. Initially, all
these operations, with their strengths initialized to zeroes, are placed between each pair of
nodes. As the search progresses, their optimal strengths, as well as weights, are learned.
This enables DARTS to automatically identify the most effective operations for constructing
the neural architecture. The illustration is provided in Figure 2.

3.1.2. PDARTS

PDARTS, an extension of DARTS, adopts a multi-stage search process with specific
adjustments in each stage. In the first stage, PDARTS utilizes a similar search space and
network configuration as DARTS but sets the number of cells to five for faster exploration.
The operation space remains complete, consisting of eight candidate operations. Moving
to the second stage, the number of cells is increased to 11, and the operation space size is
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reduced to five by eliminating three less effective operations. Finally, in the third stage,
the number of cells is further increased to 17, while the operation space size is reduced to
three. This dynamic change in the operation space across stages is known as “search space
approximation”, a technique that is thoroughly explained in Section 3.3.2 of the paper. By
employing this approach, PDARTS aims to strike a balance between exploration efficiency
and performance to discover more optimized architectures for image classification tasks.
The search process of PDARTS is visually depicted in Figure 3.

3.1.3. Fair DARTS

In Fair DARTS, the authors have utilized two different search spaces for the PDARTS
method. The first search space is the same as the one used in DARTS, which includes seven
candidate operations: 3 x 3 and 5 x 5 separable convolutions, 3 x 3 and 5 x 5 dilated
separable convolutions, 3 x 3 max pooling, 3 x 3 average pooling, and identity operation.

In addition to the DARTS search space, the authors have also explored the Proxy-
lessNAS search space [23]. The ProxylessNAS search space is a larger search space that
includes a more extensive set of candidate operations, allowing for a more comprehensive
exploration of architectural possibilities.

3.1.4. Attention DARTS

In the DARTS, PDARTS, and Fair DARTS methods, the focus was primarily on ex-
ploring the search space of convolutional neural networks (CNNs), which involve using
convolutions to analyze both spatial and channel-based features of images. However, it
was observed that this approach might also consider irrelevant characteristics, leading to
suboptimal architectures. To address this limitation, the authors of Att-DARTS introduced
attention modules to the search space.

In Att-DARTS, the search space includes not only the traditional convolutional and
pooling operations but also prospective attention modules. Attention modules enable the
model to filter out unimportant elements and prioritize essential features, allowing for
more effective information processing. The operation space in Att-DARTS remains the
same as in the other methods, including 3 x 3 and 5 x 5 separable convolutions, 3 x 3
and 5 x 5 dilated separable convolutions, 3 x 3 max pooling, 3 x 3 average pooling, and
identity operation. However, the attention space (A) includes additional attention modules
such as Identity, Squeeze-and-Excite, Gather-Excite, Bottleneck Attention Module, Double
Attention Block, and Convolution Block Attention Module.

CNNs equipped with attention modules have shown better performance compared
to those without attention modules, even when both models have the same number of
parameters. This suggests that attention modules are a promising option to be incorporated
into neural networks within the search space. By considering attention modules in the
search process, Att-DARTS aims to discover architectures that are not only efficient in their
convolutional operations but also leverage attention mechanisms to improve their overall
performance in handling image classification tasks.

3.1.5. Strong and Weak Features

Strong features:

1. All these methods have used cell-based search space, which allows for fine-grained
control over neural architecture design. Candidate operations can be combined in
various ways to form cell architecture, leading to more flexibility in design;

2. Cells can be stacked to form the overall network architecture, allowing for customiza-
tion and scalability;

3. Attention modules used in Att-DARTS focus on relevant aspects of images.

Weak features:

1.  Determining the optimal structure of a cell is a challenging task;
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2. Convolution operations used in DARTS, PDARTS, and Fair DARTS may also be con-
sidered irrelevant characteristics. Without attention modules, unimportant elements
may not be filtered out, leading to inefficiencies and potential performance issues.

3.2. Comparison Based on Continuous Relaxation and Bi-Level Optimization
3.2.1. DARTS

In DARTS-based methods, mixed operations are placed on the edges between the
nodes in the cell. Every edge O(i,j) of the DAG is a linear combination of all available
operations. Each operation has some weight such that the sum of these weights (represented
by o) is 1. Thus, an edge represents the weighted combination of all the available operations.
This continuous variable (x) can then be optimized using Gradient Descent. The viable
cell topologies are first found by learning a collection of these continuous variables (x)
that parameterize the operation mixing weights for a given set of nodes. The categorical
decision of operations is relaxed to Softmax over all feasible operations in DARTS, as given

in Equation (2).
(i.f)
exp | o
olii)(x) =} ( () 5v0(%) @
0€0 Y o'cO exp(cxo/ )

where 5 (i,j) (x) represents mixed operations placed on the edge.

Figure 1 depicts the continuous relaxation of the search space in a cell. In DARTS-
based methods, the challenge of searching a neural architecture is then reduced to learning
a collection of variables, « = {a(")} that represent the strength of various operations placed
on edges between each pair of nodes in the cell, as shown in Figure 2. When the search is
finished, the discrete architecture is generated by substituting mixed operations between
nodes with the most probable operation.

After the relaxation of the search space, the next step is bi-level optimization that
aims to jointly learn both the architecture parameters () and the weights (w) within all
the operations in the network. The training loss (L) and validation loss (L,,;) are
affected by both the network structure and the weight of the network (w). The goal of
the architecture search is to find «* that minimizes the validation loss £, (w*,«*), where
the weights w* associated with the architecture are obtained by minimizing the training
loss w* = argmin w L4y (w, ax). The problem can be expressed as follows in a bi-level
optimization form (Equations (3) and (4) below):

Zéin Evul (C‘)* (o‘)/ O() (3)

s.t.w*(«) = argmin,, Liyqin(w, x) 4)

The optimization problem has thus been posed as to finding «’s so that validation
loss is minimized, given that we have weights that are already optimized on the training
set. However, Equation (3) contains a computational challenge. To determine the best
weights, the network must be trained by minimizing the training loss, which necessitates
repeatedly modifying the weights as the network design (x) changes. This repetition
makes training impractical and necessitates a large amount of computational resources and
time. To address the problem posed by the inner optimization step, a basic approximation
method was proposed by authors to compute the gradient, which consists of:

vo‘ﬁval (w(o‘)/ o‘) 5)

~ vO(‘Cval(w —EVW Lirain ((U, 0‘)1 o) (6)

where w represents the existing weights and & represents the inner optimization step’s
learning rate. Instead of entirely solving the inner optimization (Equation (3)) by training
until convergence, the goal is to approximate w*(«) by modifying w in a single training
iteration.
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The update rule for optimizing the weights (w) using the training loss as a guide is
represented in the equation below:

W' = w—EVWLirin (w, &) (7)

Moreover, the update rule for optimizing the operation strength parameter (x) by
using the validation loss as a guide is represented in the equation below:

ok = o — VoLya (W —EVWLiain (W, o), ) (8)

where VW Lyp,in is the gradient of the training loss with respect to the weights w and
V «Lyal is the gradient of the validation loss with respect to the hyperparameters . Learn-
ing rate, &, is a hyperparameter that determines the step size of the update.

3.2.2. PDARTS

In PDARTS, the continuous relaxation technique used is the same as the one employed
in DARTS. Continuous relaxation involves representing the architectural parameters as
continuous variables, which enables gradient-based optimization methods to be applied
during the search process.

By treating the architectural parameters as continuous variables, the search space
becomes differentiable, enabling the use of gradient descent methods to optimize the
architecture. This continuous relaxation allows for the efficient and scalable exploration of
the vast search space of possible architectures, making it computationally feasible to find
high-performing neural architectures.

3.2.3. Fair DARTS

In contrast to DARTS and PDARTS, the authors of Fair DARTS found that when skip
connections become prominent, DARTS suffers from considerable performance deteriora-
tion. According to the authors, excessive skip connections are caused by unfair competition
among diverse operations. The skip connection in DARTS, PDARTS and Attention DARTS
is softmax-weighted and appended to the output, similar to a simple residual module
present in ResNet [24]. While this helps in training, the weight of a skip connection grows
faster than that of other operations due to the softmax operation, which leads to exclusive
competition among different operations. As a result, the optimization process becomes bi-
ased towards skip connections, and they dominate the final model. This leads to a reduction
in the effectiveness of convolutional operations and an overall reduction in performance. To
address the downfalls of skip connections, the authors proposed a collaborative approach
to address the issue of unfair advantage caused by excessive use of skip connections. They
suggested that while skip connections are useful for enhancing information flow, other
operations should also be given equal importance to prevent being unfairly overshadowed
by skip connections. To achieve this, they introduced the use of sigmoid activation (o) for
each «; ;, which lets operations be switched on and off separately without being interrupted.
As a result, Equation (2) in DARTS is replaced with a new Equation (9) that incorporates
the sigmoid activation.

o)) = ¥ olad)o(x) 9)

0eO

3.2.4. Attention DARTS

The Att-DARTS method identifies an operation from the set of operations and an
attention module from the set of attention modules. Att-DARTS incorporates attention
modules alongside candidate operations, and the relative weights of these modules are
determined by applying the softmax operation over all the possible parameters of the
candidate attention modules (in a similar manner as in Equation (2)).
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3.2.5. Strong and Weak Features
Strong features:

1.  Single-step inner optimization used in these methods reduces computational time
and simplifies the optimization process.

2. The sigmoid function used in Fair DARTS allows for independent switching of opera-
tions, providing more flexibility in the design of neural architectures.

Weak features:

1.  Using single-step inner optimization in these methods to learn optimal operation
strength values may not lead to the most optimal results, potentially sacrificing
performance for computational efficiency.

2. Deciding the optimal threshold for the zero loss function used in Fair DARTS can be
difficult and may not result in the most optimal network architecture.

3.  Adding attention modules to the search space in methods such as Att-DARTS adds an
additional computational burden in finding the optimal attentional module strengths,
potentially increasing the computational resources needed.

3.3. Comparison Based on Architecture Search Strategies

In this section, the architectures of networks used during architecture search and
the differences in architecture search strategies in DARTS, PDARTS, FairDARTS and Att-
DARTS are highlighted.

3.3.1. DARTS

DARTS utilizes shallow networks consisting of eight cells during the architecture
search process. Among these, there are two reduction cells located at the 3rd and 6th posi-
tions in the network, while the remaining cells are normal cells. Although the architecture
search is performed on this shallow network, the evaluation of the identified structure
is conducted on a deeper network comprising at least 20 cells. The behaviors of deep
and shallow networks exhibit significant differences, indicating that the structures chosen
during the search phase might not always be optimal for evaluation. This discrepancy
between the depth of the search and evaluation networks is commonly referred to as the
“depth gap” in the context of Neural Architecture Search. Figure 5 illustrates the depth gap
problem.

Learned cell
8-Cell architecture —+ 20-Cell architecture

For training For evaluation

Figure 5. Depth Gap between Search and Evaluation in DARTS.
3.3.2. PDARTS

In contrast, the authors of PDARTS argue that when examining the architecture space,
depth continues to be the key component. So, they try to reduce the gap in depth between
search and evaluation scenarios by using a progressive variation of a differentiable architec-
tural search method, as illustrated in Figure 3. The fundamental concept is to incrementally
deepen candidate architectures throughout the search process. Two useful strategies to
regularize and approximate the search process, respectively, have been developed by the
authors to address the problems of computational overhead and instability.

The authors carried out multiple iterations of the DARTS search procedure and found
that the normal cells in the resulting architectures tend to have shallow connections rather
than deep ones. This results from the fact that neural networks that have relatively few
layers of nodes frequently experience faster gradient falls during the search process, which
goes against the conventional wisdom that deeper networks typically outperform shallow
networks. Thus, in order to narrow the depth gap, a method was suggested that gradually
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increases the depth of the network throughout the search stage until the depth is adequately
similar to the evaluation setting. However, this approach raises two problems: increased
processing overheads and decreased search stability. The number of structures grows
exponentially with depth, causing problems with both time and memory. Specifically, GPU
memory utilization in DARTS is dependent on the depth of explored networks.

PDARTS used a search space approximation strategy to address this issue, which
progressively reduces the number of potential operations at the conclusion of each stage,
with the preceding stage’s scores serving as the selection criterion. Additionally, while
conducting a search on a deeper network architecture, the differentiable methods have
a tendency to favor the skip connect operation. This operation speeds up forward and
backward propagation and often results in the quickest gradient descent path. However, as
it has no parameters, its ability to learn visual representations is limited. For that reason,
another approach called search space regularization is suggested, which is discussed in later
sections, which includes operation-level dropout [25] to prevent the network architecture
from ‘over-fitting” and limit the number of retained skip connects for increased stability.

3.3.3. Fair DARTS

Like DARTS, Fair DARTS employs a shallow network of eight cells for architecture
search. In this network, two reduction cells form the 3rd and 6th cells, while the rest are
normal cells. However, the identified structure is evaluated in a deeper network with
at least 20 cells. The main difference between the two methods is that Fair DARTS uses
sigmoid weighted operation strength parameters instead of softmax weighted operation
strengths, which prevents the strengths of one operation from suppressing other operations.
This approach provides more stability during the optimization process.

3.3.4. Attention DARTS

On the other hand, Att-DARTS uses attention modules to seek a neural architecture,
as shown in Figure 4. The entire network is made up of recurring cells, and Att-DARTS
searches for the good ones. During the exploration phase, Att-DARTS examines the cell,
which includes both attention modules and operations. While original attention research
suggested various positions for incorporating attention modules, the most commonly pre-
ferred location is directly after a convolution operation. Att-DARTS follows this approach
and assumes that an edge in the cell is formed by an operation preceding an attention
module.

Att-DARTS recognizes an operation (from the operation space) and an attention
module (from the attention module space) during the search stage. When the emphasis is
on the edge from one node x; to another node x;, the softmax operation over the operation
parameters of candidate operations determines the relative weight of each candidate
operation. Similarly, the softmax operation over attention module parameters existing
in the search space determines the relative weight of each candidate attention module.
On the edge from node x; to X, an additional node h;; is created in such a way that the
flow of information from node xi to node h;; may be estimated as the weighted total of all
candidate operations. The information flow between h;; and x; is given by the weighted
total of all candidate attention modules.

3.3.5. Strong and Weak Features
Strong features:

1. PDARTS addresses the depth gap issue that DARTS suffers from by conducting the
search in stages and gradually increasing the depth of architecture;

2. The search space approximation in PDARTS reduces the number of operations in the
search space as the search progresses, which reduces computational complexity.

Weak features:
1.  DARTS suffers from a depth gap issue between the search and the evaluation phase;
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2. The regularization of the search space in PDARTS reduces the number of skip connec-
tions, but finding the optimal dropout rate can be challenging.

3.4. Comparison of Procedures for Deriving Best Neural Architecture

Once the architecture search is completed, the last step is to derive the best cell
architecture by retaining only those operations whose strengths (probabilities) are optimal,
i.e., topmost operations.

3.4.1. DARTS, PDARTS and Attention DARTS

DARTS, PDARTS and Att-DARTS face the problem of the difference between continu-
ous representation and discrete encoding because it searches for a continuous relaxation of
the architecture search space, which is then discretized to obtain a final architecture. During
the search process, these methods learn the continuous weights of operations, which are
then used to construct a discrete architecture. However, the resulting architecture is not
guaranteed to be a good approximation of the continuous weights due to the discreteness
of the encoding. This can lead to a performance gap between the continuous relaxation
and the final discrete architecture. To address this issue, these employ various techniques
to ensure that the final architecture is a good approximation of the continuous relaxation,
such as a regularization term to encourage the weights to be close to a discrete value. In
these methods, relaxing continuous choices from discrete categorical ones should result in
a near approximation during the searching phase.

3.4.2. Fair DARTS

Fair DARTS addresses the problem of the difference between continuous representa-
tion and discrete encoding faced by methods such as DARTS, PDARTS, and Att-DARTS.
These methods search for a continuous relaxation of the architecture search space, which is
then discretized to obtain a final architecture. However, the resulting architecture may not
be a good approximation of the continuous weights due to the discreteness of the encoding,
leading to a performance gap between the continuous relaxation and the final discrete
architecture. Fair DARTS tackles this issue by forcing the sigmoid value of architectural
strength towards 0 or 1 using an additional loss known as zero-one loss. This helps to
improve the approximation of the final architecture to the continuous relaxation during the
searching phase.

3.4.3. Strong and Weak Features
Strong features:

1.  The regularization techniques used in these methods ensure that the final discrete
architecture is a good approximation of the continuous relaxation;

2. The use of an additional loss function in Fair DARTS helps to address the problem of
the difference between continuous representation and discrete encoding and ensures
that the resulting architecture is a good approximation of the continuous relaxation.

Weak features:

1. The discreteness of the encoding used in DARTS, PDARTS, and Att-DARTS methods
can lead to a performance gap between the continuous relaxation and the final discrete
architecture;

2. The use of an additional loss function in Fair DARTS may increase the difficulty of
finding the optimal threshold for the sigmoid value of architectural strength.

4. Experimental Comparison of Gradient-Based NAS Methods

In this section, a comparison of already discussed gradient-based NAS works on vari-
ous image classification datasets such as CIFAR-10, CIFAR-100 and ImageNet is presented.
The evaluation metrics include error rate (in percentage), the number of parameters (in
millions), and computation cost (measured in GPU days/hours). The summarized results
of these methods on the CIFAR-10 dataset are presented in Table 1.
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Table 1. Performance comparison of gradient-based NAS methods on CIFAR-10 dataset.
Works Error Rate (%) Parameters (M) GPU Days/Hours
[10] DARTS + Cutout 2.76 £ 0.09 3.3M 4 Days
[11] PDARTS 2.25 105 M 0.3 Days
[12] Fair DARTS 2.54 2.8M -
[13] Att-DARTS + cutout 2.54 £0.10 32M -

The differentiable architecture search method is a promising approach because it
is the first to use gradient optimization to address the problem of NAS. This method
differs from traditional NAS methods, which involve a discrete search space and require
a time-consuming process of training and evaluating numerous architectures. Instead,
a differentiable architecture search directly optimizes the architecture using a gradient-
based approach. This method achieved an error rate of 2.76% = 0.09, which is comparable
to state-of-the-art results, in just 4 days, which is significantly less computational time
compared to previous works as reported by [26]. DARTS initially learned a cell on a small
network consisting of eight cells, but when it was tested on a larger network with 20 cells,
its performance decreased.

To address this issue, PDARTS was developed as a follow-up to DARTS, which utilized
a progressive approach to learn cells that can perform better even in deeper architectures.
The use of search space regularization and approximation strategies in PDARTS enabled it
to achieve better results than DARTS while using less computation time. PDARTS achieved
an error rate of 2.25% on the CIFAR-10 dataset in just 7 h, which is far less computational
time than DARTS.

Fair DARTS, on the other hand, focused on reducing the dominance of skip con-
nections that were observed in cells learned by DARTS. The authors used the sigmoid
activation function to allow independent on-off switching of operations. This prevented
skip connections from suppressing other operations. The Error rate (%) achieved by Fair
DARTS on CIFAR-10 is 2.54%.

Another work, Att-DARTS, incorporated attention modules in search space to enable
the exclusion of unnecessary information and concentrate solely on pertinent aspects,
which improved network performance as compared to DARTS. This work achieved an
error rate of 2.54% on the CIFAR-10 dataset while having a comparatively smaller number
of parameters (3.2 M) than all other methods. Table 2 shows the summarized outcomes
of these methods applied to the CIFAR-100 dataset. Remarkably, PDARTS has achieved
a remarkable error rate of 14.64%, surpassing all other methods by a significant margin
despite having more parameters than the other methods. Att-DARTS obtained an error rate
of 16.54% =+ 0.40, whereas DARTS obtained an error rate of 2.76% =+ 0.09 on CIFAR-100.
However, Fair DARTS showed a decreased performance with an Error rate (%) of only
22.8% on the same dataset.

Table 2. Performance comparison of gradient-based NAS methods on CIFAR-100 dataset.

Works Error Rate (%) Parameters (M) GPU Days/Hours
[10] DARTS + Cutout 17.54 33 M 4 Days
[11] PDARTS 14.64 11.0M 0.3 Days
[12] Fair DARTS 22.8 53M 3 Days
[13] Att-DARTS + cutout 16.54 + 0.40 32M -

Evaluation results and comparison of DARTS and PDARTS when transferred on the
ImageNet dataset are reported in Table 3. The results indicate that PDARTS discovered
architectures on CIFAR-10 and CIFAR-100 that significantly outperformed those discovered
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by DARTS, highlighting the ability of the discovered architectures to transfer to other
datasets, such as ImageNet.

Table 3. Performance of gradient-based NAS methods when transferred on various datasets.

Works Searched  Transferred Error Rate  Parameters GPU
on to (%) M) Days/Hours
[10] DARTS + Cutout CIFAR-10 ImageNet 26.7 4.7 M 4 Days
[11]PDARTS (large) +  ~jpaAR 19 CIFAR-100 15.27 105M 0.3 Days
cutout
[11] PDARTS CIFAR-10 ImageNet 244 - 0.3 Days
[11]PDARTS (large) +  ~ipap 100 CIFAR-10 2.43 11.0M 0.3 Days
cutout
[11] PDARTS CIFAR-100 ImageNet 24.7 51M 0.3 Days

Our comprehensive evaluation showcases the remarkable effectiveness and efficiency
of gradient-based NAS methods for image classification tasks. PDARTS stands out as a
powerful and transferable approach, achieving exceptional performance with significantly
reduced computational time. The outstanding performance of PDARTS, especially on the
CIFAR-100 dataset, highlights its potential as a highly efficient NAS solution. Its ability to
achieve superior results in a fraction of the computation time (0.3 GPU days) compared to
other methods positions PDARTS as a good choice for time-critical applications.

5. Future Directions

This study offers valuable insights into how gradient-based NAS methods perform and
their efficiency for image classification. Based on the strengths and weaknesses discussed
earlier, researchers can make informed decisions when selecting suitable NAS approaches
for specific image classification tasks.

In future research endeavors, addressing the issue of aggregated redundant skip
connections observed in gradient-based NAS methods emerges as a crucial focus. By
formulating strategies to mitigate this aggregation and facilitate the discovery of more
optimal architectural configurations, the potential for enhanced performance gains through
NAS can be unlocked.

Moreover, it is observed that all the examined methods use four nodes in their cell
structure. While it is a commonly used configuration, we did not encounter any explicit
claims in the literature supporting its optimality. Therefore, future research can explore
alternative cell structures. By carefully defining the operations and hyperparameters in
the search space, NAS algorithms can be guided to explore architectures with desirable
properties. PDARTS holds the potential for finding better-performing and transferable
architectures. Exploring PDARTS further, the integration of attention modules in its search
space can be considered to enhance its capabilities. Another challenge lies in overcoming
the limitation of single-step inner optimization in gradient-based NAS methods. Although
this approach improves computational efficiency, it negatively affects performance. To
address this challenge, the implementation of enhanced inner optimization strategies that
find a harmonious balance between efficiency and performance can be pursued, thereby
enhancing the effectiveness of methods such as DARTS.

The implications of this research extend into the realm of advancing automated ar-
chitectural design within deep learning. The understanding gained from various NAS
methods equips researchers to craft more efficient and effective neural architectures for a
wide range of applications.

6. Conclusions

This study comprehensively evaluated four major gradient-based Neural Architecture
Search (NAS) methods for image classification, i.e., DARTS, PDARTS, Fair DARTS, and
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Att-DARTS. The analysis encompassed a detailed comparison with methods, focusing
on critical aspects such as search space, continuous relaxation strategies, and bi-level op-
timization. Alongside highlighting each method’s strengths and weaknesses, the study
extensively compared error rates, parameter counts, and computation times across datasets,
including CIFAR-10, CIFAR-100, and ImageNet. Additionally, the study analyzed the cross
dataset transferability capability of architectures generated by these methods by compar-
ing their performance on various datasets such as ImageNet. The results showed that
PDARTS is better and faster among the examined methods, making it a potent candidate
for automating Neural Architecture Search. Future research directions stemming from the
performance analysis were outlined. The benefits and implications of the study were also
presented in the future directions section.
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