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Abstract: Deep learning techniques are being increasingly used in the scientific community as a
consequence of the high computational capacity of current systems and the increase in the amount
of data available as a result of the digitalisation of society in general and the industrial world in
particular. In addition, the immersion of the field of edge computing, which focuses on integrating
artificial intelligence as close as possible to the client, makes it possible to implement systems that act
in real time without the need to transfer all of the data to centralised servers. The combination of these
two concepts can lead to systems with the capacity to make correct decisions and act based on them
immediately and in situ. Despite this, the low capacity of embedded systems greatly hinders this
integration, so the possibility of being able to integrate them into a wide range of micro-controllers
can be a great advantage. This paper contributes with the generation of an environment based on
Mbed OS and TensorFlow Lite to be embedded in any general purpose embedded system, allowing
the introduction of deep learning architectures. The experiments herein prove that the proposed
system is competitive if compared to other commercial systems.

Keywords: edge computing; deep learning; quantisation; computer vision

1. Introduction

In recent years, manufacturing industries have become increasingly involved in the
improvement of their value chain by digitalising their processes. This implies the inclusion
of new key elements that create new ways of understanding how processes work and
how they can be optimised by making real-time changes. Concepts such as the Internet of
Things (IoT), Big Data or artificial intelligence (AI) are paving new ways in the creation of
a closer connection between the automation of manufacturing processes and experts. Thus,
it is possible to obtain real-time information from different sensors deployed in the plant
that have the ability to perform critical actions when required.

However, these actions need to be taken by a decision-making process that requires the
knowledge from an expert in the field. These experts should define the required conditions
to perform accurate actions. The main problem is that these processes need to be automated
to ensure that the actions are made at the right moment; thus, the decision-making process
should be automated by an intelligent agent with the capacity of knowing when the action
should be executed. This can only be achieved by using two different approaches: (1) a rule-
based approach (expert systems) [1], where an expert defines which actions are required
based on different conditional values; (2) a machine learning (ML) [2] approach, where
a mathematical algorithm is trained using data captured from a set of sensors to predict
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the possible outcomes and to execute the needed actions. The former is feasible when the
problem is simple and does not require several actions, while the latter is convenient when
the problem is more complex and requires several variables to evaluate the best action
to take. Thus, the inclusion of AI-based algorithms is becoming the backbone of several
industrial processes able to make automatic decisions in the same way an expert could,
based on previously recorded data.

ML is a subset of AI that comprises several mathematical algorithms to create intel-
ligent agents with the capability of making predictions or classifications. The training
process evaluates the outputs given by the algorithms with the real outputs given by a
labelled data set (training set) used as a proof of its capacity for making the right predic-
tions. To make this possible, it is necessary to use data samples labelled by an expert and
a powerful machine such as a personal computer (PC) or a high-performance computer
(HPC) to fit the mathematical algorithms in an interactive manner. The most advanced
ML-based algorithms, called deep neural networks (DNNs) or deep learning (DL) [3],
require powerful graphic cards (graphic processing units (GPUs)) and several training
hours to produce an accurate decision-making agent. Different approaches [4,5] rely on
using a centralised solution where an HPC is capable of managing different data sources,
of executing ML algorithms, and of making the required actions to correct or optimise the
execution plan that is used. However, there are processes where this type of architecture is
not feasible because critical actions need to be taken as fast as possible without any delay
in the execution pipeline.

In this regard, a centralised architecture based on an HPC is not capable of guar-
anteeing that actions can be executed on time. The reason is that the communication
among the HPC, sensors, and actuators requires a set of different connections, protocols,
and bandwidths to gather, evaluate, and execute the actions. Thus, the only solution to
overcome this problem and to have a direct response is by improving the response time and
saving the connection bandwidth. This can only be achieved by bringing data gathering,
decision-making, and actuator processes to the edge; hence, the concept of edge computing
(EC) [6] has emerged in the literature.

EC comprises the required techniques to have devices with the capacity of taking
actions based on the data captured by the device itself, making it reliable to take critical
actions without requiring the usage of an HPC solution. These actions do not need to wait
until a resolution is achieved, reducing the usage of external services and the connection
bandwidth. The actions can be intelligent if an ML-based model is added to the device,
i.e., if the model is trained in an external HPC machine and then added into the EC device.
However, EC devices have small computing capabilities and small memory capacities;
therefore, they are not able to achieve the same performance that an HPC solution could.
The most advanced algorithms are computationally expensive and require large sets of
space and memory to provide accurate results.

The results obtained from an EC device are even worse when the applied ML algorithm
is too complex, e.g., DNNs, because there are not enough computing resources, memory, or
disk space to execute it properly. In fact, DNNs are not prepared to be fully executed in
EC devices because they are designed to be executed in PCs or HPCs without taking into
account any computing limitations. Thus, the process of fitting a DNN model into an EC
device is a twofold open challenge. On the one hand, it is necessary to fit the DNN model
inside a low-resource device, but in addition, the results obtained with the compressed
model must be as accurate as the ones obtained with the complete model.

In this context, several authors have tried to provide different approaches to reduce
the size of ML algorithms with the aim of fitting them into the device without losing their
prediction accuracy. However, at this moment, the predictions obtained by these reduced
models are far from being as good as the ones deployed in an HPC solution. In addition, the
process of fitting the models into an EC device is not straightforward, because embedded
system manufacturing companies do not have a generalised method to do so. Each one
provides its set of tools and operating systems to fit an algorithm into the embedded system
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(for example, ST Microelectronics has its X-Cube-AI expansion pack (https://www.st.com/
en/embedded-software/x-cube-ai.html (accessed on 1 February 2021))). In this regard,
there are free open-source implementations such as ARM Mbed OS (https://os.mbed.
com/mbed-os/ (accessed on 1 February 2021)), which tries to collect different embedded
systems from different manufacturers to run programs inside it, but, at this moment, in
terms of ML algorithms, they lack a standardised way of doing this.

This implies that even if authors are capable of developing new ways of compressing
algorithms to fit them into EC devices, there is still an open challenge, because: (1) there is
not a standardised methodology to implement and execute them inside an EC device; (2) the
real performance of a compressed DL algorithm is unknown, and the only way of knowing
it is by executing it once it has been implemented on the target device; (3) there is no real
information of the performance levels of the different EC devices; (4) the open/closed
solutions do not provide in depth information about the techniques to use to compress a DL
network and its final performance. For that reason, having a standardised way of executing
ML algorithms in an embedded system provides the opportunity to check: (1) the generali-
sation capacity of executing ML algorithms over different EC devices; (2) understanding
how the implemented algorithms perform in different machines; (3) which improvements
from the state-of-the-art could be used in order to obtain fitted ML algorithms with the
capacity of giving accurate results.

In this paper, we present novel research in which we compare the performance of
a DL algorithm in different devices with different compression (fitting) techniques to
study which elements affect the performance of the applied ML algorithm. To do so,
we propose the usage of a highly-demanding DNN model, whose aim is, provided an
image, to determine whether a person appears in it or not and to study the performance
loss when the algorithm is altered by the most recent compression techniques. In addition,
we propose a development environment based on Mbed OS and TensorFlow Lite in
order to achieve a homogeneous DL network integration procedure in embedded systems.
Furthermore, we compare these results with different commercial boards that claim to
obtain high accuracy results in their commercial closed-source environments. To perform
these experiments, we use the open operating system called ARM Mbed OS and a computer
vision algorithm based on DNNs called Google MobileNet [7] to understand how the
current compression techniques affect the results.

Thus, our contributions in this paper are:

1. A comparison of the different techniques to reduce the size of DL algorithms.
2. A performance comparison of the different methods on a single case of human

detection using a standalone PC and an EC device.
3. A proposal and performance analysis of a generalist development environment for

integrating DL networks into embedded systems.

The remainder of this paper is divided as follows: Section 2 contains the state-of-the-art
about the current techniques to reduce the size of an ML-based algorithm. Section 3 contains
the experimental procedure carried out in this paper to demonstrate the performance of
the different methods. Section 4 states all of the experiments carried out, and Section 5
details the results obtained and their discussion. Finally, Section 6 contains the conclusions
of this study.

2. State-of-the-Art
2.1. Deep Learning

DL consists of both supervised and unsupervised machine learning algorithms based
on artificial neural network (ANN) [8] layers that try to represent complex architectures,
e.g., the human brain, a complex industrial machine, or the structure of sentences and
idioms. ANNs are composed of neurons that form layers with the capacity to process the
complex inputs of data to produce a simplified output.

Figure 1 (extracted from (trends.google.es/trends/ (accessed on 1 February 2021)))
depicts the evolution of the growth of DL usage with respect to other decision-making

https://www.st.com/en/embedded-software/x-cube-ai.html
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system techniques. In spite of DL being the most used ML algorithm, its first usage was
proposed back in the 1990s [9]. Due to the low computational capacity of the computer
systems at that time, it was not feasible to train these algorithms. Currently, however, the
problem is addressed with the advantage of the current technology based in the usage of
GPU devices, which makes capable the training of complex ANNs in a reasonable time.
Therefore, the trend of DL has recently emerged [10].

Figure 1. Google search trends of artificial intelligence (AI) algorithms.

Not only have the computational capabilities improved, but also the ANNs themselves
and the way they are trained. In this regard, there are new activation functions such as
rectified linear units (ReLUs) [11], sigmoid linear units (SiLUs) [12], or exponential linear
units (ELUs) [13]. In addition, there are different methods to initialise network weights,
such as the ones presented in [14]. Furthermore, different types of neurons have been
proposed for DL networks, each with different purposes. For example, we can highlight
convolutional neurons, recurrent neurons, or long short-term memory (LSTM) neurons.
With these neurons, new network structures have been proposed with the aim of improving
specific aspects. For example, convolutional neural networks (CNNs) are able to extract
relevant features from images and videos automatically, avoiding the need of specifically
extracting the features from them. Recurrent neural networks (RNNs) allow past actions
to be considered while making decisions in the present, which can be very useful for
analysing the context of a word in a complete sentence.

The diversity of DL architectures makes possible the implementation of a wide range of
applications in different research fields. Applications include predicting new composites for
antibacterial compounds [15] in medicine, detecting intrusion attacks [16] in cybersecurity,
exploring written messages by creating applications based on natural language processing
(NLP) [17], or obtaining fine-grained information from a single image using computer
vision (CV) [18]. CV is one of the fields where deep learning has been used so far, as
neural networks can extract features from images, making the image processing procedure
much easier. One of its applications is object recognition for applications such as traffic
sign detection for advanced driver assistance systems [19], fruit recognition systems to
optimise harvesting in the agricultural environment [20], quality analysis of materials for
manufacturing processes [21], 3D modelling systems to obtain the structure of the objects
based on different images [22], etc.

All of these applications indicate that there is work to be done in this research field.
The usage of DL with EC has a wide spectrum of contexts and applications, which creates
a potential interest in the industrial area to provide accurate solutions to the end users.

2.2. Edge Computing

As mentioned in the previous section, the scope of EC comes from the need to run
applications without the requirement of a complex architecture to transmit the information
to an external server. In order to find potential solutions to avoid the externalisation of
information, different alternatives have been proposed in the scope of EC. Besides inte-
grating the intelligence into the final node, intermediate approaches have been considered
where the idea of making the decision as close as possible to the action is combined with
outsourcing certain services to a server. Some of these architectures are summarised below:



Sensors 2021, 21, 1031 5 of 29

• Cloudlet and micro data centres (MDCs): This type of architecture is composed of
three levels. First, they maintain the central server or what can also be called the cloud.
Second, they have an intermediate network, or a micro cloud, which is located closer
to the decision-making process and has less capacity than the cloud. Third, the final
devices are used to offer different services, such as video on demand or connectivity
between mobile devices. This type of service usually requires much storage space and
fast connections. By distributing the load between different levels, it is possible to
create a main storage in the cloud and a secondary storage closer to the client, so that
the service can be provided in a reasonable time.

• Fog computing: This term refers to a totally distributed architecture, where the levels
are not defined directly, but rather, a network is proposed where all of the devices
are connected to each other, both the end nodes and powerful devices like servers.
The idea of having all devices connected among them is also called the IoT. In this
case, fog computing is focused on implementing applications where decisions have to
be made in real time, rather than offering services closer to the client.

• Mobile (multi-access) edge computing (MEC): MEC is a standard architecture defined
by the European Telecommunications Standards Institute (ETSI), which is installed
in the base centres of the telephone network, allowing providing services similar to
Cloudlet and MDC. This avoids the requirement of creating an architecture because it
uses the stations that are already installed.

Depending on the design of these architectures, it is possible to differentiate the
presented systems into three types: (1) cloud intelligence, (2) edge intelligence, and (3)
on-device intelligence. Cloud intelligence is the system with the highest computational
capacity, allowing making complex decisions in several scenarios, but these decisions
increase the latent capacity. On-device intelligence allows decisions to be made directly on
the device that is capturing the data, which provides the possibility of acting immediately
with a low latency. In these cases, the capacity of the devices is usually very limited, making
it difficult to integrate the decision-making system into it. Finally, edge intelligence is an
intermediate point between both, where the decision-taking system is directly connected
to the final node, but not integrated into it.

This paper focuses on on-device intelligence, where the combination with DL is
considered to allow the integration of robust decision-making systems.

2.3. Optimisation of DL Networks

Compression techniques are a crucial part of integrating DL networks into embedded
systems due to the CPU and memory restrictions. Model optimisation not only allows
the reduction of the network size, but also the reduction of its latency. Current model
optimisation techniques are divided into four main categories: (1) parameter pruning and
quantisation, (2) low-rank factorisation, (3) transfer/compact convolutional filters, and (4)
knowledge distillation.

2.3.1. Parameter Pruning and Quantisation

These types of techniques were originally intended to avoid the adjustment of the
models to the training data set (overfitting), achieved by reducing the structure of the
network in order to obtain a better generalisation capacity. Later, the study was further
developed to include network compression to improve the reduction of the network
structure. Thus, this technique can be divided in two different parts:
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• Pruning: This focuses on eliminating those neurons that are lighter or less repre-
sentative, improving the generalisation of the model and decreasing its size and
computational costs. This technique was proposed back in 1990 [23], where the au-
thors pruned a large ANN by estimating the sensitivity of the error function for each
connection and eliminating the lowest ones. There are several methods for pruning
a network, e.g., it is possible to prune a network based on the structure, instead of
pruning individual parameters [24]. Other methods such as those in [25,26] con-
sider grouping parameters based on the hardware or software of the system to be
integrated. Another common method is to prune parameters based on the score of
different metrics (e.g., the sensitivity of the global error [27]). Different techniques
also consider different scheduling approaches, where some methods prune all of the
given parameters in a single step [28], while other methods prune them iteratively
[29], and some even vary the pruning rate of each iteration depending on complex
functions [30]. Some techniques use fine-tuning methods, the most common of which
is to continuously train the network by performing iterations. Finally, others perform
a network reset [31] or simply a network rewind to an earlier state [28].

• Quantisation: This attempts to reduce the number of bits needed to represent a
parameter, maintaining the accuracy of the network. It can be used both to avoid
overfitting and to reduce the size of the network. The first proposal of a practical
implementation of the quantisation technique was made in 2014 [32], implementing
three different algorithms: (1) k-means clustering, (2) product quantisation [33], and (3)
residual quantisation [34]. Quantisation into one or two bits was also analysed in [35],
where the authors proposed a quantisation technique to apply during the training of
the network, which allows reducing the accuracy loss of the quantised network.

To date, promising results have been achieved by combining different types of tech-
niques. For example, the compression learning by in-parallel pruning-quantization (CLIP-
Q) [36] method achieves compression ratios up to 72-times lower than the original network,
and the accuracy can be improved by up to 0.7%. To do this, it combines quantisation and
pruning techniques, applying them iteratively at each step of the training.

2.3.2. Low-Rank Factorisation

Low-rank factorisation techniques focus on reducing the computational cost of CNNs.
The convolution operator multiplies the input tensors of the network with a matrix called
“filter”. These filters try to extract the underlying structure of the given tensor to detect
objects inside an image or logical connections in time series data. However, the convolu-
tional operations are computationally demanding, which makes them unfeasible for use
in tiny environments such as EC devices. For this reason, low-rank factorisation focuses
on decomposing the convolutional filters of the network into smaller filters to avoid re-
dundant operations. Figure 2 depicts a filter (represented by an n×m matrix) that can be
decomposed into two smaller filters (i.e., n× r and r×m). These filters are able to increase
the inference speed of the model and to decrease the number of parameters of certain
filters. Some filters are able to decrease other filters with a ratio of up to 13-times less [37],
where others are able to compress the size of the base network by almost 50% [38].

For these techniques to be effective, it is necessary to train the model intensively, since
by breaking down the filters, the model takes longer to converge to the best solution.
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(a) (b)
Figure 2. Decomposing the filter located on the left into two smaller filters (shown on the right). (a) Applying an n×m
filter to an image; (b) Decomposing an n×m filter into n× r and r×m filters.

2.3.3. Transferred/Compact Convolutional Filters

These techniques are focused on designing DL networks by trying to reduce the
size and computational cost of convolutional filters. To this end, they apply specific
transformations to the filters, taking into account how the network behaves. This technique
is based on the theory of [39] (Equation (1)), which says that it is the same to first apply
a transformation T ′ to the input (x) of a filter Φ and then filter it, as it is to first filter the
input and then transform it. In this case, the T ′ and T transformations do not necessarily
need to be the same, as they operate on different objects (Φ(x) and x).

T ′Φ(x) = Φ(T x) (1)

Currently, several DL networks have been designed taking into account transfer/compact
convolutional filters. The most noticeable ones are MobileNet, which has three different
versions [7,40,41]), or SqueezeNet [42], where the common 3× 3 convolutional filters are
replaced by 1× 1 convolutional filters, making the networks more compact. These networks
are capable of obtaining highly accurate results while maintaining a low network size.

The main problem with these solutions is that they must be considered in the design
of the network; they cannot be applied during or after training, as the architecture of the
network must be modified. This implies that it is necessary to have deep knowledge of the
original structure of the DL architecture.

2.3.4. Knowledge Distillation

Knowledge distillation is related to knowledge transfer, where the knowledge ob-
tained from one network is transferred to another. In the case of knowledge distillation [43],
a base model is set as the teacher and a more compact version of that network as the student.
Being so, the training of the compact network is not focused on solving the problem of
having the original inputs and outputs, but rather on copying the operation of the base
network. It has also been shown that this concept can be transferred to neurons, where a
group of significant neurons can play the role of the teacher [44]. These techniques are not
compatible with all types of ANNs and often have difficulties in achieving results as good
as those obtained using the other methodologies explained above.

Among these optimisation techniques, quantisation is analysed and tested herein.
As mentioned before, quantisation can adapt how the parameters of ANNs are represented.
It is focused on optimising ANNs by reducing their size and their computational cost.
Most of the available frameworks for training ANNs use 32 bits for parameter represen-
tation, but some micro-controllers are not able to make a correct interpretation of these
networks unless they are quantised into eight bits.
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2.4. Deep Learning in Edge Computing

Once the significance of both EC and DL has been contrasted separately, the next step
is to check the current state of the combination of the two areas [45], focusing the analysis
on the on-device intelligence architecture. The combination of these fields has been used in
different areas such as image recognition, voice control systems, predictive maintenance
for industry, health monitorisation, or even in information technology (IT) security.

Image analyses have been implemented in several applications, for example, a mobile
application that is capable of identifying different meals [46]. This approach allows the
control of the user’s diet by calculating the consumed calories. To do this, the user takes
a photo of the meal using his/her mobile device, and the DL-based network performs
a classification of the meal, computes the calories, and provides the required feedback.
Other authors have presented different applications, such as [47], who presented an empty
parking detection system, or [48], who presented an algorithm to predict the density of
the people using public transport. Other authors have used image processing applied
to sequential images such as video processing, offering the capability of studying the
movement of objects in a video [49].

Object recognition systems have been analysed further with the objective of optimising
DL networks, especially to reduce their latency. In this case, hybrid DL methods where
tested on embedded systems [50]. They proved that combining algorithms such as Haar
cascade [51] and CNNs led to systems with lower latency and similar accuracy. This is
achieved by first applying Haar cascade on images to detect objects; then, these objects are
cropped; and finally, a CNN performs the classification of these cropped objects.

As for voice control, there are potential commercial solutions such as Alexa and Siri.
These systems do not carry out the voice recognition in the node, but they make a first
processing of the signal, both for privacy issues and to avoid an excess of traffic in the
network [52].

Systems have also been proposed for health monitoring, where sensors process the
data obtained and then send them to a more centralised system where the user can visualise
and understand the analysis [53].

All of these applications demonstrate that integrating DL into embedded systems can
obtain excellent results. Even so, it can be seen that in most cases, these devices do not
obtain any resource restriction, especially in cases where images or audio are being used.
The most common devices in which DL is integrated are mobile phones or micro-controllers
with a high computing and memory capacity.

Considering the presented approaches, DL algorithms can be applied in different situ-
ations, but their integration into embedded systems is still an open challenge, mainly due
to the memory and computational restrictions. For this reason, the scope of this paper
is to present a generalisation approach to using a DL algorithm in an EC device and to
determine its real performance compared to commercial solutions and powerful machines.

2.5. Related Work

Recent works have shown interest in optimising the integration of DL algorithms
into restrictive micro-controllers. In this aspect, two different approaches are currently
carried out.

The first approach is focused on the design of DL networks. As stated in Section 2.3.3,
there are several approaches to designing networks, but they are mostly applied in mobile
devices or micro-controllers with high computational capabilities. Even though, works
such as [54] have proven that it is possible to optimise them further, considering not only the
total number of parameters and operations of the network, but also the low computational
capabilities and the need for the low latency of these devices.

The second approach is more related to the methodology involved, both in the design
and the integration processes. The authors of [55] proposed the TinyNAS method, which
is a two-stage neural architecture search that includes parameters such as the specific
constraints of the device, so that the search is not focused on finding the smallest networks,
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but is rather looking for the best network architecture that fulfils the specific constraint
of the device. The paper [55] also introduced a memory-efficient inference library called
TinyEngine. This library uses only the operations that are necessary to run the networks
found with TinyNAS, which allows making full use of the limited resources in the micro-
controller. Even though, this framework is focused only on integrating some specific
networks, and so does not fulfil the objective of generalisation.

There are more frameworks in the literature that also provide capabilities to run
DL networks in micro-controllers. For example, STM32Cube.AI (https://www.st.com/
content/st_com/en/stm32-ann.html (accessed on 1 February 2021)) is able to execute
DL networks trained in Keras, TensorFlow Lite, Caffe, ConvNetJs, and Lasagne, but it
is a proprietary framework that can only be used in STM32 Arm Cortex-M-based micro-
controllers. Apache TVM [56] is another example; in this case, it is open-source, which
means that it is also able to compile and run DL networks trained in TensorFlow, Caffe, or
PyTorch, but it is mostly focused on integration into mobile devices (with Android or iOS
operative systems) or any device with a Linux-based operating system. Apache TVM has
also been working on a micro-controller-based library (microTVM), but it has only been
tested in two different platforms,

Finally, Tensorflow Lite Micro [57] is another framework that integrates DL networks
into micro-controllers. It implements most of the operations of CNNs, which makes it
adequate for a generalist integration. However, the library by itself cannot control the
device, as it does not provide any drivers, which is why it is compulsory to integrate it into
another environment such as Mbed OS.

3. Methodology
3.1. Parameter Reduction

The optimisation of DL algorithms is crucial in order to integrate them with embedded
systems, as they usually have limited resources. As explained in Section 2, one of the
techniques that can be applied is the reduction of the size of DL networks, decreasing the
total number of parameters or the way in which they are represented; this technique is
parameter pruning and quantisation (PPQ) [29].

For the presented experiments, the quantisation technique was used to ensure that the
resulting networks would be adequate for integration in any embedded system. The quanti-
sation technique reduces the number of bits used to represent each parameter, allowing the
integration of a full DL network into even a micro-controller with only an 8 bit architecture.

This technique changes the way the weights and activation of the DL network are rep-
resented. Each weight and activation are represented by a real number of 32 bits. When the
network is quantised, the 32 bit representation is reduced to a smaller number, such as 16
or 8 bits. Generally speaking, quantisation is carried out with eight bits, because certain
embedded systems are only capable of representing numbers in this format. However, it is
possible to find quantisations of 16 bits or even 2 bits in extreme cases. This reduction leads
to a loss of precision in the performance of the DL network, although there are several
techniques that try to reduce this precision loss, e.g., retraining the network to adjust the
new parameters.

Figure 3 (extracted from (https://blog.tensorflow.org/2020/04/quantization-aware-
training-with-tensorflow-model-optimization-toolkit.html (accessed on 1 February 2021)))
shows one of the techniques used for the experiment. The original range of the values of
the weights and activation of the DL network were rescaled in order to fit in the maximum
range of an 8 bit value ([−127, 127]). The rescaling process was completed by dividing the
original range in 28 equidistant values and rounding the original values to the closest one.
In this process, the real zero value is also taken into account for arithmetic optimisation
(for further details, consult [58], Section 2.3).

https://www.st.com/content/st_com/en/stm32-ann.html
https://www.st.com/content/st_com/en/stm32-ann.html
https://blog.tensorflow.org/2020/04/quantization-aware-training-with-tensorflow-model-optimization-toolkit.html
https://blog.tensorflow.org/2020/04/quantization-aware-training-with-tensorflow-model-optimization-toolkit.html
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Figure 3. An 8 bit quantisation example.

Equation (2) represents the quantisation process, where r represents the real values,
S represents the scale factor, q represents the quantised values, and Z represents the
“zero-point”.

r = S(q− Z) (2)

In the specific case of quantisation carried out with TensorFlow, a symmetrical range
is selected for the weights, so that the zero point will be 0, and an asymmetrical range
is selected for the activation; thus, it is necessary to determine at which point the zero
value is.

In order to quantise the parameters of the network, the first step is to determine
the range [a, b] of the original values of the set of parameters. This range must fulfil
the condition stated in Equation (3) that, with a scaling factor S, the zero value must be
represented after quantisation. After defining the range, the quantised values are calculated
as represented in Equation (4), where n refers to the number of quantisation levels (e.g., 28

for 8 bit quantisation) and b·e denotes rounding to the nearest integer.

a + Sx = 0
∣∣∣∣ x ∈ N and x ≤ b + a

S
(3)

q(r; a, b, n) =
⌊

clamp(r; a, b)− a
s(a, b, n)

⌉
s(a, b, n) + a (4)

In this case, quantisation using ranges was used, since this technique has already been
integrated into TensorFlow. Furthermore, quantisation can be applied in two different
ways: (1) quantisation awareness training (QAT), and (2) after training quantisation (ATQ).

In QAT, the training itself takes into account the quantisation process. To do this,
the DL network is first trained until it reaches the point of convergence. At this point,
the network is quantised so that it loses precision, but to reduce this loss, the network
is retrained for several steps ahead, considering the maximum bits that are allowed to
represent the weights and activations. This allows readjusting the quantised parameters by
varying the range of values just enough to increase the total precision of the network.

In ATQ, the network is quantised after its training has been completed, achieving
lower accuracy results compared to QAT. In this case, two different techniques can be
used: (1) quantise the weight matrix of the neural network directly (this is the simplest
technique in which the the activation ranges are not directly quantised, so it cannot be
considered that the network is totally quantised at 8 bits); (2) quantise the network weights
and activations (in this case, the trigger ranges are indeed quantised). In the second case,
it is necessary to have a representative data set (a data set similar or equal to the training
set); the weight matrix is quantised in the same way as in the first option, and then, brief
training is carried out focusing only on calibrating the activation ranges of the network
so that the zero threshold is adjusted to the activation function. After this process, the
network is fully quantised, so it can be integrated inside any embedded system. However,
as the weights of the network are not readjusted, the accuracy is generally lower than that
of QAT.

3.2. Environment

One of the objectives of this paper, besides the integration of ML algorithms into
embedded systems, was that this process should be generalised for any architecture.
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The most important micro-controller manufacturers already have their own tools that
facilitate this task, but the generalisation proposed in this manuscript tries to present a
homogeneous integration process for any kind of embedded system.

Figure 4 shows the structure of the environment used, where the TensorFlow Lite
for Micro-controllers (https://www.tensorflow.org/lite/microcontrollers (accessed on
1 February 2021)) library is integrated into the Mbed OS-based project. Mbed OS is used
as a minimalist open-source operating system that groups together several drivers for
embedded systems of major manufacturers, such as STMicroelectronics (https://www.
st.com/content/st_com/en.html (accessed on 1 February 2021)) or NXP Semiconductors
(https://www.nxp.com/ (accessed on 1 February 2021)). As all of the drivers necessary
to control the micro-controllers are included in a single minimalist operative system, and
it facilitates the development of applications for different devices. The limitation of this
library is that it can only handle devices with an ARM processor. In addition, TensorFlow
Lite for Micro-controllers is included in Mbed OS, so that, apart from the common drivers of
the devices, the developer can also use the interpreter of this library to execute DL networks
on the micro-controller. TensorFlow Lite for Micro-controllers is a library, currently under
development, that allows the execution of DL networks trained in TensorFlow in micro-
controllers. Table 1 summarises the different software used in the environment.

Figure 4. General structure of the development environment used for deep learning (DL) integration
into embedded systems.

Table 1. Software versions used for the environment.

Mbed OS TensorFlow

5.15.3 GitHub source code (21 June 2020)

TensorFlow Lite for Micro-controllers is an extension included in the main reposi-
tory of TensorFlow GitHub (https://github.com/tensorflow/tensorflow/tree/master/
tensorflow/lite/micro (accessed on 1 February 2021)). This library requires the direct
intervention of the user, because is does not work out of the box by default. In this regard,
it is necessary to include minor corrections in the source code to allow integration with
Mbed OS.

Integration Process

Figure 5 depicts the pipeline followed to allow a DL network architecture to fit cor-
rectly into an EC device. The first stage is the network preparation; to do so, a DL network
must be developed and trained following the explanations given by the TensorFlow library
(an example with details can be found at https://github.com/tensorflow/tensorflow/blob/
master/tensorflow/lite/micro/examples/person_detection/training_a_model.md
(accessed on 1 February 2021)). This training process should be accomplished by us-
ing a high-resource device (as explained in the Introduction of this paper). At this point,
there are two different approaches to follow: (1) use the quantisation algorithms to modify
the training process and to produce a final model with its weights quantised; (2) use the
fully trained network (in 32 bits) and apply a quantisation process to reduce its weights.
This process can be achieved easily using TensorFlow Lite Converter (details can be found
at https://www.tensorflow.org/lite/convert (accessed on 1 February 2021)). Once the

https://www.tensorflow.org/lite/microcontrollers
https://www.st.com/content/st_com/en.html
https://www.st.com/content/st_com/en.html
https://www.nxp.com/
https://github.com/tensorflow/tensorflow/tree/master/tensorflow/lite/micro
https://github.com/tensorflow/tensorflow/tree/master/tensorflow/lite/micro
https://github.com/tensorflow/tensorflow/blob/master/tensorflow/lite/micro/examples/person_detection/training_a_model.md
https://github.com/tensorflow/tensorflow/blob/master/tensorflow/lite/micro/examples/person_detection/training_a_model.md
https://www.tensorflow.org/lite/convert
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final network has been compressed, the next step is to convert the used Python code into a
C-type array to allow the EC devices to read the code. This can be achieved by using the
“xdd” GNU/Linux command, which creates hexdumps of a given file or a standard im-
port (https://www.tutorialspoint.com/unix_commands/xxd.htm (accessed on 1 February
2021)).

Once these steps have been finished, the code is finally ready to be integrated into any
Mbed OS-based project. To do so, it is necessary to create an Mbed OS project and link it
with the required libraries to execute the code.

Figure 5. Pipeline followed to integrate a DL network architecture into an edge computing (EC) device.

3.3. MobileNet

Once the development environment has been configured, it is necessary to select and
train the required DL network to fulfil the requirements of reducing its size to fit in an EC
device. To do that, we propose the use of an application that is capable of detecting the
presence of a person based on an image captured by a camera. Thus, our main intention
was to be able to fit a computer vision-based DL network into an EC device and to analyse
its performance.

As far as selection is concerned, the reasons were focused exclusively on the size, as
the platforms that were used have memory restrictions. Moreover, considering that the aim
was to generalise the process of integrating DL networks into embedded systems, selecting
the smallest network allows determining the minimum amount of resources required for
image classification.

Table 2 (extracted from https://www.tensorflow.org/lite/guide/hosted_models (ac-
cessed on 1 February 2021)) shows a comparison of different DL networks dedicated to
image classification. The model size refers to the size of the weight matrix of each neural
network; the accuracy is the percentage of success of the network; and the latency is the
time it takes to run the network. In all networks, MobileNet V1 [7] has the smallest weight
matrix, indicating that it is the network that needs the smallest memory space. Besides,
both the MobileNet V1 and the MobileNet V2 [40] networks have a parameter (depth
multiplier) that allows them to be reduced in size, which affords them a certain flexibility
to be integrated into systems with few resources.

Considering that the embedded system where the network is integrated has barely
2 MB of memory, the reduced MobileNet V1 seems to be the only valid option, because
the rest of the networks are too big to fit in it. Even so, MobileNet V2 and V3 were tested
to verify if it is possible to compress them to the point that they can be integrated into an
embedded system using the explained techniques such as quantisation (see Section 3.1).

We selected versions V1, V2, and V3 of MobileNet as the DL architectures to be used
in the experiments presented in this paper, as they allow the application of compression

https://www.tutorialspoint.com/unix_commands/xxd.htm
https://www.tensorflow.org/lite/guide/hosted_models
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techniques in a reasonable way, providing the opportunity to focus the study on their
accuracy and latency in an EC device.

Table 2. Image classification DL network comparison.

Model Name Size (MB) Accuracy Latency (ms)

DenseNet 43.6 0.642 195.0
SqueezeNet 5.0 0.490 36.0
NASNetmobile 21.4 0.739 56.0
NASNet large 355.3 0.826 1170.0
ResNet_V2_101 178.3 0.768 526.0
Inception_V3 95.3 0.779 249.0
Inception_V4 170.7 0.801 486.0
Inception_ResNet_V2 121.0 0.775 422.0
MobileNet_V1_0.25_128 1.9 0.414 1.2
MobileNet_V1_1.0_128 16.9 0.652 9.0
MobileNet_V2_1.0_224 14.0 0.718 17.5

3.3.1. MobileNet V1

MobileNet V1 [7] was introduced in 2017 by Google. They highlighted that this
network allows the adjustment of the memory and latency restrictions of the application to
be implemented because it is designed to scale the size of each of its layers by modifying a
depth factor.

Table 3 shows the architecture of the original design of MobileNet V1, which is based
on the concatenation of standard convolutional filters (conv) and depthwise separable
convolutional filters (conv dw) (explained in [7], Section 3.1). Each of these layers also
includes a batch normalisation (BN) [59] and a ReLU [11] neural activation, as can be
seen in Figure 6. The difference between standard and separable convolution layers is that
separable ones are applied independently to each channel of the image, which decreases the
latency of the network. Finally, average pooling (Avg Pool) reduces the spatial dimension to
1, and a fully connected layer (FC) with Softmax activation performs the final classification.

Table 3. MobileNet V1 architecture. Type represents the type of filter used in the layer, and Stride represents the number of
pixels by which the filter is shifted (table extracted from [7]). dw, depthwise.

Type/Stride Filter Shape Input Size

Conv/s2 3× 3× 3× 32 224× 224× 3
Conv dw/s1 3× 3× 32 dw 112× 112× 32

Conv/s1 1× 1× 32× 64 112× 112× 32
Conv dw/s2 3× 3× 64 dw 112× 112× 64

Conv/s1 1× 1× 64× 128 56× 56× 64
Conv dw/s1 3× 3× 128 dw 56× 56× 128

Conv/s1 1× 1× 128× 128 56× 56× 128
Conv dw/s2 3× 3× 128 dw 56× 56× 128

Conv/s1 1× 1× 128× 256 28× 28× 128
Conv dw/s1 3× 3× 256 dw 28× 28× 256

Conv/s1 1× 1× 256× 256 28× 28× 256
Conv dw/s2 3× 3× 256 dw 28× 28× 256

Conv/s1 1× 1× 256× 512 14× 14× 256

5× Conv dw/s1 3× 3× 512 dw 14× 14× 512
Conv/s1 1× 1× 512× 512 14× 14× 512

Conv dw/s2 3× 3× 512 dw 14× 14× 512
Conv/s1 1× 1× 512× 1024 7× 7× 512

Conv dw/s2 3× 3× 1024 dw 7× 7× 1024
Conv/s1 1× 1× 1024× 1024 7× 7× 1024

Avg Pool/s1 Pool 7× 7 7× 7× 1024
FC/s1 1024× 1000 1× 1× 1024

Softmax/s1 Classifier 1× 1× 1000
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One of the highlights of this network is that, as mentioned before, the designers
proposed a parameter to reduce the size of the network. This is done by multiplying a
factor (depth multiplier) by the size of all the convolutional filters; thus, it decreases the
size of the network uniformly. In addition, the designers also considered the reduction of
the input images so that the latency decreases.

(a) (b)
Figure 6. Differences among the structures of standard convolutional and depthwise separable convolutional filters (figures
extracted from [7]). (a) Standard convolutional filter structure; (b) Depthwise separable convolutional filter structure.

3.3.2. MobileNet V2

In 2019, the same Google team published MobileNet V2 [40], where they modified the
structure of the depthwise separable convolutional filters to bottleneck depth-separable
convolutional (bottleneck filters). Figure 7 shows the structure, where the main objective
was to improve the efficiency of memory consumption with respect to the filters presented
in V1. Taking into account the improvement of these blocks, the design was reworked,
defining the architecture shown in Table 4.

Figure 7. Bottleneck depth-separable convolutional filter structure.
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Table 4. MobileNet V2 architecture: Each line describes one or more identical layers repeated n times.
All layers in the same sequence have the same number c of output channels. The output of each layer
is determined by applying the following equation: w

s ×
h
s ×

(tk)
s , where w, h, and k represent the

input of the layer. s defines how many pixels are shifted in the filter, and t represents the expansion
factor (table extracted from [40]).

Input Operator t c n s

2242 × 3 conv2d - 32 1 2
1122 × 32 bottleneck 1 16 1 1
1122 × 16 bottleneck 6 24 2 2
562 × 24 bottleneck 6 32 3 2
282 × 32 bottleneck 6 64 4 2
142 × 64 bottleneck 6 96 3 1
142 × 96 bottleneck 6 160 3 2
72 × 160 bottleneck 6 320 1 1
72 × 320 conv2d 1× 1 - 1280 1 1

72 × 1280 avgpool7× 7 - - 1 -
1× 1× 1280 conv2d 1× 1 - k - 2

3.3.3. MobileNet V3

MobileNet V3 [41] was also published in 2019. In this case, the filters of the previous
versions were combined with a block called squeeze and excite, introduced in [60]. Figure 8
(extracted from https://towardsdatascience.com/review-senet-squeeze-and-excitation-
network-winner-of-ilsvrc-2017-image-classification-a887b98b2883 (accessed on 1 February
2021)) represents how this block is applied to an inception [61] neural network architecture,
but this concept can be extrapolated to the filters proposed for V1 and V2.

In V3, they used an automatic algorithm to search for DL network structures [62]
to define a base structure, which they made small adjustments to so as to optimise it
further. In this case, the network does not consider a depth multiplier parameter as its
predecessors did. Instead, two different networks were designed during its conception,
one being V3-large and the other V3-small.

Figure 8. Example of squeeze and excite block integration in an inception neural network.

The difference between these two networks is that V3-small has 4 fewer bottleneck
layers than V3-large; thus, its size is reduced. In this case, as the platform has memory
restrictions, MobileNet V3-small was used, whose architecture is available in Table 5.

https://towardsdatascience.com/review-senet-squeeze-and-excitation-network-winner-of-ilsvrc-2017-image-classification-a887b98b2883
https://towardsdatascience.com/review-senet-squeeze-and-excitation-network-winner-of-ilsvrc-2017-image-classification-a887b98b2883
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Table 5. Structure of the MobileNet V3-small architecture. #outrefers to the output channel, SE denotes
whether there is a squeeze and excite in that block, and NL denotes the type of nonlinearity used.
Here, HS denotes h-swish, and RE denotes ReLU. Finally, NBN denotes that no BN is applied in the
layer (table extracted from [41]).

Input Operator Exp Size #Out SE NL s

2242 × 3 conv2d, 3× 3 - 16 - HS 2
1122 × 16 bneck, 3× 3 16 16 X RE 2
562 × 16 bneck, 3× 3 72 24 - RE 2
282 × 24 bneck, 3× 3 88 24 - RE 1
282 × 24 bneck, 5× 5 96 40 X HS 2
142 × 40 bneck, 5× 5 240 40 X HS 1
142 × 40 bneck, 5× 5 240 40 X HS 1
142 × 40 bneck, 5× 5 120 48 X HS 1
142 × 48 bneck, 5× 5 144 48 X HS 1
142 × 48 bneck, 5× 5 288 96 X HS 2
72 × 96 bneck, 5× 5 576 96 X HS 1
72 × 96 bneck, 5× 5 576 96 X HS 1
72 × 96 conv2d, 1× 1 - 576 X HS 1

72 × 576 pool, 7× 7 - - - - 1
12 × 576 conv2d, 1× 1, NBN - 1024 - HS 1
12 × 1024 conv2d, 1× 1, NBN - k - - 1

Finally, as explained in Section 3.2, TensorFlow was used to train all of these networks
(https://github.com/tensorflow/models/tree/master/research/slim/nets (accessed on
1 February 2021)). Table 6 depicts the used training parameters. These training parameters
were used in all network configurations except quantisation delay, which was only used in
QAT networks, indicating in which step it was applied.

Table 7 depicts the used training environment specifications to train the presented
MobileNet algorithms with their different input parameters. Considering that MobileNet is
a computer vision DL network, the used training environment should be a robust machine
to train the algorithms in a reasonable time. With the presented configuration, the training
time took four days.

Table 6. Training parameters.

Parameter Description Value

Learning rate How much the network learns in each step 0.045
Label smoothing Proportion to smooth the probabilities of the final labels 0.1
Number of epochs per decay After how many epochs the learning rate is reduced 2.5
Learning rate decay factor How much the learning rate is reduced 0.98
Moving average decay Moving average decay applied to the weights 0.9999
Batch size Size of the batches generated from the data set 96
Max number of steps Total number of steps done in the training 1,000,000
Quantisation delay Quantisation process will start after this number of steps 850,000

Table 7. Training server characteristics.

Component Specification

Processor Intel Xeon Gold 5118
Graphic card NVIDIA Tesla V100 16 Gb

RAM 500 Gb
Hard drive 200 Gb

3.4. Experimental Platforms

Three different platforms were used to carry out the experiments: (1) OpenMV Cam
H7 (https://openmv.io/products/openmv-cam-h7 (accessed on 1 February 2021)), which

https://github.com/tensorflow/models/tree/master/research/slim/nets
https://openmv.io/products/openmv-cam-h7
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is a platform specifically designed to implement AI-based applications for image pro-
cessing; we considered the usage of this device because it can be used as a baseline to
compare the performance of the generalist development environment implemented with
a specifically designed environment; (2) STM32H747i-Disco (https://www.st.com/en/
evaluation-tools/stm32h747i-disco.html (accessed on 1 February 2021)), as a platform to
integrate the developed environment and to analyse the performance; (3) finally, a desktop
computer, to compare the performance of the DL algorithms integrated into a memory-
limited environment or without integration to check if the proposed algorithms are capable
of running faster in an EC device or in a desktop computer.

3.4.1. OpenMV Cam H7

OpenMV Cam H7 is a device specifically designed to implement applications for
image processing using AI. Table 8 shows the system’s technical specifications. The device
does not have an OS installed by default; instead, it has customised firmware that includes
a Python programming language interpreter and a TensorFlow Lite for Micro-controllers
library, which facilitates a rapid prototyping of multiple AI applications. Table 9 shows the
used version of the OpenMV firmware, as well as the version of the library used for image
processing (Pillow).

Table 8. Characteristics of the OpenMV Cam H7 platform.

Component Specification

CPU ARM Cortex M7
CPU speed 480 MHz

RAM 1 MB
Flash 2 MB

Peripherals Micro SD
Camera

Table 9. Software versions used by OpenMV Cam H7.

OpenMV Pillow

3.6.2 6.2.2

The main limitation of this device is that the integration of the TensorFlow library is
carried out in such a way that it only accepts working with an 8 bit architecture, which forces
quantising the DL networks. In addition, it does not let the researchers customise their
software to create generalised solutions, limiting the creation of different potential solutions
to test the quantisation process in the device itself.

3.4.2. STM32H747i-Disco

STM32H747i-Disco is an evaluation board that is often used for the prototyping of
different applications. In the embedded system’s field, it can be considered quite a powerful
system, as it has two processors and a wide range of peripherals (the features are available
in Table 10).

https://www.st.com/en/evaluation-tools/stm32h747i-disco.html
https://www.st.com/en/evaluation-tools/stm32h747i-disco.html
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Table 10. Characteristics of the STM32H747I-Disco platform.

Component Specification

CPU ARM Cortex M4+
ARM Cortex M7

CPU speed 240 MHz (M4)+
480 MHz (M7)

RAM 1 MB
Flash 2 MB

SDRAM 256 MB
SPI NOR flash 2× 512 MB

Peripherals

Micro SD
Audio In/Out
Microphone

USB
Ethernet

Touch screen
Expansion board connectors

Buttons + LEDs

However, the STM manufacturer has a development tool called ST-X-CUBE-AI (
https://www.st.com/en/embedded-software/x-cube-ai.html (accessed on 1 February
2021)) that allows integrating DL algorithms into STM micro-controllers. This tool supports
DL networks trained with different libraries, such as TensorFlow or Caffe, and optimises
the usage of memory automatically. The problem lies in the fact that this development
is tied to the manufacturer itself and its licenses, so it is not aligned with the objective of
generalising the process.

With this assumption, the experiments were focused on using STM32H717i-Disco
with the presented environment (detailed in Section 3.2). Furthermore, as the aim of
this research was to test the integration of DL networks in memory-restricted embedded
systems, the capacity of the board was limited to the exclusive use of the ARM Cortex
M7 CPU and the memory usage to only 2 MB of flash and 1 MB of RAM (restricting the
usage of SDRAM and SPI NOR flash memory). This limitation of the device’s capacity also
helped to make a fair comparison with the OpenMV Cam H7 system, since, in this way,
both devices had the same specifications.

As for the software used, the development environment used is that explained in
Section 3.2, where different libraries were also used to transform DL networks and images
into C-type arrays. Table 11 shows the libraries and versions used.

Table 11. Software versions used by STM32H747I-Disco.

Mbed OS TensorFlow Pillow

5.15.3 GitHub source code (21 June 2020) 6.2.2

3.4.3. Personal Computer

Finally, a PC was used to ensure that the performance of the DL network did not decay
compared to its performance in a non-limited system such as a computer. The character-
istics of the computer used are available in Table 12. In order to test the neural network
in the computer, the library TensorFlow Lite (https://www.tensorflow.org/lite (accessed
on 1 February 2021)) was used. This library is the basis of the TensorFlow Lite for Micro-
controllers library, but it has more functionalities implemented. Table 13 shows the versions
of all of the libraries involved in the process.

https://www.st.com/en/embedded-software/x-cube-ai.html
https://www.st.com/en/embedded-software/x-cube-ai.html
https://www.tensorflow.org/lite
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Table 12. Characteristics of the PC.

OS Processor RAM

Ubuntu 18.04.04 i7-8650U 16 Gb

Table 13. Software versions used by the PC.

Python TensorFlow Pillow

2.7.17 1.15.0 6.2.2

3.5. Metrics

The experiments consisted of comparing the functioning of a neural network for
binary image classification (the image contains a person vs. the image does not contain a
person); thus, the selected metrics had to represent their performance. The usual metric
used in these cases is accuracy (Equation (5)). The accuracy represents the total percentage
of right guesses based on the whole set. This metric is useful to see the overall performance
of the network when the data set is balanced, but it is not able to determine in which cases
it fails. For that, the precision, recall, and F1 metrics were also evaluated.

Precision focuses on showing the success rate only for predictions where it is de-
termined that there is a person in the picture (Equation (6)). Recall focuses on show-
ing the success rate only for those cases where there are actually people in the picture
(Equation (7)). Finally, F1 is a combination of precision and recall in the form of a harmonic
mean (Equation (8)), which manages to show a complete summary of the confusion matrix.

In addition to these metrics, it is also interesting to compare the performance of
the integration of the DL network into the embedded system. The most critical point is
the network inference time, i.e., how long it takes to classify an image. This metric was
only used in the experiments where the platforms had the same characteristics, since it
is not considered a fair comparison for experiments where one platform has a higher
computational capacity than the other.

accuracy =
TP + TN

TP + TN + FP + FN
(5)

precision =
TP

TP + FP
(6)

recall =
TP

TP + FN
(7)

F1 = 2× precision× recall
precision + recall

(8)

3.6. Data Set

Visual wake words (VWW) [63] is a set of images specifically designed to train compact
DL networks with the aim of integrating them into micro-controllers. VWW is derived from
a more complex data set called common objects in context (COCO) (https://cocodataset.
org/ (accessed on 1 February 2021)). COCO contains 123,287 images for object detection,
where in each of them, the objects (up to 80 different ones) and their contours in the image
are labelled.

VWW simplifies the COCO data set, transforming it into a binary classification to
predict whether there is a person in the picture. To do this, it edits the original COCO
labels, restricting them into “person” or “non-person”. This decision is made based on
whether the original image already has an object “person” in it and whether the area
of that object is larger than 5% of the entire image area. With this simple algorithm, all
COCO tags are transformed into binary tags. VWW can be obtained via a script available

https://cocodataset.org/
https://cocodataset.org/
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from TensorFlow (https://github.com/tensorflow/models/blob/master/research/slim/
datasets/download_and_convert_visualwakewords.py (accessed on 1 February 2021)).

The data set is already divided so that approximately 8000 images are used for testing
and the remaining 115,287 for training. For experimentation purposes, the training set was
retained, but the test set was drastically limited to a total of 100 images, where 50 of them
contained people and 50 of them did not. This comes from the limitation of the memory of
the embedded system used, where it was impossible to include the whole set; therefore, it
was decided to reduce it. Figure 9a,b shows some of the images used for the experimental
phase.

(a) Images labelled as “person” (b) Images labelled as “non-person”
Figure 9. Sample of the images used for the experimental phase.

Furthermore, these images were transformed to match the input tensor defined for
each of the networks to be tested. In this case, the images were resized to the resolution
used by each network and converted to grey-scale.

These transformations were necessary due to the limitation of the device’s memory,
since the higher the resolution of the image, the larger the input tensor was; therefore,
it increased the RAM consumption. With the grey-scale transformation, the same thing
happened, since by reducing the channels of the image (from red-green-blue (RGB) to
grey-scale), the input tensor also reduced its dimension.

4. Experiments

In this section, we show the results of the experiments exposed in the previous section.
The overall idea is to show our results after conducting different training and testing in
the presented experimental platforms. Then, in the next section, we discuss the obtained
results, offering different reasons for why we obtained said results.

4.1. Experimental Phase 1

In the first experimental phase, the aim was to ensure that the proposed development
environment can integrate DL networks into embedded systems. MobileNet V1 and V2
were trained and their performance was tested on both STM32H747I-Disco and OpenMV
Cam H7.

https://github.com/tensorflow/models/blob/master/research/slim/datasets/download_and_convert_visualwakewords.py
https://github.com/tensorflow/models/blob/master/research/slim/datasets/download_and_convert_visualwakewords.py
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Table 14 depicts the experimental process followed. The ID column refers to the exper-
iment name; the Platform column refers to the platform used; the Network column shows
the network used in the tests; the Depth Multiplier column refers to the compression factor
in which the layers of the neural networks were reduced; the Resolution column refers
to the size of the images used for testing; finally, the Quantisation column indicates the
applied quantisation process in each network. Note that only the ATQ was applied, using
a representative data set to also quantise the neural network activations (the explanation is
given in Section 3.1).

Table 14. Phase 1 experiments. ATQ, after training quantisation.

ID Platform Network Depth Multiplier Resolution Quantisation

E1-STM-V1 STM MobileNet V1 0.25 96× 96 ATQ
E1-OMV-V1 OpenMV MobileNet V1 0.25 96× 96 ATQ
E1-STM-V2 STM MobileNet V2 0.10 96× 96 ATQ
E1-OMV-V2 OpenMV MobileNet V2 0.10 96× 96 ATQ

4.2. Experimental Phase 2

In the second experimental phase, the aim was to ensure that the performance of the
DL networks did not decay when they were integrated into an embedded system (i.e., an EC
device). In order to verify that the embedded system is capable of executing DL networks,
different networks were trained with different sizes, complexities, and input sizes. All of
them were tested in both STM32H747I-Disco and the PC experimental platform.

The size of the networks was reduced using the depth multiplier parameter. In ad-
dition, the input tensor was changed for some networks to check whether increasing the
resolution of the images could improve the performance, despite the increase of RAM
consumption. Table 15 shows the proposed experiments, whose characteristics maintained
the same structure as the experiments of the previous phase.

Table 15. Phase 2 experiments.

ID Platform Network Depth Multiplier Resolution Quantisation

E2-(STM&PC)-V1-025-96 STM and PC MobileNet V1 0.25 96× 96 ATQ
E2-(STM&PC)-V1-025-128 STM and PC MobileNet V1 0.25 128× 128 ATQ
E2-(STM&PC)-V1-025-224 STM and PC MobileNet V1 0.25 224× 224 ATQ
E2-(STM&PC)-V2-010-96 STM and PC MobileNet V2 0.1 96× 96 ATQ
E2-(STM&PC)-V2-015-96 STM and PC MobileNet V2 0.15 96× 96 ATQ
E2-(STM&PC)-V2-035-96 STM and PC MobileNet V2 0.35 96× 96 ATQ

E2-(STM&PC)-V3-96 STM and PC MobileNet V3 - 96× 96 ATQ

4.3. Experimental Phase 3

In the third and final phase, the aim was to analyse the effect that the quantisation
process had on the neural network. In this case, MobileNet V2 was used as a reference,
and it was trained by applying quantisation during and after the training. The performance
of both networks was then tested on the STM32H747I-Disco platform. In addition, the com-
pression ratio of the network after applying different quantisation techniques was also
verified. Table 16 shows the proposed experiments, which also follow the same structure
as the previous experiments.

Table 16. Phase 3 experimentation. QAT, quantisation awareness training.

ID Platform Network Depth Multiplier Resolution Quantisation

E3-V2-QAT STM MobileNet V2 1 96× 96 QAT
E3-V2-ATQ STM MobileNet V2 1 96× 96 ATQ
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5. Results and Discussion
5.1. Experimental Phase 1

In order to verify how the proposed method worked in the development environment,
a comparison of the obtained predictions given by the outputs of each DL network was con-
ducted to ensure that they were identical in both environments. Table 17 shows the results
of the execution of two DL networks in two different experimental platforms. The results of
MobileNet V1 in the E1-STM-V1and E1-OMV-V1experiments showed that this network did
not perform adequately for the problem we were trying to solve, as it could not distinguish
people in any image. This happened because the original structure of the network was
designed to be as simple as possible, and the size of the convolutional layers was reduced
even further to 25% of the original design, loosing the object recognition capability.

Table 17. Results of the execution of two DL networks in two different experimental platforms
(MobileNet V2 results running on the OpenMV Cam H7 platform are not available). The best
experiment and the best results for each metric are marked in bold.

ID Accuracy Precision Recall F1 Latency (ms)

E1-STM-V1 0.50 0.00 0.00 0.00 200
E1-OMV-V1 0.50 0.00 0.00 0.00 155
E1-STM-V2 0.88 0.84 0.94 0.89 220
E1-OMV-V2 - - - - -

Table 17 shows how OpenMV Cam H7 had a lower latency, which indicates that its
environment was better optimised than the others. The difference was almost 50 ms of
execution time for each processed image, which might be critical depending on the scenario.
Taking into account that the environment explained in Section 3.2 tries to generalise the
integration of DL networks into embedded systems, the obtained results are promising
against a system that was specifically designed for the purpose of executing DL algorithms.

Table 17 also depicts a comparison of the behaviour of MobileNet V1 and V2. As it
is possible to see in the table, MobileNet V2 was capable of identifying people in black
and white images of 96× 96 pixels with an 88% success rate in the test set, despite having
reduced its convolutional layers to 10% of the size of the original design. This shows that
the development environment proposed in this paper is capable of classifying images
with acceptable accuracy using an embedded system. In addition, the fact that it was not
possible to run MobileNet V2 on the OpenMV Cam H7 platform demonstrates the benefits
of having a generalised development environment. In some embedded systems where the
firmware is given, the manufacturers tend to wait for a major version of the used technical
libraries before they release a new version of their firmware. This can be a disadvantage
if the developer is working with recent versions of some specific libraries that are under
heavy development. Therefore, having the option to update the libraries in a flexible way
is an important feature for a development environment.

5.2. Experimental Phase 2

Table 18 shows the obtained results in the second experimental phase using DL
networks for integration into the STM32H747i-Disco platform. MobileNet V1 was not
able to identify people, even if the provided input image size was increased to 128× 128
pixels (E2-(STM&PC)-V1-025-128). In contrast, MobileNet V2 (E2-(STM&PC)-V2-010-96),
whose weight matrix was similar in size to E2-(STM&PC)-V1-025-128, was capable of
identifying people. This comes from the benefits offered by the bottleneck depth-separable
convolutional filter compared to the depth-separable convolutional filter, which, as stated
in Section 3.3.2, was designed to optimise memory consumption. The optimisation led to a
more accurate DL network without increasing its size. This fact highlights the importance
of having a network structure itself that, depending on how effective it is for a particular
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task, can maintain its performance, potentially even reducing the original size of the
convolutional layers.

Table 18. Results of the networks that were integrated into the embedded system. The best experiment is marked in bold.

ID Accuracy Precision Recall F1 Matrix Size (Kb) RAM (Kb)

E2-(STM&PC)-V1-025-96 0.50 0.00 0.00 0.00 237,320 55,296
E2-(STM&PC)-V1-025-128 0.40 0.25 0.10 0.14 237,320 98,304
E2-(STM&PC)-V2-010-96 0.88 0.84 0.94 0.89 213,184 138,240

Table 19 shows the performance of the networks that were not properly integrated into
the embedded system. For some networks (E2-(STM&PC)-V2-035-96 and E2-(STM&PC)-
V3-96), we could not verify the RAM consumption, as it was necessary to carry out an
initial integration of the network on the platform. In cases where the weight matrix was
too large, the RAM consumption of these networks was not calculated (They are marked
with an * in Table 19).

Table 19. Results of the networks that were not properly integrated into the embedded system. These results were only tested on a PC,
as memory restrictions impeded the integration. The best experiment is marked in bold.

ID Accuracy Precision Recall F1 Matrix size (Kb) RAM (Kb)

E2-(STM&PC)-V1-025-224 0.43 0.40 0.28 0.33 237,320 301,056
E2-(STM&PC)-V2-015-96 0.91 0.92 0.90 0.91 281,144 138,240
E2-(STM&PC)-V2-035-96 0.95 0.94 0.96 0.95 611,912 *

E2-(STM&PC)-V3-96 0.92 0.92 0.92 0.92 1,227,584 *

The E2-(STM&PC)-V1-025-224 experiment supports the hypothesis that the size of
the image is not as crucial as the structure of the network itself. Even with 224× 224 pixel
images, MobileNet V1 still could not identify people, which may be surprising, considering
that this network is larger than E2-(STM&PC)-V2-010-96 and consumes twice as much
RAM. These results demonstrate that the MobileNet V1 network, after reducing the size of
the filters and quantising it to eight bits, lost the ability to extract the features of an image;
thus, the network does not work for image classification tasks, as it lost the most crucial
benefit of CCNs.

Regarding experiments E2-(STM&PC)-V2-010-96, E2-(STM&PC)-V2-015-96, and E2-
(STM&PC)-V2-035-96, it can be seen that the size of the convolutional layers of a particular
structure (in this case, MobileNet V2) is decisive in terms of performance. A substantial
improvement can be observed if the performance when the network that was decreased to
10% and the network that was decreased to 35% are compared, but this improvement came
at the cost of a substantial increase in the size of the weight matrix. Therefore, for a real
application, after selecting the most suitable DL network structure, a balance between the
size and its performance should be found.

Figure 10 shows that there was no direct relationship between the size of the weight ma-
trix and the F1 obtained by that network. It can be seen that, for example, the V2_015_96px
network achieved similar results compared to a network that was five times bigger
(V3_small). Moreover, the smallest network, V2_010_96px, outperformed the MobileNet
V1 network, which was similar in size.
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Figure 10. Comparison of the performance of the tested networks (F1) and the size of their
weight matrices.

MobileNet V3 is, in this case, the biggest network, and even with a 92% accuracy, it
was not the best. The design of this network was automated, and the enhancements it made
were focused on reducing the latency and making it more quantisation friendly [41]. Due
to this, its performance in low-resource devices was similar to that of MobileNet V2, but
the latency should be lower. This fact was not proven, as the memory restrictions defined
for the experimentation precluded the integration of the network, as it did not have the
option to automatically reduce its size.

Figure 11 shows a similar comparison, but in this case referring to RAM consumption
and F1. This figure also shows that there was no direct relationship between them, as the
network with the highest consumption had one of the worst performances. It was already
corroborated that it is possible to implement a DL network with less RAM consumption
and to achieve better results if the structure and the filters used are better optimised.

Figure 11. Comparison among the performance of the tested networks (F1) and their RAM
consumptions.

After verifying that the performance of the network was not directly related to the size
of the weight matrix, or to the RAM consumption, the next step was to analyse whether
there was a relationship between these two characteristics. Figure 12 shows that, for both
MobileNet V1 and V2, there was no relationship between RAM consumption and the size
of the weight matrix. In the case of MobileNet V1, as the resolution of the images increased,
the RAM consumption increased, but the size of the weight matrix did not. In the case of
MobileNet V2, on the contrary, the network with larger convolutional layers consumed
more RAM, but the size of the weight matrix did not increase as much. This means that the
consumption of RAM and the size of the weight matrix were not directly related. After all,
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the RAM consumption was determined mostly from the biggest filter used in the network
and not from the total number of parameters. Taking this into account, it is possible to
manage the structure of the network, taking into account that big filters will increase RAM
consumption and multiple small filters will increase the weight matrix.

Figure 12. Comparison among the sizes of the weight matrices of the tested neural networks and
their RAM consumptions.

5.3. Experimental Phase 3

Finally, the third experimental phase did not show any reliable results. Table 20 shows
that QAT MobileNet V2 could not identify people in images. As stated in Section 5.3,
there is a bug in the TensorFlow quantisation process (https://github.com/tensorflow/
model-optimization/issues/368 (accessed on 1 February), https://github.com/tensorflow/
models/issues/8816 (accessed on 1 February)). The implementation of one type of convo-
lutional layer (DepthConv) had an error that activated the quantisation too early. This pre-
cluded the training of the network, and it only tried to adapt the quantised parameters.
The bug has now been corrected by TensorFlow and will be included in the next official
version. The correction is now available in the nightly version, where all changes are tested
before an official version is released. Without this error, QAT should be able to improve
the performance of ATQ, as it trains the network after being quantised, obtaining more
accurate parameters.

Table 20. Results of MobileNet V2 integrated into STM32-H747i-Disco using different quantisation techniques. The best experiment is
marked in bold.

ID Accuracy Precision Recall F1 Matrix Size (Kb) RAM (Kb)

E3-V2-QAT 0.50 0.00 0.00 0.00 130,632 138,240
E3-V2-ATQ 0.88 0.84 0.94 0.89 213,184 138,240

5.4. Embedded Device Integration

Various operating systems are widely available for the Internet of Things (IoT) en-
vironment using embedded devices based on micro-controllers with the characteristics
of being low-powered, constrained, and connected [64,65]. At the same time, different
environments designed to train ML algorithms in desktop computers to make inferences in
micro-controllers have also been tested in the literature [66]. This paper generalised an envi-
ronment based on Mbed OS and TensorFlow Lite. Mbed OS is a free, open-source operating
system for the IoT based on ARM micro-controllers, which represent the most common
basic devices that can run DL algorithms. TensorFlow Lite Micro is an open source library
that enables developers run TensorFlow DL models on embedded and IoT devices. Since
most of the currently existing software development platforms for micro-controllers are pro-

https://github.com/tensorflow/model-optimization/issues/368
https://github.com/tensorflow/model-optimization/issues/368
https://github.com/tensorflow/models/issues/8816
https://github.com/tensorflow/models/issues/8816
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prietary (e.g., STM32Cube.AI (https://www.st.com/content/st_com/en/stm32-ann.html
(accessed on 1 February))), the proposed environment has the characteristics of not depend-
ing on a specific manufacturer or proprietary software.

The generalisation of the previous environment is based on the availability that
offers the usage of Mbed OS, which allows implementing applications for ARM-based
embedded devices. Moreover, the TensorFlow Lite Micro library used for the execution of
DL networks is a C/C++-based library, which can be integrated into any kind of device that
has enough memory capacity. Finally, a quantisation [58] technique was used in this paper
to reduce the size of different DL networks to adapt the computing needs of the network
to the micro-controller resources. Both the QAT and ATQ mathematical techniques can
be implemented in any software intended for machine learning analysis, since they are
based on reducing storage memory needs at the cost of losing precision with the benefit of
improving inference speed.

6. Conclusions

In this paper, a development environment for the integration of DL networks into
embedded systems was proposed, and an analysis of its performance was conducted.
First, the bases of both DL algorithms and EC devices were studied, analysing the current
state-of-the-art of both, as well as their existing applications. Together with the study of
these fields, the quantisation technique used for the experiments was detailed.

Furthermore, a development environment was proposed, which allows integrating DL
networks into a wide variety of embedded systems with a homogeneous process. This en-
vironment is based on combining the Mbed OS operating system with the TensorFlow Lite
for Micro-controllers library, which allows executing DL networks in micro-controllers not
designed for this purpose.

As for the experiments carried out, three phases were proposed. The first experimental
phase focused on comparing the functioning of DL networks in a system designed for
this purpose and in the environment proposed. The second experimental phase tried to
verify that the proposed development can correctly execute DL networks, comparing the
integration with the results obtained using a PC. For this comparison, several networks
with different parameters were trained so that their behaviour could be analysed. The third
and last experimental phase focused on comparing QAT with ATQ.

The first phase of the experiments verified that the development environment pro-
posed in Section 3.2 can execute DL algorithms and that, despite the fact that OpenMV
Cam H7 executed the network faster, the generalisation of the development environment
allowed adapting or updating the libraries, allowing executing more complex networks,
which OpenMV Cam H7 was not able to do. This confirms the value that a generalist
development environment can provide. The second phase verified that the results obtained
in the proposed environment were identical to the results obtained using a computer.
In addition, the network performance was analysed, comparing the image resolution,
the size of the weight matrix, and the RAM consumption. In this respect, increasing the
resolution of the images did not improve the performance of MobileNet V1, despite its size
increase. Furthermore, larger networks or networks with higher RAM consumption did
not necessarily achieve better results, but if the same network structure was maintained,
increasing the size of the layers indeed improved performance, although the system needed
more memory resources.

Finally, it was confirmed that for the binary classification of images, a highly com-
pressed neural network can have a place in real applications, but the extrapolation of this
possibility to more complex scenarios is not clear. Therefore, it is necessary to analyse
the minimum resources required for more complex application environments such as
object tracking. In addition, further work on optimising the use of neural networks in
embedded systems should be considered. In this section, we distinguished at least three
lines of research. Techniques for reducing the size of networks, such as quantisation or
pruning, should continue to be improved so that networks do not lose their effectiveness

https://www.st.com/content/st_com/en/stm32-ann.html
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after the training process. It is also possible to optimise the use of the resources of em-
bedded systems in order to reduce latency and energy consumption, or even to be able to
integrate larger networks by adjusting the frameworks that are used to the specific device.
Finally, the integration could also be improved by designing the hardware of embedded
systems meant to execute DL networks. This could lead to, for example, including GPUs
for applications in computer vision.

Author Contributions: Conceptualization, M.Á.A.; Formal analysis, J.G., R.M. and M.Á.A.; Funding
acquisition, O.A., J.M. and M.Á.A.; Methodology, J.G., R.M., O.A. and J.M.; Project administration,
M.Á.A.; Software, J.G.; Supervision, R.M., O.A. and J.M.; Validation, R.M., O.A. and J.M.; Visualiza-
tion, J.G.; Writing—original draft, J.G. and R.M.; Writing—review & editing, O.A., J.M. and M.Á.A.
All authors read and agreed to the published version of the manuscript.

Funding: This research was funded the ERDF/Spanish Ministry of Science, Innovation and Universities–
National Research Agency/PhysComp project under Grant Number TIN2017-85409-P, in collabora-
tion with the University of the Basque Country.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data used for training the networks have been extracted from
Visual Wake Words dataset. The subset used for testing is available in https://github.com/Gorospe/
tf_person_classifier.

Acknowledgments: This research was supported by Tecnalia, Basque Research, and the ERDF/Spanish
Ministry of Science, Innovation and Universities–National Research Agency/PhysComp project un-
der Grant Number TIN2017-85409-P, in collaboration with the University of the Basque Country.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Jackson, P. Introduction to Expert Systems; Addison-Wesley Longman Publishing Co., Inc.: Boston, MA, USA, 1998.
2. Mitchell, T. Introduction to machine learning. Mach. Learn. 1997, 7, 2–5.
3. Goodfellow, I.; Bengio, Y.; Courville, A.; Bengio, Y. Deep Learning; MIT Press: Cambridge, MA, USA, 2016; Volume 1.
4. Jadeja, Y.; Modi, K. Cloud computing—Concepts, architecture and challenges. In Proceedings of the International Conference on

Computing, Electronics and Electrical Technologies (ICCEET), Kumaracoil, India, 21–22 March 2012; pp. 877–880. [CrossRef]
5. Rao, B.B.P.; Saluia, P.; Sharma, N.; Mittal, A.; Sharma, S.V. Cloud computing for Internet of Things sensing based applications.

In Proceedings of the Sixth International Conference on Sensing Technology (ICST), Kolkata, India, 18–21 December 2012;
pp. 374–380. [CrossRef]

6. Davis, A.; Parikh, J.; Weihl, W.E. Edgecomputing: Extending enterprise applications to the edge of the internet. In Proceedings of
the 13th international World Wide Web Conference on Alternate Track Papers & Posters, New York, NY, USA, 17–20 May 2004;
pp. 180–187.

7. Howard, A.G.; Zhu, M.; Chen, B.; Kalenichenko, D.; Wang, W.; Weyand, T.; Andreetto, M.; Adam, H. Mobilenets: Efficient
convolutional neural networks for mobile vision applications. arXiv 2017, arXiv:1704.04861.

8. Abiodun, O.I.; Jantan, A.; Omolara, A.E.; Dada, K.V.; Mohamed, N.A.; Arshad, H. State-of-the-art in artificial neural network
applications: A survey. Heliyon 2018, 4, e00938. [CrossRef] [PubMed]

9. Svozil, D.; Kvasnicka, V.; Pospíchal, J. Introduction to multi-layer feed-forward neural networks. Chemom. Intell. Lab. Syst. 1997,
39, 43–62. [CrossRef]

10. Mohammadi, M.; Al-Fuqaha, A.; Sorour, S.; Guizani, M. Deep Learning for IoT Big Data and Streaming Analytics: A Survey.
IEEE Commun. Surv. Tutor. 2018, 20, 2923–2960. [CrossRef]

11. Glorot, X.; Bordes, A.; Bengio, Y. Deep Sparse Rectifier Neural Networks. In Proceedings of the 14th International Conference on
Artificial Intelligence and Statistics, Ft. Lauderdale, FL, USA, 11–13 April 2010; Volume 15.

12. Elfwing, S.; Uchibe, E.; Doya, K. Sigmoid-Weighted Linear Units for Neural Network Function Approximation in Reinforcement
Learning. arXiv 2017, arXiv:1702.03118.

13. Clevert, D.A.; Unterthiner, T.; Hochreiter, S. Fast and accurate deep network learning by exponential linear units (elus). arXiv
2015, arXiv:1511.07289.

14. Sutskever, I.; Martens, J.; Dahl, G.; Hinton, G. On the importance of initialization and momentum in deep learning. In Proceedings
of the 30th International Conference on Machine Learning (ICML), Atlanta, GA, USA, 16–21 June 2013; pp. 1139–1147.

15. Stokes, J.; Yang, K.; Swanson, K.; Jin, W.; Cubillos-Ruiz, A.; Donghia, N.; MacNair, C.; French, S.; Carfrae, L.; Bloom-Ackerman, Z.;
et al. A Deep Learning Approach to Antibiotic Discovery. Cell 2020, 180, 688–702.e13. [CrossRef]

https://github.com/Gorospe/tf_person_classifier
https://github.com/Gorospe/tf_person_classifier
http://doi.org/10.1109/ICCEET.2012.6203873
http://dx.doi.org/10.1109/ICSensT.2012.6461705
http://dx.doi.org/10.1016/j.heliyon.2018.e00938
http://www.ncbi.nlm.nih.gov/pubmed/30519653
http://dx.doi.org/10.1016/S0169-7439(97)00061-0
http://dx.doi.org/10.1109/COMST.2018.2844341
http://dx.doi.org/10.1016/j.cell.2020.01.021


Sensors 2021, 21, 1031 28 of 29

16. Diro, A.A.; Chilamkurti, N. Distributed attack detection scheme using deep learning approach for Internet of Things. Future
Gener. Comput. Syst. 2018, 82, 761–768. [CrossRef]

17. Young, T.; Hazarika, D.; Poria, S.; Cambria, E. Recent Trends in Deep Learning Based Natural Language Processing [Review
Article]. IEEE Comput. Intell. Mag. 2018, 13, 55–75. [CrossRef]

18. Voulodimos, A.; Doulamis, N.; Doulamis, A.; Protopapadakis, E. Deep Learning for Computer Vision: A Brief Review.
Comput. Intell. Neurosci. 2018, 2018, 7068349. [CrossRef] [PubMed]

19. Ayachi, R.; Afif, M.; Said, Y.; Atri, M. Traffic signs detection for real-world application of an advanced driving assisting system
using deep learning. Neural Process. Lett. 2020, 51, 837–851. [CrossRef]

20. Tang, Y.; Chen, M.; Wang, C.; Luo, L.; Li, J.; Lian, G.; Zou, X. Recognition and Localization Methods for Vision-Based Fruit Picking
Robots: A Review. Front. Plant Sci. 2020, 11, 510. [CrossRef]

21. Li, X.; Jia, X.; Yang, Q.; Lee, J. Quality analysis in metal additive manufacturing with deep learning. J. Intell. Manuf. 2020,
31, 2003–2017. [CrossRef]

22. Tang, Y.; Chen, M.; Lin, Y.; Huang, X.; Huang, K.; He, Y.; Li, L. Vision-Based Three-Dimensional Reconstruction and Monitoring
of Large-Scale Steel Tubular Structures. Adv. Civ. Eng. 2020, 2020, 1236021. [CrossRef]

23. Karnin, E.D. A simple procedure for pruning back-propagation trained neural networks. IEEE Trans. Neural Netw. 1990,
1, 239–242. [CrossRef]

24. Blalock, D.; Ortiz, J.J.G.; Frankle, J.; Guttag, J. What is the State of Neural Network Pruning? arXiv 2020, arXiv:2003.03033.
25. Li, H.; Kadav, A.; Durdanovic, I.; Samet, H.; Graf, H.P. Pruning Filters for Efficient ConvNets. arXiv 2017, arXiv:1608.08710.
26. He, Y.; Zhang, X.; Sun, J. Channel Pruning for Accelerating Very Deep Neural Networks. arXiv 2017, arXiv:1707.06168.
27. Lee, N.; Ajanthan, T.; Torr, P.H.S. SNIP: Single-shot Network Pruning based on Connection Sensitivity. arXiv 2019,

arXiv:1810.02340.
28. Liu, Z.; Sun, M.; Zhou, T.; Huang, G.; Darrell, T. Rethinking the Value of Network Pruning. arXiv 2019, arXiv:1810.05270.
29. Han, S.; Pool, J.; Tran, J.; Dally, W.J. Learning both Weights and Connections for Efficient Neural Networks. arXiv 2015,

arXiv:1506.02626.
30. Gale, T.; Elsen, E.; Hooker, S. The State of Sparsity in Deep Neural Networks. arXiv 2019, arXiv:1902.09574.
31. Frankle, J.; Dziugaite, G.K.; Roy, D.M.; Carbin, M. Stabilizing the Lottery Ticket Hypothesis. arXiv 2020, arXiv:1903.01611.
32. Gong, Y.; Liu, L.; Yang, M.; Bourdev, L. Compressing Deep Convolutional Networks using Vector Quantization. arXiv 2014,

arXiv:1412.6115.
33. Jégou, H.; Douze, M.; Schmid, C. Product Quantization for Nearest Neighbor Search. IEEE Trans. Pattern Anal. Mach. Intell. 2011,

33, 117–128. [CrossRef]
34. Chen, Y.; Tao, G.; Wang, C. Approximate Nearest Neighbor Search by Residual Vector Quantization. Sensors 2010, 10, 11259–11273.

[CrossRef]
35. Hubara, I.; Courbariaux, M.; Soudry, D.; El-Yaniv, R.; Bengio, Y. Quantized Neural Networks: Training Neural Networks with

Low Precision Weights and Activations. J. Mach. Learn. Res. 2017, 18, 6869–6898.
36. Tung, F.; Mori, G. Deep Neural Network Compression by In-Parallel Pruning-Quantization. IEEE Trans. Pattern Anal. Mach.

Intell. 2020, 42, 568–579. [CrossRef]
37. Sainath, T.N.; Kingsbury, B.; Sindhwani, V.; Arisoy, E.; Ramabhadran, B. Low-rank matrix factorization for Deep Neural Network

training with high-dimensional output targets. In Proceedings of the IEEE International Conference on Acoustics, Speech and
Signal Processing, Vancouver, BC, Canada, 26–31 May 2013; pp. 6655–6659.

38. Denton, E.; Zaremba, W.; Bruna, J.; LeCun, Y.; Fergus, R. Exploiting Linear Structure Within Convolutional Networks for Efficient
Evaluation. arXiv 2014, arXiv:1404.0736.

39. Cohen, T.S.; Welling, M. Group Equivariant Convolutional Networks. arXiv 2016, arXiv:1602.07576.
40. Sandler, M.; Howard, A.G.; Zhu, M.; Zhmoginov, A.; Chen, L. Inverted Residuals and Linear Bottlenecks: Mobile Networks for

Classification, Detection and Segmentation. arXiv 2018, arXiv:1801.04381.
41. Howard, A.; Sandler, M.; Chu, G.; Chen, L.; Chen, B.; Tan, M.; Wang, W.; Zhu, Y.; Pang, R.; Vasudevan, V.; et al. Searching for

MobileNetV3. arXiv 2019, arXiv:1905.02244.
42. Iandola, F.N.; Moskewicz, M.W.; Ashraf, K.; Han, S.; Dally, W.J.; Keutzer, K. SqueezeNet: AlexNet-level accuracy with 50x fewer

parameters and <1MB model size. arXiv 2016, arXiv:1602.07360.
43. Hinton, G.; Vinyals, O.; Dean, J. Distilling the Knowledge in a Neural Network. arXiv 2015, arXiv:1503.02531.
44. Luo, P.; Zhu, Z.; Liu, Z.; Wang, X.; Tang, X. Face Model Compression by Distilling Knowledge from Neurons. In Proceedings of

the Thirtieth AAAI Conference on Artificial Intelligence, Phoenix, AZ, USA, 12–17 February 2016.
45. Chen, J.; Ran, X. Deep Learning With Edge Computing: A Review. Proc. IEEE 2019, 107, 1655–1674. [CrossRef]
46. Liu, C.; Cao, Y.; Luo, Y.; Chen, G.; Vokkarane, V.; Ma, Y.-S.; Chen, S.; Hou, P. A New Deep Learning-Based Food Recognition

System for Dietary Assessment on An Edge Computing Service Infrastructure. IEEE Trans. Serv. Comput. 2018, 11, 249–261.
[CrossRef]

47. Amato, G.; Carrara, F.; Falchi, F.; Gennaro, C.; Meghini, C.; Vairo, C. Deep Learning for Decentralized Parking Lot Occupancy
Detection. Expert Syst. Appl. 2016, 72. [CrossRef]

http://dx.doi.org/10.1016/j.future.2017.08.043
http://dx.doi.org/10.1109/MCI.2018.2840738
http://dx.doi.org/10.1155/2018/7068349
http://www.ncbi.nlm.nih.gov/pubmed/29487619
http://dx.doi.org/10.1007/s11063-019-10115-8
http://dx.doi.org/10.3389/fpls.2020.00510
http://dx.doi.org/10.1007/s10845-020-01549-2
http://dx.doi.org/10.1155/2020/1236021
http://dx.doi.org/10.1109/72.80236
http://dx.doi.org/10.1109/TPAMI.2010.57
http://dx.doi.org/10.3390/s101211259
http://dx.doi.org/10.1109/TPAMI.2018.2886192
http://dx.doi.org/10.1109/JPROC.2019.2921977
http://dx.doi.org/10.1109/TSC.2017.2662008
http://dx.doi.org/10.1016/j.eswa.2016.10.055


Sensors 2021, 21, 1031 29 of 29

48. Liang, V.C.; Ma, R.T.B.; Ng, W.S.; Wang, L.; Winslett, M.; Wu, H.; Ying, S.; Zhang, Z. Mercury: Metro density prediction with
recurrent neural network on streaming CDR data. In Proceedings of the IEEE 32nd International Conference on Data Engineering
(ICDE), Helsinki, Finland, 16–20 May 2016; pp. 1374–1377.

49. Blanco-Filgueira, B.; García-Lesta, D.; Fernández-Sanjurjo, M.; Brea, V.M.; López, P. Deep Learning-Based Multiple Object Visual
Tracking on Embedded System for IoT and Mobile Edge Computing Applications. IEEE Internet Things J. 2019, 6, 5423–5431.
[CrossRef]

50. Taspinar, Y.; Selek, M. Object Recognition with Hybrid Deep Learning Methods and Testing on Embedded Systems. Int. J. Intell.
Syst. Appl. Eng. 2020, 8, 71–77. [CrossRef]

51. Soo, S. Object Detection Using Haar-Cascade Classifier; Institute of Computer Science, University of Tartu: Tartu, Estonia, 2014;
pp. 1–12.

52. Zhong, C.; Gursoy, M.C.; Velipasalar, S. A deep reinforcement learning-based framework for content caching. In Proceedings of
the 52nd Annual Conference on Information Sciences and Systems (CISS), Princeton, NJ, USA, 21–23 March 2018; pp. 1–6.

53. Manogaran, G.; Shakeel, P.M.; Fouad, H.; Nam, Y.; Baskar, S.; Chilamkurti, N.K.; Sundarasekar, R. Wearable IoT Smart-Log Patch:
An Edge Computing-Based Bayesian Deep Learning Network System for Multi Access Physical Monitoring System. Sensors 2019,
19, 3033. [CrossRef] [PubMed]

54. Banbury, C.; Zhou, C.; Fedorov, I.; Navarro, R.M.; Thakkar, U.; Gope, D.; Reddi, V.J.; Mattina, M.; Whatmough, P.N. Mi-
croNets: Neural Network Architectures for Deploying TinyML Applications on Commodity Microcontrollers. arXiv 2020,
arXiv:2010.11267.

55. Lin, J.; Chen, W.M.; Lin, Y.; Cohn, J.; Gan, C.; Han, S. Mcunet: Tiny deep learning on iot devices. arXiv 2020, arXiv:2007.10319.
56. Chen, T.; Moreau, T.; Jiang, Z.; Zheng, L.; Yan, E.; Shen, H.; Cowan, M.; Wang, L.; Hu, Y.; Ceze, L.; et al. {TVM}: An automated

end-to-end optimizing compiler for deep learning. In Proceedings of the 13th {USENIX} Symposium on Operating Systems
Design and Implementation ({OSDI} 18), Carlsbad, CA, USA, 8–10 October 2018; pp. 578–594.

57. David, R.; Duke, J.; Jain, A.; Reddi, V.J.; Jeffries, N.; Li, J.; Kreeger, N.; Nappier, I.; Natraj, M.; Regev, S.; et al. TensorFlow lite
micro: Embedded machine learning on tinyml systems. arXiv 2020, arXiv:2010.08678.

58. Jacob, B.; Kligys, S.; Chen, B.; Zhu, M.; Tang, M.; Howard, A.; Adam, H.; Kalenichenko, D. Quantization and Training of Neural
Networks for Efficient Integer-Arithmetic-Only Inference. In Proceedings of the IEEE/CVF Conference on Computer Vision and
Pattern Recognition, Salt Lake City, UT, USA, 18–22 June 2018; pp. 2704–2713.

59. Ioffe, S.; Szegedy, C. Batch Normalization: Accelerating Deep Network Training by Reducing Internal Covariate Shift. In
Proceedings of the 32nd International Conference on Machine Learning, Lille, France, 7–9 July 2015.

60. Hu, J.; Shen, L.; Sun, G. Squeeze-and-Excitation Networks. In Proceedings of the IEEE/CVF Conference on Computer Vision and
Pattern Recognition, Salt Lake City, UT, USA, 18–22 June 2018; pp. 7132–7141.

61. Szegedy, C.; Ioffe, S.; Vanhoucke, V.; Alemi, A. Inception-v4, Inception-ResNet and the Impact of Residual Connections on
Learning. AAAI Conf. Artif. Intell. 2017, 31, 1.

62. Tan, M.; Chen, B.; Pang, R.; Vasudevan, V.; Sandler, M.; Howard, A.; Le, Q.V. MnasNet: Platform-Aware Neural Architecture
Search for Mobile. In Proceedings of the IEEE/CVF Conference on Computer Vision and Pattern Recognition (CVPR), Long
Beach, LA, USA, 15–20 June 2019; pp. 2815–2823.

63. Chowdhery, A.; Warden, P.; Shlens, J.; Howard, A.; Rhodes, R. Visual Wake Words Dataset. arXiv 2019, arXiv:1906.05721.
64. Chandra, T.B.; Verma, P.; Dwivedi, A. Operating systems for internet of things: A comparative study. In Proceedings of the

Second International Conference on Information and Communication Technology for Competitive Strategies, Udaipur, India, 4–5
March 2016; pp. 1–6.

65. Borgohain, T.; Kumar, U.; Sanyal, S. Survey of operating systems for the iot environment. arXiv 2015, arXiv:1504.02517.
66. Sakr, F.; Bellotti, F.; Berta, R.; De Gloria, A. Machine Learning on Mainstream Microcontrollers. Sensors 2020, 20, 2638. [CrossRef]

http://dx.doi.org/10.1109/JIOT.2019.2902141
http://dx.doi.org/10.18201/ijisae.2020261587
http://dx.doi.org/10.3390/s19133030
http://www.ncbi.nlm.nih.gov/pubmed/31324070
http://dx.doi.org/10.3390/s20092638

	Introduction
	State-of-the-Art
	Deep Learning
	Edge Computing
	Optimisation of DL Networks
	Parameter Pruning and Quantisation
	Low-Rank Factorisation
	Transferred/Compact Convolutional Filters
	Knowledge Distillation

	Deep Learning in Edge Computing
	Related Work

	Methodology
	Parameter Reduction
	Environment
	MobileNet
	MobileNet V1
	MobileNet V2
	MobileNet V3

	Experimental Platforms
	OpenMV Cam H7
	STM32H747i-Disco
	Personal Computer

	Metrics
	Data Set

	Experiments
	Experimental Phase 1
	Experimental Phase 2
	Experimental Phase 3

	Results and Discussion
	Experimental Phase 1
	Experimental Phase 2
	Experimental Phase 3
	Embedded Device Integration

	Conclusions
	References

