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Abstract

A healthy diet is becoming increasingly relevant as recognizing dietary deficiencies often
leads to actionable results that can improve the individual’s overall health. However, to
identify areas of potential improvement, tracking food intake is necessary. Manual methods
have traditionally been used to perform this tracking, but these methods have a number of
downsides, such as inaccuracy and a high level of effort and motivation needed to manually
track intake. This is why novel solutions are required. Such solutions can efficiently
automate food tracking, thus facilitating dietary assessment. Due to the pervasiveness
of smartphones with built-in cameras, automating dietary assessment by recognizing food
and drink items from images that may not be of the best quality seems like a promising
approach to develop solutions that could reach a large portion of the population. There
have been multiple approaches presented for this problem, with deep learning—or more
specifically, deep neural networks—achieving the state of the art in the field.

This doctoral dissertation presents three solutions for food and drink image detection,
recognition, and segmentation using deep convolutional neural networks, which are a type
of deep neural networks mainly used for image processing. The first solution includes a
detection model to remove nonfood images from a self-acquired dataset, and an image
recognition model based on a novel deep neural network architecture, called NutriNet.
With it, a classification accuracy of 86.72% was achieved. The second solution is based on
fake food (food replicas), which is used in experimental research in behavioral nutrition.
Using an existing deep neural network architecture, an image segmentation model was
trained on a fake-food image dataset and it achieved an accuracy of 92.18%. The third
solution is based on the second one and it was submitted to a worldwide competition for
food image recognition, the Food Recognition Challenge. In the scope of this challenge,
an image segmentation model was trained and it achieved a precision of 59.2% on the
challenging competition dataset of real-world food and drink images, which ranked second
in the second round of the competition.

These solutions and results contributed to the development of the food image recogni-
tion field in recent years and they further validate the usage of deep convolutional neural
networks for this problem, as well as present a novel architecture and approach to input
data collection in the deep learning field. To the best of the author’s knowledge, they also
achieved multiple firsts: the NutriNet solution was the first to recognize images of drinks,
while the fake-food solution was the first to automatically recognize food replicas and also
the first to include a single deep neural network architecture for the joint segmentation
and classification of food images.
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Povzetek

Zdrava prehrana postaja čedalje pomembnejša, saj spoznanja glede pomanjkljivosti v pre-
hrani pogosto vodijo do zaključkov, s pomočjo katerih lahko posameznik izboljša svoje
zdravstveno stanje. Za prepoznavanje mogočih področij za izboljšave pa je potrebno be-
ležiti vnos hrane. Tradicionalno so bile za to uporabljene ročne metode, vendar so zanje
značilne številne pomanjkljivosti, kot sta nenatančnost ter visok nivo zahtevanega truda in
motivacije za ročno beleženje vnosa hrane. Zaradi tega so za bolj učinkovito beleženje po-
trebne nove rešitve, ki lahko avtomatizirajo ta postopek in s tem poenostavijo ocenjevanje
prehrane. Zaradi vseprisotnosti pametnih mobilnih telefonov z vgrajenimi fotoaparati je
avtomatizacija ocenjevanja prehrane s pomočjo razpoznavanja slik hrane in pijače, ki niso
nujno najboljše kakovosti, obetaven pristop za razvoj rešitev, ki lahko dosežejo visok delež
prebivalstva. Za reševanje tega problema je bilo predstavljenih več pristopov, najboljše
rezultate pa so dosegle rešitve, ki uporabljajo globoko učenje oziroma natančneje—globoke
nevronske mreže.

V tej doktorski disertaciji so predstavljene tri rešitve za zaznavanje, razpoznavanje in
segmentacijo slik hrane in pijače z uporabo globokih konvolucijskih nevronskih mrež. Te
so vrsta globokih nevronskih mrež, ki se večinoma uporabljajo za obdelovanje slik. Prva
rešitev vključuje model za zaznavanje slik, ki ne vsebujejo hrane, v samostojno pridobljeni
podatkovni zbirki slik ter model za razpoznavanje, ki temelji na novi arhitekturi globokih
nevronskih mrež, imenovani NutriNet. S to arhitekturo je bila dosežena 86,72 % klasifi-
kacijska točnost. Druga rešitev temelji na lažni hrani (replike hrane), ki se uporablja v
eksperimentalnih raziskavah prehranjevalnega vedenja. Z uporabo obstoječe arhitekture
globokih nevronskih mrež je bil naučen model za segmentacijo na podatkovni zbirki slik
lažne hrane, ki je dosegel 92,18 % točnost. Tretja rešitev temelji na drugi rešitvi in od-
dana je bila v sklopu svetovnega tekmovanja v razpoznavanju slik hrane Food Recognition
Challenge. V okviru tekmovanja je bil naučen model za segmentacijo, ki je dosegel 59,2 %
natančnost na zahtevni podatkovni zbirki tekmovanja, ki vsebuje slike hrane in pijače iz
resničnega sveta, s čimer je ta rešitev dosegla drugo mesto v drugi rundi tekmovanja.

Predstavljene rešitve in rezultati so v preteklih letih prispevali k razvoju področja
razpoznavanja slik hrane in dodatno potrjujejo smiselnost uporabe globokih konvolucijskih
nevronskih mrež za reševanje tega problema. Na področju globokega učenja je prispevek
predstavljenih rešitev nova arhitektura ter pristop k zbiranju vhodnih podatkov. Kolikor je
avtorju znano, so bile te rešitve tudi v več pogledih prve: rešitev, ki temelji na arhitekturi
NutriNet, je bila prva, ki je razpoznavala slike pijač, medtem ko je bila rešitev, ki temelji na
lažni hrani, prva, ki je samodejno razpoznavala replike hrane, in tudi prva, ki je vsebovala
enotno arhitekturo globokih konvolucijskih nevronskih mrež za skupno segmentacijo in
klasifikacijo slik hrane.





xiii

Contents

List of Figures xv

Abbreviations xvii

1 Introduction 1
1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.3 Research Hypotheses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.3.1 First Hypothesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3.2 Second Hypothesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.4 Scienti�c Methods and Contributions . . . . . . . . . . . . . . . . . . . . . . 3
1.5 Dissertation Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 NutriNet: A Dietary Assessment System 5

3 Automated Fake-Food Analysis 25

4 Deep Neural Networks for Image-Based Dietary Assessment 37

5 Discussion 55

6 Conclusions 59

References 61

Bibliography 65

Biography 67





xv

List of Figures

Figure 5.1: Screenshots of the Vid mobile application. . . . . . . . . . . . . . . . . 57





xvii

Abbreviations

DCNN . . . deep convolutional neural network
FCN . . . fully convolutional network
FFB . . . fake food bu�et
FRC . . . Food Recognition Challenge
HTC . . . hybrid task cascade
IF . . . impact factor
ResNet . . . residual neural network
UNIMIB2016 . . . University of Milano-Bicocca 2016





1

Chapter 1

Introduction

1.1 Motivation

In recent years, more and more people are becoming aware of the importance of a healthy
lifestyle, a large part of which is a healthy diet. As individuals are trying to improve
the quality of their diet, it is necessary to �rst identify aspects of their diet that can be
improved. This can be done by analyzing and evaluating their current food intake, which
is referred to as dietary assessment.

In the past, dietary assessment was performed using manual methods. These methods
often require self-reporting by the individual and include approaches like nutrition ques-
tionnaires, 24-hour dietary recall, and others. Because they are performed manually, and
because they can require action by the individual, they are time-consuming and prone to
errors, as, for example, food quantity can be very challenging to assess accurately, and
individuals can lose motivation to constantly track every food or drink they ingest. As
a consequence of these challenges, dietary assessment was mostly utilized only by people
who had to perform it, such as by patients with conditions that necessitate a close analysis
of food intake.

A simpler and more straightforward approach with less potential for errors is thus
needed to improve this process. This is why research into automated food recognition
has recently become a popular area of research. There are multiple approaches to this
automation, with one of the most promising ones being food image recognition. This
particular approach aims to automatically provide nutritional values for di�erent foods by
taking an image of a food or drink item and matching its name with food composition
databases. Since smartphones with built-in cameras are so prevalent, the barrier to entry
for using such solutions is very low. Consequently, this approach has the potential to
enable the development of applications that reach a large part of the general population.

1.2 Approach

The goal of food image recognition is to recognize food and drink items that are present
in an image. This is done by �rst assigning features to the items and then classifying
them into the appropriate food classes. Traditionally, this was performed using manually-
de�ned feature descriptors. There has been a large variety of manual methods presented
for food image recognition�these include multiple kernel learning [1], bag-of-features [2],
and pairwise local features [3], among others. The issue with manually-de�ned methods is
that they mostly achieve a low classi�cation accuracy. This is due to the nature of food
items, which makes their recognition a very challenging computer vision problem.
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There are multiple reasons why it is di�cult to accurately recognize food and drink
items [4]. Food items are often deformable, which means their appearance can vary sig-
ni�cantly from image to image. On the other hand, di�erent food items can have a very
similar appearance, making them di�cult to distinguish from one another. Additionally,
a large amount of visual information is lost in the preparation of a dish, and drink items
speci�cally contain little visual information that is useful for recognition�often only color,
quantity and container information. Finally, there is a very large number of di�erent
foods and drinks, and even the same dish can have many di�erent variations based on the
characteristics of the local cuisine.

The consequence of these challenges is that the state of the art in the food image
recognition research �eld was achieved by a method that automates the process of feature
de�nition. By doing that, it can automatically learn what features are optimal for the
di�erentiation of food and drink items. This method is deep learning, or deep neural
networks. These networks were inspired by the way in which the biological brains work,
and they are composed of layers of neurons. As the input image progresses through these
layers, the network learns more and more complex features�from simple features, such as
edges and shapes, to complex features, like the type of food. Deep neural networks allow
the training of models that automatically learn features from a set of input images. Due
to this, they are capable of recognizing complex objects, such as food, with a very high
accuracy, which is why they achieved the state of the art for multiple computer vision
problems [5].

Speci�cally, deep convolutional neural networks (DCNNs) are the most widely used
networks for the task of food image recognition. These networks mimic the visual model
of animals, thus trying to gain an understanding of the image in a similar way that ani-
mals do [6]. There are multiple types of layers typically found in DCNNs, with the most
distinctive being the convolutional layer, which contains learnable �lters that aim to learn
local features of an image. DCNNs have been able to achieve promising results for food
image recognition [7]�[9]. In particular, they have been used in solutions that detect food
images [10], recognize food items [11], and segment food images [12], which refers to the
process of partitioning the food image into separate food classes, along with the back-
ground. Since the size and diversity of input datasets are crucial to the accuracy of trained
DCNN models, multiple food image datasets have been made publicly available [12]�[15],
which accelerated progress in the �eld.

However, most prior research in the �eld was still limited in its real-world applicability,
either due to the low classi�cation accuracy or the limitations of the image datasets used.
Namely, the majority of solutions either used datasets, gathered in controlled environments,
or datasets that contain a low number of di�erent food classes, or both, and to the best
of the author's knowledge, there were no prior solutions that would be able to recognize
images of drinks. All of these issues mean that such solutions are not robust enough
to be deployed in real-world applications. This was the motivation behind the research,
presented in this dissertation. Each additional food class also means added complexity,
generally decreasing the overall classi�cation accuracy of trained DCNN models. The goal
was thus also to research the possibility of developing a more accurate DCNN architecture
for food and drink image recognition.

1.3 Research Hypotheses

Two hypotheses were de�ned in the scope of this doctoral dissertation. These hypotheses
are listed below and further elaborated on in Chapter 5.
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1.3.1 First Hypothesis

To improve the classi�cation accuracy of food and drink image recognition, a new deep
convolutional neural network architecture can be designed.

1.3.2 Second Hypothesis

A single deep convolutional neural network architecture can be used to automatically and
jointly perform the segmentation and classi�cation of food and drink images.

1.4 Scienti�c Methods and Contributions

This doctoral dissertation includes three publications as the main part of the dissertation.
These publications are articles, which were published in international peer-reviewed impact
factor (IF) journals, and are as follows:

1. S. Mezgec and B. K. Seljak, �NutriNet: A deep learning food and drink image recog-
nition system for dietary assessment,�Nutrients , vol. 9, no. 7, p. 657, 2017[4]. IF:
5.717, 111 citations (25 October 2021) [16].

2. S. Mezgec, T. Eftimov, T. Bucher, and B. K. Seljak, �Mixed deep learning and natural
language processing method for fake-food image recognition and standardization to
help automated dietary assessment,�Public Health Nutrition , vol. 22, no. 7, pp.
1193�1202, 2019 [17]. IF: 4.022, 24 citations (25 October 2021) [16].

3. S. Mezgec and B. K. Seljak, �Deep neural networks for image-based dietary assess-
ment,� Journal of Visualized Experiments, vol. 169, e61906, 2021[18]. IF: 1.4, 0
citations (25 October 2021) [16].

To address the �rst hypothesis, multiple popular DCNN architectures were tested on
a self-acquired dataset of food and drink images. To improve the classi�cation accuracy,
one of these architectures was taken as the basis for the development of a novel DCNN
architecture, called NutriNet. This architecture was then tested against the popular DCNN
architectures on the same dataset, as well as on a dataset of real-world images, and on a
publicly available food image dataset. The results are presented and analyzed in the �rst
publication [4].

For the second hypothesis, a dataset of fake-food images was �rst sourced. Fake food
(food replicas) is used to perform behavioral studies. To facilitate the analysis of the results
from these studies, a fake-food image recognition approach was developed. This included
using an existing DCNN architecture to train a model on the fake-food image dataset,
which segments the image into individual food and drink items and then classi�es them.
The training and testing results, as well as the implications of automating the recognition of
food replicas in behavioral studies, are presented in the second publication [17]. In order
to perform food and drink image segmentation and classi�cation on real food, another
approach was developed in the scope of the Food Recognition Challenge (FRC) [19], which
is an international competition for food image recognition. This approach is presented
in the third publication [18], and it was also used to implement a mobile application for
dietary assessment, which is described in Chapter 5.

The research work, as well as the writing of the articles themselves, for both the �rst
[4] and third publication [18], was performed by the author of this doctoral dissertation.
The dissertation author is therefore the �rst author of these publications, with the second
author being the dissertation supervisor, Prof. Barbara Korou²i¢ Seljak, who oversaw the
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research and edited the article. As for the second publication [17]�the research work was
split into two parts: fake-food image recognition and linking the recognition results to food
composition databases. The �rst part was performed by the dissertation author, who is
also the �rst author of the publication, whereas the second part was performed by the
second author, Tome Eftimov. The third author, Tamara Bucher, provided the fake-food
image dataset, whereas the dissertation supervisor oversaw the research work. All authors
of that publication contributed to the writing and editing of the article.

In addition to the three publications that make up the main part of the dissertation, the
research work, presented in this dissertation, resulted in another article that was published
in an IF journal:

ˆ N. V. Matusheski, A. Ca�rey, L. Christensen, S. Mezgec, S. Surendran, M. F. Hjorth,
H. McNulty, K. Pentieva, H. M. Roager, B. K. Seljak, K. S. Vimaleswaran, M. Rem-
mers, and S. Péter, �Diets, nutrients, genes and the microbiome: Recent advances in
personalised nutrition,� British Journal of Nutrition , pp. 1�9, 2021 [20]. IF: 3.718,
3 citations (25 October 2021) [16].

The dissertation author's research work resulted in the �nalist selection for the 2019 DSM
Bright Science Award [21], along with a corresponding presentation at the 13th European
Nutrition Conference [22], and this publication summarizes the work by all four �nalists.
Since the publication describes solutions that are already presented in the dissertation
publications, and because the dissertation author's contribution was only one of the four
main parts of that article, it is not included in this dissertation. Finally, the research work
from this dissertation was also described in a conference paper [23].

1.5 Dissertation Structure

This doctoral dissertation is structured as follows: Chapter 2 contains the �rst of the
publications [4], listed in Section 1.4, Chapter 3 contains the second publication [17], and
Chapter 4 contains the third publication [18]. All three publications are included exactly
as they appear in their respective journals, each with its own page and section numbering,
abstract, and references. This is done to facilitate navigation through this dissertation.
As such, the List of Figures, Abbreviations, and References of this dissertation apply only
to the dissertation text itself, and not to the publications. Finally, Chapter 5 contains
the discussion portion of the dissertation, and Chapter 6 summarizes the dissertation and
gives �nal remarks.
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Chapter 2

NutriNet: A Deep Learning Food
and Drink Image Recognition
System for Dietary Assessment

The �rst goal of the conducted research work was to build upon prior results and �ndings
in the �eld and address their limitations, which were mainly a low classi�cation accuracy
and a low number of recognizable food items, and consequently develop a mobile appli-
cation for dietary assessment by using an accurate and e�cient DCNN model for food
image recognition as part of it. To train such a model, an extensive food image dataset
was needed. However, there were no suitable food image datasets that would satisfy the
necessary conditions of including a su�cient number of di�erent food items, including any
drink items at all, and containing enough images for each individual food item.

A new dataset thus needed to be built, which was done by downloading food and drink
images from a list of 520 items using results from web searches. Since these queries usually
result in irrelevant images as well, this dataset needed to be cleaned. This was done by
acquiring a di�erent dataset�one that contained food and drink images in one class, and
images of other objects in the second class. Using this dataset, a food/nonfood DCNN
model was trained. By running this food detection model on the �rst dataset, erroneous
results were removed from it. After that, data augmentation was performed on the dataset
to generate new image variations.

NutriNet, a novel DCNN architecture, was developed by modifying the popular AlexNet
architecture [24]. This was done with the goal of improving its classi�cation accuracy, as
well as its training e�ciency. NutriNet was tested on the aforementioned dataset against
AlexNet, GoogLeNet [25], and residual neural networks (ResNet) [26]. Additionally, the
performance of these architectures was tested on a small real-world food image dataset, as
well as on the publicly available University of Milano-Bicocca 2016 (UNIMIB2016) food
image dataset [12]. All results are included and discussed in the publication below.

Permission to include the publication �NutriNet: A deep learning food and drink image
recognition system for dietary assessment�[4] in this doctoral dissertation was con�rmed
by the journal Nutrients in an email exchange from 7 June 2021.
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