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Problem description

The problem for our research is motivated by the work done in the project Awesome
Possum at the Norwegian Computing Center. The goal of Awesome Possum is to build
an in-app passive authentication system for smartphones. They developed an authenti-
cation method that utilizes accelerometer data to authenticate users. However, they have
encountered several challenges. One of the them is the need for long segments of data
to be able to authenticate a user. For a passive authentication method to be useful in a
real-world scenario, one must be able to authenticate a user with a relatively short time
segment. This is due to the fact that an average smartphone session only last around 72
seconds [4].

Our goal in this project is to further explore the possibilities of passive authentication
using accelerometer data from modern smartphones. We focus primarily on the possi-
bilities of using short time segments of data. One goal is to build a model that may be
versatile enough to authenticate a user in something close to a real-world scenario. In
such a scenario, we cannot dictate the actions of the user. We aim to build a model that
is considered versatile enough to be able to function regardless of the activity performed
by the user. If we manage this, it should improve the user experience for the smartphone
user.

Our plan is to build a baseline model able to perform passive authentication with a highly
regular and complete dataset. We start with using a large portion of the data for training
and a relatively small part of the data for testing and validation. In this case, the model is
trained on every activity performed by the user. When the baseline model is established,
we will use it to explore how different window lengths affect the accuracy. Thereafter we
train the same model on a smaller subset of data. By reducing the amount of training
data, we get a more irregular dataset. In this scenario the training data will not necessarily
include all the activities present in the full dataset. Therefore, the model will need to
generalize the learned representation to be able to classify future samples with previously
unseen activities.
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Abstract

Biometric authentication is researched due to the need for securing smartphones. As
the number of smartphones in society increases, so do the possibilities that we have
with our devices. These possibilities increase the potential damage that may be done
by an attacker. Passive authentication methods could increase security without having
a negative impact on the user experience. In this thesis, we propose an LSTM-based
model that can passively authenticate smartphone users based on accelerometer data.
We train and test our model on windows with a length of three seconds. This is far below
the window lengths used in comparable studies such as the HMOG study [21] and in
DeepAuth [7]. The proposed method achieves an AUC of 82% and an EER of 24.1% for
the HMOG dataset [21]. Furthermore, we experiment with how different window lengths
affect the accuracy of our model. The best results are achieved when using a length of
three seconds. We also explore the performance of the model when trained on a small
subset of the data. The experiment is performed to evaluate our model in a scenario that
we consider to be more realistic. Our results for the experiment is an AUC of 75.84% and
an EER of 29.28%. We also present insights gained from reproducing results from the
scientific literature. We also present insights gained from reproducing results from the
scientific literature.
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Sammendrag

Biometrisk autentisering er et populært forskningsområde grunnet behovet for økt sikker-
het for smarttelefoner. Etterhvert som antallet smarttelefoner i samfunnet øker, øker
også mulighetene vi har til å bruke dem. Det økte antallet av mulige handlinger vi kan
utføre ved hjelp av smarttelefoner gjør at kravene til sikkerhet blir strengere. Passive
autentiseringsmetoder kan potentielt bedre sikkerheten uten å ha en negative innvirkn-
ing på brukeropplevelsen. I denne bacheloroppgaven foreslår vi en LSTM-basert modell
som kan gjennomføre passive autentisering av smarttelefonbrukere, kun ved hjelp av ak-
selerometerdata. Vi trener og tester modellen med vinduer med en lengde på tre sekunder.
Dette er en vinduslengde som er betydelig lavere enn det som er brukt i sammenlignbare
studier [21, 7]. Den foreslåtte metoden oppnår en AUC på 82% og en EER på 24.1% på
HMOG-datasettet [21]. Videre bruker vi modellen til å utforske hvordan vinduslengden
påvirker treffsikkerheten. Vår modell fungerer best for en vinduslengde på tre sekunder.
Vi utforsker også hvordan modellen blir påvirket av å bli trent på et mindre utsnitt av
dataene som er tilgjengelig. Dette forsøket blir gjort for å utforske hvordan modellen
fungerer i et scenario som vi antar å være mer realistisk. Resultatene av dette er en AUC
på 75.84% og en EER på 29.28%. Vi presenterer også innsikt vi har fått ved å reprodusere
resultater fra den vitenskapelige litteraturen.
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Preface

In the last two years, I have become more and more interested in machine learning.
Through subjects at NTNU and my part-time job, I have started to explore the domain
to improve my knowledge. What motivates me about machine learning, is the oppor-
tunities that are uncovered when the technologies are used to improve existing systems.
When trying to decide the topic of my bachelor thesis, I contacted Edvard to see if he
had any ideas for a project. We then arranged a Skype meeting with Edvard, Bjarte, and
I, to discuss the ideas at hand. As Bjarte explained about the work they do in Awesome
Possum regarding authentication using accelerometer data, I became interested in explor-
ing it myself. What motivated me, was to explore the domain of machine learning using
temporal data, as well as the commercial potential of the project.

I started looking for a dataset suited for our problem. At the same time I performed
a literature study to get an overview of the domain. Following the literature study, I
started exploring different algorithms and preprocessing methods. This part of the study
is fairly iterative, meaning that I tried multiple approaches and evaluated the results. If
the results did not seem promising, I changed the approach and evaluated the results
again.
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1 | Introduction

The increased availability and processing power of mobile devices has created many new
opportunities. Smartphones are used for banking, to access confidential information, and
to store private messages and images. Authentication methods for these devices include
passcodes, passwords, swipe patterns, and biometric methods such as fingerprint recogni-
tion and facial recognition. These are examples of one-time authentication methods; they
assume that once the phone is unlocked by the authentic user, it will only be used by the
same user until the phone is re-locked. Applications such as Apple’s App Store and most
banking apps require explicit re-authentication to complete purchases or to be accessed.
This means that they demand that the user authenticate himself before getting access
to the application. If an unauthorized user gains access to an unlocked smartphone, he
will have access to all information which do not require re-authentication. As information
stored on modern smartphones can be highly sensitive, a hostile agent may inflict large
damage.

Traditional authentication methods rely on information given by the user. They all re-
quire that the user perform a specific task. By demanding that the user perform a task,
they negatively impact user experience. These methods also introduce latency. The com-
bination of latency and negative impact on user experience has contributed to more than
28% of smartphone users not using passwords or PIN-codes on their devices [3].

Continuous passive authentication methods for smartphones have shown promise in multi-
ple studies [17, 19, 21]. The studies show the possibilities of authenticating a user without
the user actively performing a given task. Passive methods therefore overcome the draw-
backs of the traditional methods. However, they are not ready to be used in a commercial
setting, due to low accuracy or limited availability of data.

All modern smartphones possess accelerometers and gyroscopes that are continuously
active. This has made it easy to access sensor data for research purposes. One of the
most common fields of research using these sensors is human activity recognition (HAR).
The goal of HAR is to identify the activity performed by the user given motion sensor
data. Discoveries in HAR have led to studies involving identifying users based on the way
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Chapter 1. Introduction

they walk [26, 9]. These studies shows us that it is possible to authenticate users only
using motion sensors in smartphones.

We propose an authentication method using only accelerometer data. We use the publicly
available dataset HMOG [21]. This dataset contains data for 100 users performing three
different tasks eight times. Four sessions of each task are completed while sitting, and
four of the sessions are completed while walking. While the HMOG dataset is highly
regular, it is not representative of a users behaviour in unctrolled environment. In a real-
world authentication scenario, the user’s activity is unknown. It is also likely that some
users may walk and some may be seated. We perform an experiment where we train our
model on a random subset of the dataset. By doing this, we try to increase the entropy
of users’ activities and by this come closer to a real-world scenario. Our theory is that a
small subset of a user’s set of data will not contain the same amount of the eight different
activities. We consider this to lead us closer to a real-world scenario where all users do not
perform the same activities. Given that our model still reaches an acceptable accuracy,
we can say that our model may be versatile enough to be useful in a real-world scenario.
Our model is not tested or deployed in a real authentication environment. All of the data
used in our experiments are prerecorded. The experiments and results are therefore based
on a simulated approach to authentication.

1.1 Hypothesis

For this thesis we have chosen the research hypothesis:

It is possible to passively authenticate a smartphone user with an acceptable
accuracy only using data from the built-in accelerometer in modern smart-
phones.

1.2 Summary of contributions

In this thesis, we focus on building a neural network able to perform passive user authen-
tication using motion sensor readings from smartphones. We train and test the model on
a publicly available dataset to make sure the results are replicable.

We use deep learning, as this approach has proven to be highly efficient to extract impor-
tant features from raw data. Our model is based on a recurrent neural network (RNN),
in the form of a long short-term memory (LSTM) network, which has shown good per-
formance on temporal data.
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Chapter 1. Introduction

Our contributions are:

1. An LSTM-based model able to perform passive authentication of users with an AUC
82% and an EER of 24.12% with a window-length of three seconds. The architecture
of the model is described in chapter 4 and the experiments are described in chapter 5

2. An implementation of our proposed model for passive authentication using ac-
celerometer data with time segments shoter than 15 seconds. In section 5.4 I present
the results for our model for time segments of different lengths.

3. Insights from reproducing results from the scientific literature, including missing
explanations and missing justification of choices. This is described in chapter 8.

1.3 Relevance

1.3.1 Conditions for commercial success

The most important metrics for evaluating an authentication method is security and
usability. In our case, that means achieving a false acceptance rate (FAR) and false
rejection rate (FRR) as low as possible. To be able to deploy our model commercially, we
will need to be competitive to the solutions which are in use today. The FAR of solutions
such as FaceID and TouchID is claimed to be lower than 1:400 000 [1].

To achieve a low FAR in itself is a relatively easy task. The challenge becomes increasingly
difficult when trying to keep the false rejection rate (FRR) low at the same time. If a
user is repeatedly falsely rejected by the authentication system, they are inclined to turn
off the system. Therefore, it is essential to achieve both a low FAR and FRR.

One might conceivably also claim that our proposed model is commercially valuable even
though it does not achieve a state of the art accuracy. Many smartphone users experience
the latency caused by the use of traditional authentication methods as irritating. This ir-
ritation is one of many reasons leading people to not activating authentication methods on
their smartphones. A study from Consumer Reports [5] discovered that 34% of Americans
do not have any security measures active on their smartphones. For this group of peo-
ple, a continuous or passive authentication method with a low FRR and a slightly higher
than normal FAR would be a massive improvement of their device’s security. A passive
authentication method is not dependent of a user’s direct input. Continuous methods are
methods with repeatedly authenticate the user.

Another crucial factor for the commercial value of the continuous authentication method
is the time needed between each re-authentication. Time spent on a smartphone or in

3



Chapter 1. Introduction

a specific app varies greatly, but we can assume that the average use time is around 72
seconds [4]. Some apps, such as a banking app used to check account balance, may have
an average of under 30 seconds of use time. For a continuous model to be commercially
valuable, it would need to be able to re-authenticate the user multiple times within that
interval.

1.3.2 Approaching a real-world scenario

The dataset used in this work is collected in a controlled environment. A consequence
is that every user in the dataset performs the same set of activities. If we select a
sufficiently large training set, the training of our model will include all possible activities
in the dataset. In a real-world scenario, however, one could expect to encounter activities
that are previously unknown to the model.

To come as close as we can to a real-world scenario, we explore the consequences of
training the models on a small training set. We choose 50% of the windows for a user by
random selection and use it to train the model. This causes the activities contained in
the training data to be different from user to user and thus come closer to a real-world
scenario. The subsampling of training data increases the difficulty of authenticating a
user. By decreasing the amount of previously known patterns for a model, we rely on the
model to detect more abstract patterns. If it does not identify these patterns, it will be
unable to recognize the authentic user given that activities performed in the future are
not identical to previous activities.

1.3.3 Structure of the thesis

The thesis can be divided into three parts. The first part includes this chapter and Chapter
2. Here, we introduce the research hypothesis, our contributions, and the conditions that
needs to be full filled for commercial applicability. In the first part, we also introduce
terms and concepts that are necessary to understand the following chapters.

The second part of our thesis consists of the chapters 3 to 5. In these chapters we explain
the what dataset we use and the architecture of our model. We also explain the setup of
our experiments and their results.

In the final part of our thesis, we focus on the discussion of our results. This part consist
of the chapters 7 to 10. In Chapter 7 we describe related works and compare them to this
thesis. This chapter also includes discussion of the choices made in related works compared
to the ones we have made. In chapter 8 we discuss the results of our experiments, the
architecture of our model, and the ethics regarding machine learning and authentication
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Chapter 1. Introduction

methods. The following chapter concludes our thesis. Here we discuss our results in
relation to the problem description, the research hypothesis, and our contributions. Lastly,
we discuss the possibilities of further work on biometric authentication using accelerometer
data.

5



2 | Background

2.1 Smartphone authentication methods

2.1.1 One-time authentication methods

One-time authentication methods require that users identify themselves when they start
using a smartphone. These methods only provide limited security. In the case of one-
time methods, a smartphone that is unlocked will stay unlocked until it either locks itself
after a certain time or is manually locked. Smartphones often let the user decide when
to automatically lock their phone after it has been inactive for a certain amount of time.
The other way of locking the smartphone is for the user to manually lock their phone.
This gives people with bad intentions a relatively large window of opportunity to steal
the unlocked phone and gain access to private information.

2.1.2 Continuous methods

To combat the easy access of unlocked smartphones, multiple papers [21, 20, 7] sug-
gest continuous authentication methods. These include both biometric or non-biometric
methods. The idea behind continuous authentication is to continuously re-authenticate
the smartphone user at a given interval. As the average user only uses their phone for 70
seconds per session [4], the re-authentication interval would have to be rather short for it
to be useful. Continuous authentication methods have proven to be promising, but have
yet to be used by large smartphone manufacturers.

2.1.3 Passive methods

Passive authentication methods aim to authenticate a user without explicit input. The
methods rely on information recorded by the smartphone. Variants of passive authenti-
cation can rely on motion sensors [20] or on use-patterns such as tap frequency and swipe
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Chapter 2. Background

patterns [21]. They improve the user experience by removing the latency introduced by
other authentication methods such as PINs, facial patterns, and fingerprints.

2.1.4 Knowledge-based authentication

The most commonly used knowledge-based authentication methods are PINs and graph-
ical patterns. All these require that the user remembers their choice of PIN, password, or
pattern. If a user chooses a long and difficult PIN or password, it may secure their device
in a good way. Unfortunately, many users choose short and simple PINs and passwords
as this eases their use of the device. Studies have also discovered that users often use one
password across multiple platforms, thus increasing the damage that may be caused by a
thief or hacker.

2.1.5 Biometric authentication

We divide biometric authentication methods into two categories:biometric-physiological
and biometric-contextual. Biometric-physiological is the methods that rely on the unique-
ness of the physiological. This includes fingerprints, facial features, iris scans, ear shape,
etc. Apple and Samsung are using such methods. Apple claims that there is only a
1 in 50000 chance that someone else’s fingerprint will falsely unlock your iPhone [1].
Biometric-contextual methods rely on the uniqueness of the characteristics of the user.
This includes their voice, gait, motion, hand-writing, etc.

2.2 Human activity recognition

Human Activity Recognition (HAR) is aiming to identify the activity performed by a
given user at a given time. The technology in modern smartphones allows people to
interact with their devices at almost all times of the day. This makes it possible for us to
track users’ activities based solely on their smartphones.

HAR has been deployed in wearables [27] and smartphones [6]. We now have smartwatches
and smartphones which can identify the number of flights of stair climbed each day. They
can identify if you are walking or running, if you are riding your bike or swimming, and
much more. HAR systems rely on many different features. Most commonly the features
include location data, accelerometer data, physiological signals, and environmental sig-
nals. Most systems would work while missing one of these features. Smartphones does a
good job on HAR despite not recording physiological features.

7



Chapter 2. Background

2.3 Accelerometer

An accelerometer is a device that measures proper acceleration. We find it in every
modern smartphone. The output of an accelerometer is the acceleration in the X, Y, and
Z directions. Through the use of these features, a smartphone can, for example, rotate
the screen from portrait to landscape, show current speed, and count steps. By plotting
accelerometer readings, we can identify different events. We can, for example, determine
that the smartphone is laying still with the screen up if the X and Y axes are zero and
the Z axis is -1000. To detect steps, one can identify a forward motion combined with
short spikes along one axis which appears as the feet hit the ground.

Accelerometer data has become increasingly popular in the case of HAR. Multiple works [16,
6] have found accurate solutions to this problem by only using accelerometer data. This
has also reached commercial usage in devices such as smartwatches. Accelerometer data
is often included as a part of larger biometric authentication systems when exploring
continuous authentication. Given that accelerometer data is often sampled at a rate of
around 100Hz, it is easy to produce continuous sequences of data.

2.4 Accuracy measurements

We use a set of standardized performance metrics to evaluate the performance of our
model throughout this thesis. The following metrics are used:

• False acceptance rate (FAR) is the probability of classifying segments from a fraud-
ulent user as an authentic user. The FAR is given by:
FAR = p(authentic|fraudulent)

• False rejection rate (FRR) is the probability of classifying segments from an authen-
tic user as a fraudulent user. The FRR is given by:
FRR = p(fraudulent|authentic)

• Equal error rate (EER) is the percentage where the FRR is equal to the FAR. This
is the overall metric used to evaluate the performance of our model.

• Receiver operating characteristic (ROC) curve is a curve used to represent the ef-
fectiveness of a binary classifier. The curve show True Acceptance Rate, i.e. 1-FRR
as a function of the FAR.

• Area under the curve (AUC) is the area underneath the ROC curve.

8



Chapter 2. Background

2.5 Long short-term memory

Long short-term memory is an artificial recurrent neural network (RNN) architecture. It
is used in the field of deep learning. RNNs have gained attraction due to the delivery of
promising results in the field of sequence learning, time series prediction, and classification.
They are being used for various experiments, including speech recognition [11], human
activity recognition, and natural language processing [10]. However, RNNs do suffer from
certain shortcomings. The most significant are vanishing gradient and exploding gradient.
These problems result in the RNN being incapable of learning long-term dependencies.

LSTM is a version of an RNN which is intentionally designed to overcome the challenges
of standard RNNs. The memory cells and gating mechanisms possessed by the LSTM
make sure the layer retains the important information and forgets the information that it
regards as less important. The information retained by the LSTM is the one that it can
leverage to separate users. This trait makes the LSTM outperform other versions of RNNs
when it comes to sequential datasets with larger time intervals. LSTMs have proven to
perform well on classification tasks in the areas of HAR [25], speech classification, and text
classification [23]. LSTMs normally outperforms other types of RNNs when the sequential
data includes larger time intervals.

2.6 Concepts

This list is meant to serve as a dictionary for terms throughout the thesis.

Passive authentication – Authentication of a user without the user explicitly per-
forming a given action. Normal approaches utilize keystroke patterns and behavioral
analytics.

Continuous authentication – Continuously authenticating a user throughout the
time where the device is in use.

Re-authentication – The user authenticating him or herself again or the user
being authenticated again.

Explicit re-authentication – Asking the user to authenticate him or herself again.
Normal when conduction in-app purchases or in banking applications.

Time segment – A portion of data that is recorded for a given amount of time.

Session – A recording of continuous usage of the device.

Window – A small subset of a session with a given length.

9



3 | Dataset

3.1 Source of data

The source of the dataset used in this work is HMOG [21]. It is publicly available along
with a paper describing the collection methods and the contents of the dataset. The data
was collected in a controlled environment from 100 unique individuals. They were asked
to either read a document, write a text, or navigate on a map to a given location. Each
activity was performed four times while sitting and four times while walking, by each
user. This totals to 24 sessions per user. One session contains the accelerometer data
recorded while the user performed a given task.

The researchers who collected the dataset developed their own data collection tool. They
made an application for Android phones that each user used for the recordings. The
features collected by the application were:

• Accelerometer

• Gyroscope

• Magnetometer

• Raw touch event

• Tap gesture

• Scale gesture

• Scroll gesture

• Fling gesture

• Key press on virtual keyboard

In this thesis we chose to focus on biometric authentication using accelerometer data.
Therefore, we only use the recordings of this sensor. The smartphone used during the
data collection has a 3D-accelerometer. This is the standard type of accelerometer in
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Chapter 3. Dataset

modern smartphones. The data is stored in CSV files categorized after the session and
sensor they belong to.

3.2 Visualization

It can be helpful to visualize the data to get a better understanding of the data and
differences between users. The following plot illustrates one window of accelerometer
readings for two selected users.

Fig. 3.1. One window of 2000 time steps of accelerometer data for two different users

From looking at the plot, we can easily distinguish the two users on all axes. However, we
can also identify some similarities for the data on the x-axis. As we are able to identify
the differences, it looks promising for our model to find some of the same differences.

3.3 Why HMOG?

We chose the HMOG-dataset for this thesis as we regard it as the most realistic dataset for
a user authentication task. Most of the publicly available datasets containing accelerom-
eter data are collected for, and used for, human activity recognition or gait recognition.
A dataset designed for HAR would be challenging to leverage towards an authentication
model. In these datasets, the accelerometer is most often placed in the front pocket of
the subject or attached to their wrist or core [27, 6]. This means we would not have
information about how the user uses their smartphone in the situation where we would
like to authenticate them. We want to authenticate the user when the smartphone is used
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actively. Consequently, our model needs to be trained on data collected in this situa-
tion. HMOG is a dataset collected for developing an authentication model. The data was
collected in a controlled environment. However, the controlled environment was a fairly
close simulation of day-to-day smartphone usage. This makes the dataset a good match
for our problem.
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4 | Approach

In this chapter we specify the architecture for our proposed model. This includes defini-
tions and explanations of the preprocessing and an explanation of the architecture of our
model. The values assigned to each variable and the specific model is described in the
chapter 6.

4.1 Data split

We chose to split our dataset into training, testing, and validation data. The training
data is used to train our model, the testing data is used to evaluate the trained model, and
the validation data is used to validate the model on previously unseen data. In figure 4.2
we display the splitting operation. As seen on the figure we use the training and testing
data for development and the validation data to validate our results.

Fig. 4.1. The process of data splitting for one session
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We train our model with our training data. During training, we evaluate the performance
of our model with the training accuracy and loss. If we are not satisfied with the achieved
accuracy, we tune the hyperparameters and train it again. When we achieve satisfying
results, we test our model using the testing dataset. If our testing accuracy is substantially
lower than the training accuracy, we know that we have overfitted the model. This means
that our model has learned a representation of the training dataset that is not general
enough to be applied to previously unseen samples. If this is the case, we have to re-train
our model with fewer epochs or introduce a dropout layer. At this stage we introduce
the risk of optimizing our model for the testing dataset. The test data is meant to be
kept unseen from our model. If we detect overfitting and need to retrain our model, the
testing data is no longer unseen.

We use our validation data to make sure that we have not optimized our data for a given
testing dataset. The validation data serves as a replacement for a cross validation [14].
Cross validation is a way of validating testing results by training and testing the model
multiple times using multiple different training and testing datasets. In our case, the cost
of splitting the data multiple times is high, due to the large amount of data. The reason
for cross validation is to make sure that the model is not optimized for one particular
test set. As we only perform one test split, it is difficult to validate our testing accuracy.
We handle this issue by holding out our validation data during training, testing and
hyperparameter tuning the model. Our validation data is only used one time, and that is
for calculating the final results of our experiments. If our model achieves a high accuracy
on the validation data, we can be confident that our results are not the result of overfitting
to the test set.

4.2 Model

The goal of the authentication model is to classify a user as authentic or fraudulent based
on a window of accelerometer data. To perform the classification our model needs to be
able to distinguish between the behavioural patterns of different users.

We define a window of data as a series of measurements for a period T . This can be
modelled by a matrix S = [s1, s2, . . . , sn], where sn is the accelerometer data at the
timestep n. The total number of windows in the training data is given by M = Np +Nn

where Np represents the windows belonging to the authentic user and Nn is the windows
belonging to a random selection of fraudulent users. We consider all users except the
authentic user as fraudulent. The model is trained with a training set X = [S1, S2, . . . , Sm]

where Sm is a window of training data. The label set corresponding to the training data
is given by Y = [y1, y2, . . . , ym] where yi 2 {positive, negative}. The label tells the model
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the correct class of each window of accelerometer data.

The model aims to detect behavioural patterns in each window that can be used to classify
the window as either positive or negative.

4.3 Architecture

The proposed method consists of five different parts: preprocessing, windowing, LSTM,
droupout, and the output. First of all, the accelerometer data is read from the CSV files
and concatenated with their corresponding subjectID. The subjectID tells us the correct
subject for the data. The subjectID later acts as the label for the session. After having
loaded and formatted the positive data, we randomly sample and format negative sessions.
Consequently, we pass the concatenated positive and negative data to the windowing layer,
where we divide it into windows. The model used for the classification is an LSTM that
aims to learn the representation of the behavioral patterns of each user. The output layer
assigns the received window to either the positive or the negative class. An overview of
the proposed architecture of the method can be seen in figure 4.2.

Fig. 4.2. Architecture of the authentication framework

4.3.1 Preprocessing

The accelerometer recordings in our dataset are sampled at a rate of 100Hz. As all of our
data is collected with the same smartphone, the samples are already synchronized. When
the accelerometer data is read from the file, it is concatenated with the corresponding
subjectID. The vector for each time step is now on the form: [x, y, z, subjectID]. When
the positive data is formatted, we load the negative sessions needed to train the model.
After loading the negative samples, we check the ratio r = negative

positive . r is used to check
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for imbalance in the dataset. If a dataset is imbalanced it means that we have a large
overweight of either positive or negative samples. This could affect the performance of
our classifier by introducing unwanted bias towards one of the classes.

4.3.2 Windowing layer

When the accelerometer data from a session is loaded and formatted, we pass it to the
windowing layer. This layer is used to break the larger sessions of data into smaller
windows of data on which we train our model. The windowing layer makes it easier for
the model to discover patterns hidden in smaller segments.

The windowing layer divides the sessions into windows of length T , where T is a given
number of time steps. If (segment length) mod (length of window) = 0, the session in its
entirety is divided into windows. If the equation is not equal to zero, the result gives us
the number of overflowing timesteps. In the case of overflow, we will have to reduce the
number of timesteps in order to fit it into windows. The number of overflowing timesteps
is assigned to the variable O. We choose a random starting point x 2 N where 0  x  O

so that we do not cut the same time steps for each session. If we always remove the first
or last timesteps, we would risk removing important data from the start or end of the
session. By randomizing which data to remove, we make sure that we do not consequently
leave out the same part of the session.

After we divide a session into windows, all the windows are stacked to form a three-
dimensional array. The order in which the windows are stacked is randomized. By
randomizing the order, we force the model to evaluate each window individually. In a
real-world authentication scenario we will often not have the opportunity to compare
either the past or the future. Therefore, we believe this step brings us closer to a real-
world scenario. When the array is constructed, we split it into X and Y , where X

contains the accelerometer readings and Y contains the labels. Y is then reduced to a
one-dimensional array as all time steps in a window necessarily has the same subjectID.
X is kept as a three-dimensional array with the time steps on one axis, the accelerometer
data on another axis, and windows on the third axis. Figure 4.3 illustrates the structure
of X. Before leaving the windowing layer we perform a train-test split. The split divides
X and Y into a given split between training data and testing data.

16



Chapter 4. Approach

Fig. 4.3. Representation of the three dimensional array containing the windows of ac-
celerometer data.

4.3.3 LSTM layer

The goal of our model is to be able to distinguish between different users by discovering
different behavioral patterns. To discover the patterns we use an LSTM layer [12]. The
LSTM layer is receiving the windows from the windowing layer and outputs a feature
vector H. The LSTM layer applies the weights learned in training to each window.

4.3.4 Dropout layer

We include a dropout layer [22] between the LSTM layer and the output layer. The
dropout layer randomly removes a number of connections between the LSTM layer and
our output layer. We set a parameter p in the layer to a value between 0 and 1 to specify
the number of connections to drop. The layer is included to prevent the model from
overfitting.

4.3.5 Output layer

The output layer of our model is a fully connected layer with two output nodes. It receives
the output of the LSTM and triggers one of its neurons corresponding to either a positive
or negative class using the softmax activation function. The loss function used by this
layer is the categorical cross-entropy function.
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4.4 Training the model

We train the model using the whole ensemble of steps in section 4.3. The neural network
is trained using back-propagation with respect to the categorical cross-entropy function
chosen in the output layer. This means that the model will use the learned information
in each epoch to try to minimize the loss calculated with the categorical cross-entropy.
When training on a set of windows, the model aims to optimize the loss function using
the optimizer called ADAM [13]. ADAM is an adaptive version of the stochastic gradient
descent.
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5 | Experiments

To investigate our research hypothesis we establish a baseline model. We use this model
to experiment with different sized windows. Thereafter we experiment with training the
same model on a smaller part of the total dataset.

5.1 Experimental setup

To train our model we use the IDUN cluster [2] provided by the HPC-Lab at NTNU.
We use the NVIDIA Tesla V100 and the NVIDIA Tesla P100 for our computations. The
cluster is using the SLURM [24] workload manager. We submit slurm-scripts to schedule
our jobs, detailing the resources needed for the job and which Python scripts to run. The
runtime-reports are saved in an output file. We save the trained models in the assigned
working directory.

The size of the accelerometer data in the HMOG dataset is 12.02GB. Using a intel core
i7 vPro 7th gen CPU, our baseline model uses approximately 7 seconds pr epoch. We
train one model for each user, and run the training for 50 epochs. This results in a total
CPU-time of nearly 10 hours for the baseline model experiment. When using the NVIDIA
Tesla P100, each epoch is recorded at 0.4 seconds. This results in a total training time
of 33 minutes for the exact same experiment. The latest job we ran on the IDUN cluster
used a total 43 minutes. This implies that our model used approximately 10 minutes for
loading and preprocessing the data.

The cluster is used by multiple students, employees, and researchers at NTNU. We have
experienced our jobs being queued for more than 10 hours before gaining access to the
required resources. To maximize the potential of the cluster, it is important that each
user does not use more resources than necessary. As a consequence we choose to only run
our jobs on one GPU. This choice also gets our job a higher priority in the queue. The
higher priority is achieved if only one GPU gets available and the other jobs in the queue
require multiple. While we did not use multiple GPUs, we did explore the possibilities
of running multiple tasks on one node. In this case, the size of our dataset caused the
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memory of the GPU to overflow.

5.2 Baseline model

The purpose of building a baseline is to have a model we can compare with the rest of
our results. The model also shows the best accuracy we have achieved for our passive
authentication. We train each binary model with data from the authentic user and data
from randomly selected non-authentic users. 80% of the development data from the
authentic user represents the positive samples in the training data. After loading the
positive samples, we divide them into windows with a length of three seconds. We use a
loop ranging from 0 to the number of windows in the positive data, to sample the negative
windows. For each iteration we select a random non-authentic user, and load a window of
training data from this subject. The subjects from who we load the negative samples are
selected by random choice. This serves to reduce the risk of introducing human bias to
our model. If we select a few users to use as negative samples, our model would be biased
towards these users. This means that our model would have an easier time classifying
these specific users, but would have a harder time classifying previously unseen users. As
we did for the positive samples, we split the negative samples to 80% training and 20%
testing.

The model is trained with a window length of 300, which is equivalent to 3 seconds. We
fix the relationship between the positive and negative samples to r = 1. This is done
to make sure that our model is trained on a balanced dataset. An imbalanced dataset
may introduce unwanted bias towards one of our classes. If we use all of the available
training data, we would have a ratio of 1:99 between positive and negative windows. This
results in our model potentially achieving a 99% accuracy by classifying all samples as
negative. The goal of our model is to reduce the loss function. It is therefore inclined to
exploit the imbalance by being more sensitive to the class with the most windows. We
chose to handle the imbalance by subsampling the negative samples. The subsampling is
performed by extracting the same amount of negative windows as the amount of positive
windows. The model is trained with the default parameters for the ADAM optimizer in
Keras. This includes a learning rate of 0.001. We set the batch size to 512 and train our
model on 50 epochs. The number of hidden units in our LSTM layer is set to 25. The
setup is inspired by the DeepAuth study [7].

We use data from the validation split for each user to evaluate the performance of our
models. The validation data is a portion of data that is kept away from our model during
both training and testing. As we have trained one model for each user, we loop through
all the models to validate our results. As done by Amini et al. [20], we validate our model
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using the validation samples from the authentic user and the validation samples for one
non-authentic user. The result from our validation can be seen in table 5.1. Our results
show the area under the curve (AUC) and equal error rate (EER) for our model using a
window length of three seconds.

Window length AUC EER
3 seconds 82.00% 24.12%

Tab. 5.1. AUC of the baseline model with a window length of 3 seconds

The results shows us that we are able to passively authenticate a user with an AUC of
82% and an EER of 24.12% using a window length of 3 seconds. The results of our
experiments are around 10% below the comparable results found in comparable scientific
literature [21, 7, 20].

5.3 Model trained with minimal data

The goal of this experiment is to evaluate our model on a dataset that we consider closer
to a real-world scenario. In this experiment we extract a random subset containing 50%
of the windows to use for the training of our model. The subset will not contain the same
set of activities for each user. We therefore argue that it is closer to a real-world scenario
where every user performs different activities. We train our model on 50% of the positive
data available, test the model on 10% and use the remaining 40% for validation. The
negative samples are chosen by random selection, as for the baseline model, and are split
in the same percentages as the positive data.

We choose to train our model on a window length of 3 seconds. Our model is trained
with the ratio r = 1 between positive and negative samples to avoid imbalance in the
training data. We use the same choice of variables for our neural network as we use for
our baseline model. This is described in section 5.2. By keeping the setup the same, and
only changing the percentages of our data split, we make sure that the difference in results
can be traced back to that operation.

We use the validation data for each user as positive samples for their respective models.
The negative windows used for validation are selected at random from another user in
the dataset. The result for the validation can be seen in table 5.2. Our results show the
AUC and EER for the model using a window length of three seconds.
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Window length AUC EER
3 seconds 75.84% 29.28%

Tab. 5.2. AUC of the model trained with a subset of training data with a window length
of 3 seconds

The results from the validation show that the performance decrease a small amount when
training on a subset. We do regard the results as fairly promising as they did not decrease
more. The difference in EER between our baseline model and this model is 5.16.

5.4 Window size

To further investigate the potential of using short window lengths of data, we train our
model on multiple different settings. Our goal is to explore whether the window length
affects the accuracy of the baseline model. As mentioned in the relevance section, an im-
portant aspect for commercial applicability is the time needed to authenticate a user. This
experiment will provide us with relevant insight into this challenge of commercialization.

We experimented with windows of sizes [100, 300, 500, 1500] – corresponding to 1, 3, 5,
and 15 seconds. We ran our baseline model with the given window sizes to compare the
achieved accuracy. The setup for our model is mostly the same as for the experiment with
the baseline model. The only parameter that we vary is the window length. The AUC
and EER achieved by our baseline model with varying window lengths are displayed in
figure 5.1. The results are also displayed in table 5.3

Fig. 5.1. AUC and EER in function of window length
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Window length AUC EER
1 second 80.75% 25.71%
3 seconds 82.00% 24.12%
5 seconds 81.40% 25.09%
15 seconds 75.84% 29.28%

Tab. 5.3. AUC and EER of the baseline model trained and tested on different window
length

The results show that a window length of three seconds results in the best accuracy. We
also see a trend where a shorter window length than three seconds and a longer window
length than three seconds results in a decrease of accuracy.

5.5 Binary versus multi-class classification

At the beginning of our project, we trained a model with N output nodes given N unique
users. We based the model on the same architecture as the one we propose in this thesis.
The difference between the multiclass classification model and the binary classification
models is the output layer. By using a multiclass classification model, we only need one
model to classify all the users.

Our experiments with the multiclass classification model gave us an AUC of approximately
90% for two users. As we increased the number of users, the performance of the model
declined. For ten users, our model only achieved an AUC of 45%. The main drawback
of using multiple binary classifiers for a multiclass problem is the risk of getting multiple
positive results. This means that multiple binary classifiers predict that a given sample
belongs to their class. In our case, this is not a problem. For authentication of smartphone
users, we try to authenticate the owner of the smartphone; we know which binary classifier
to use and therefore avoid this problem.

The results in this experiment made us move away from a multiclass approach and over
to a binary classification approach.
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6 | Related work

There are more than three billion smartphone users in the world. Each smartphone has
built-in sensors that capture data almost continuously. The easy access and availability
of the data collected by these sensors has led to extensive studies across multiple fields
of research. Human activity recognition and continuous user authentication are some of
these research areas.

6.1 Human activity recognition

Kwapisz et al. [16] performed HAR on a dataset of 29 volunteers performing six different
activities. All subjects carried the phone in their front pocket while performing the
activities. Further, they reviewed the performance of a logistic regression and a multilayer
perceptron for the task. The multilayer perceptron achieved an accuracy of 91.7% overall
for the given dataset. Although the overall performance is reasonable, we see that the
model only achieved an accuracy of 44.3% on the activity of walking down stairs. The
reason for the low accuracy is that the model had difficulties with the distinction between
walking up and down stairs. This illustrates that the multilayer perceptron may have
difficulties when there are only subtle differences between samples. Even though the
model used by Kwapisz et al. is not the same as we use, we can identify some similar
problems. During testing, we have discovered that certain users are more similar in
behavioural pattern than others. This causes low accuracy for certain users, just like
Kwapsiz et al. experience for the activity of walking down stairs in their study. This
challenge made us move from a single multiclass model towards multiple binary models.

Alsheikh et al. [6] propose a deep learning approach for HAR. With a deep learning
architecture, they outperform shallow methods. They manage to achieve an accuracy
of 98.23% on the same dataset used by Kwapisz et al. in the study discussed above.
The same model also achieved better than previously achieved results on other popular
datasets. One of the advantages with deep models is the fact that one usually does not
handcraft features. For shallow models, it is typical to create features with the raw data
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and then pass it to the model. With deep models, we rely on the neural network to learn
the important behavioural patterns from the raw sensor data.

6.2 Authentication

Sitová et al. introduce the HMOG dataset [21], on which they perform continuous user
authentication using multiple sensors from smartphones. By using all the features avail-
able in the HMOG dataset, they achieved an EER of 8.65%. They achieve better results
than our method, but they also use a much larger specter of sensors. By leveraging all
the smartphones sensors they have to accept an increased cost of processing. There seems
to be a trade off between accuracy and required computational power. Computational
power is getting less expensive and more easily available. We therefore find the increased
computational burden reasonable, as it seems to provide them with improved security.

Centeno et al. [20] achieved an EER of 2.2% with an autoencoder. They tested their
model both on the HMOG dataset [21] and on a real-world dataset. They do not mention
whether they have one model for each user or whether they have one model for all users.
They do however mention that they train the model for the positive samples and test it
with samples from a randomly selected negative user. Given the nature of autoencoders
and that statement, we assume that they trained one autoencoder per user and framed it
as an anomaly detection problem. That means that they have chosen a slightly different
approach than our proposed method. They evaluate their model with a window length
of 20 seconds. Centeno et al. evaluate the performance of their model by using samples
from only one negative user. We have chosen the same approach to be able to compare
our results with their study and to DeepAuth [7]. It should however be discussed whether
this is an accurate way of evaluating the performance. As the selection is random, there
is no way of introducing human bias. There are however a risk of the selected user not
being representative for all the other negative users in the dataset. This could lead to
either a worse or better result for the model.

Amini et al. [7] have developed a framework named DeepAuth. They gathered sensor data
from users of the Target mobile application to perform re-authentication. By using data
from the accelerometer and the gyroscope they achieved an AUC of 96.70% with a re-
authentication time of 20 seconds. This study is very much like the one conducted in this
paper. The main differences between our study and theirs are the use of different datasets
and the different preprocessing steps. The proposed methods and models are nearly
identical. They did something interesting in their preprocessing where they conducted a
fast Fourier transform (FFT) to map accelerometer and gyroscope from the time domain
to the frequency domain. Their scatter plots show us that the distance between users

25



Chapter 6. Related work

increased by a significant amount by mapping the data to the frequency domain.

Amini et al. have, however, made some choices that they have not justified. They have
chosen the same approach as us when it comes to creating one binary classification model
for each user. However, they do not address the problems of choosing the negative samples
in their work. As it is not clear how the testing was done, it is difficult to precisely judge
the merit of the reported results. As they do not state their choice in this case, it is
difficult to say how they selected the negative users for testing.
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7 | Discussion

This chapter is divided into two sections, “Results” and “Ethics”. In the “Results” section,
we discuss the results of the experiments and potential reasons for our accuracy being
lower than in comparable studies. The setup for the baseline model remained the same
through all the experiments. Discussion regarding the choice of hyperparameters and
the structure of the model is therefore only discussed in section 9.1.1. In the “Results”
section we discuss ethical problems that come with exploring authentication algorithms
and machine learning in general.

7.1 Results

7.1.1 Baseline model

We regard the results achieved by our model as promising. Our baseline model shows that
we are able to leverage LSTM networks to perform passive authentication of smartphone
users. The results we achieved are 10 � 15% below the results achieved by comparable
studies [21, 20, 7]. This can be due to multiple reasons. One of the reasons that affects
the performance is the choice of small time segments. From our experiment with window
sizes, we could not see that an increased window length had a positive affect on accuracy.
The reasons for that may have been that we kept the same architecture of our model
for all window lengths. By increasing the number of hidden units in the LSTM layer,
we would also increase the the capability of the layer to retain information. This could
potentially have shown better results for windows of a length around 20 seconds as used
in DeepAuth [7]. Another aspect that may affect our results, is the choice of approach.
We see that Centeno et al. [20] has managed to achieve a higher accuracy than us. They
chose to attack the problem of passive authentication as an anomaly detection problem.
In hindsight this is an interesting idea that should be investigated further.

As mentioned in related work, an interesting topic of discussion is the selection of users
for the testing of the model. In our study we test, and validate our testing results, using
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the positive samples from the owner of the model, and negative samples from one other
user. We chose this approach as it was described by Centeno et al. [20]. By choosing
the same approach we increase the value of comparing our results. In DeepAuth [7], they
mention how they choose negative samples for training, but not for testing. This means
that we do not know how they select users for the testing of their model. If they test
their model using samples from the sames users that were used for training, they could
potentially improve their results. We do perform the selection of the negative user for
testing and validation at random. By using our approach with random selection of the
negative samples in two different operations, we are sure that we do not use the same
users for training and testing. The choice of selecting negative samples from one user,
instead of using all the negative users, do introduce the risk of unwanted bias. We can not
be sure that the selected user is representative of the rest of the dataset. The results are
calculated as the mean score of all 100 models. This implies that we select 100 negative
users, one for each model. The fact that our results are the mean score of our models
does potentially reduce the impact of an unfair result of one model. This increases our
confidence that our results are justified.

Another choice that may effect the performance of our model is the choice of randomising
the order of the windows. In section 4.3.2 we argue this makes it harder for our model to
learn the behavioural patterns in the data. The reason is that we remove the temporal
dependencies between the windows. This forces our model to detect the behavioural
patterns from each window separately. In a real-world scenario we depend on the ability
to authenticate a user in a short amount of time. We argue that removing the potential
of discovering inter-window dependencies helps us come closer to this scenario.

Due to the cost of computational power, it is important to discuss whether we could
have obtained the same results with a simpler approach. In the HMOG study [21], they
achieved a better result than us using an SVM. They did however use all the available
sensors in the dataset. We chose to use an LSTM model, as the accelerometer data
is structured as time series. The LSTM does increase the complexity of our model in
comparison to an SVM. Based on the results of the studies of Zhao et al. [25] and Amini
et al. [7], we think that the improved results justify the increased complexity. Both of
these studies show that the LSTM outperforms shallower methods.

7.1.2 Window size

The experiment shows that the best results are achieved with a window length of three
seconds. Any window length shorter or longer than that decreases the accuracy. We used
the baseline model with the same configurations for all window lengths. Our initial theory
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was that a longer window length would increase the accuracy. The reasoning behind the
theory was grounded in challenges met in the Awesome Possum project and in the use
on window lengths around 20 seconds in the literature [21, 7]. A potential reason for our
results not showing higher accuracy for longer window lengths may be the use of the same
model configurations throughout the experiment. An increased number of hidden units
in the LSTM layer could improve the potential of the model to retain information for a
longer time period.

The goal of the experiment was to explore how window lengths affected the accuracy and
to see if it was possible to authenticate a user with a relatively short window length.
Our results show that an increased length does not necessarily imply that accuracy will
be higher. This is corresponding well to the results achieved by Banos et al. when they
studied the impact of window length for HAR [8].

7.1.3 Model trained with minimal data

The goal of the experiment was to evaluate how our model performed in a situation that
we considered to be closer to a real-world scenario. To approach this scenario we trained
another model on a subset of the training set. This model achieved an AUC of 75.84%
and an EER of 29.28% for a window length of three seconds. This is not significantly
worse than our baseline model. These results suggest that the model is fairly versatile
and is able to distinguish users even with limited training data.

7.1.4 Model architecture

Our model architecture follows a fairly standard architecture. We primarily follow the
same preprocessing steps as used in DeepAuth [7] and by Centento et al. [20]. The setup
with one LSTM layer, a dropout layer, and softmax output layer can also be found in
several works [25, 7]. We did some initial experiments with more than one LSTM layer.
The results obtained by the models were not better than the model with one LSTM layer.
It did, however, increase the training time for the model by a significant amount. Due to
that, we chose to abandon the multiple layers.

The ADAM optimizer [13] is also found in DeepAuth [7]. We did not experiment with
different learning rates. The learning rate specifies how fast the weights of our model
changes. If the learning rate is set too high, we will risk not hitting the global minimum
for the loss. This will result in the training loss being volatile and moving up and down.
If the learning rate is too low we will risk getting stuck on a local minimum. During the
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training of our model, the loss was mostly strictly decreasing. We therefore chose to keep
the learning rate at 0.001, which is the default for ADAM.

7.1.5 Simulation of authentication

We used a prerecorded dataset for our experiments. This implies that we did not get
to test our model in a real authentication scenario. In an authentication situation the
model would have to be trained on the history of a user and be able to classify newly
recorded samples. Our approach is based on training on a set of data, and then testing
our model with previously unseen data. The similarities between our experimental setup
and a real scenario are many. Our setup also resembles the one used by Amini et al. [7].
Their study were deployed in a real scenario using customers from the Target application
on Android phones. The similarities in the approach makes us confident that our results
are not misleading. It is, however, hard to quantify how close to a realistic scenario we
are, without testing our model in such a scenario.

7.2 Ethics

Accelerometer data is continuously sampled by modern smartphones. Unlike sensors such
as microphones and smartphones, accelerometers are widely regarded as not being privacy-
intrusive. As a consequence, most smartphone operating systems do not prevent third-
parties from accessing accelerometer data. Kroger et al. [15] studied how accelerometer
data can be exploited in a way that harm privacy. In their work they mention how studies
show that the data can be used to detect PINs, analyze user activities, find user location
and identify the age, gender and emotion of a user. A part of their conclusion is a call for
action to review the privacy policies regarding accelerometer data. Our proposed method
show that we are able to identify users with an acceptable accuracy. The fact that a user
can be identified by data that is not secured from third parties raises some concerns. It
means that fraudulent websites and applications may obtain information that can be used
to identify users with our model.

Authentication methods play an important role in the life of smartphone users. It is neces-
sary that the methods are robust enough to secure the sensitive information stored on the
device. As computer engineers we have to perform risk analysis regarding our products.
In this work, that means to evaluate the potential threats that may be introduced by
the deployment of an accelerometer-based authentication method. As mentioned in the
introduction, 34% of smartphone users in the US do not protect their smartphone using
authentication methods. A passive method that removes latency and does not negatively

30



Chapter 7. Discussion

affect user experience could potentially result in more users activating authentication
methods. The method would still have to be as secure as existing methods such as PINs
and fingerprints to not introduce a false sense of security. If users believe that their smart-
phones are more secure than they actually are, it could result in a more hazardous user
behaviour. As computer engineers and developers of algorithms, it is important that we
do not deploy a product that could have a potentially negative impact on the security of
the devices.

An interesting discussion, which concerns the ethics of machine learning, is the bias present
in the data. This means that we have to make sure that our model is developed with
a dataset that is representative of the users that may use the model. Nagpal et al. [18]
discovered that facial recognition algorithms often do contain prejudice towards users of
a certain age or race. The same prejudice may be present in accelerometer data. In our
thesis, we use the data collected in the HMOG study [21]. The authors of this study do
not specify the age, race or sex of the participants in their study. Therefore, we have can
not know whether or not they are representative for the society. We can as a consequence
not be certain that our model is not prejudiced.

31



8 | Conclusion

We propose a machine-learning model that shows promising results for passive authenti-
cation by exploiting users’ behavioral patterns. Throughout our experiments we obtained
an AUC of 82% and an EER of 24.12% for our baseline model, which is comparable to
the literature. Our results validate the hypothesis by showing us that it is possible to pas-
sively authenticate a smartphone user using only the accelerometer data. The accuracy
is acceptable for a proof of concept, but is not high enough to be commercially valuable.

Our experiments with different window lengths show us how they affect the accuracy
scores. We achieve the best results for a window length of three seconds. They also show
the potential of using a window length of one second without a large decrease in accuracy.
The experiments also show that, for our model a window length shorter or longer than
three seconds will result in a decrease in accuracy.

The baseline model trained on a subsampled dataset obtained an AUC of 75.84% and an
EER of 29.28%. This shows us that the model is able to distinguish between users when
trained on a small subset of the data. The small subset of data is extracted randomly
and increases the differences between the users. This is considered to be closer to a real-
world scenario. Our conclusion on this experiment is that our model seems to be versatile
enough to function in a more realistic environment.

Furthermore, we have gained insights in the scientific literature and discovered missing
explanations and justifications. The missing explanations mean that it is unclear whether
the reported accuracy is correct, or if it should be somewhat lower due to the nature of
the experiment.

Our results answer well to the given problem description. We have explored the possi-
bilities of passive authentication with short window lengths, as well as how the model
performed in a closer to real-world scenario. The results are promising both regarding
short window lengths and for the experiment with a subsampled training set.
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9 | Further work

This chapter describes our thoughts about further work into biometric authentication
using accelerometer data. We chose to divide this chapter into the sections “Performance”
and “Commercialization”.

9.1 Performance

We mentioned in our conclusion that our proposed methods can serve as a proof of concept.
To be able to be used as an authentication algorithm in real scenarios, the accuracy would
have to be improved. There are still potential ways to do this that we have not explored.
One idea is to increase the number of LSTM layers to three or more. We tried with two,
without achieving satisfying results. To stack more LSTM layers is an interesting way of
trying to extract more performance of the model.

We also see potential in the preprocessing. In the early stages of our project, we explored
the possible benefits of normalizing the data. This did not improve our results when using
a min-max scaler between -1 and 1. It would be interesting to explore other scaling meth-
ods. Centeno et al. [20] and DeepAuth [7] have chosen to include overlapping windows
in their preprocessing. This means that they shift windows by a factor T so that new
windows include some timesteps from previous windows. Neither of these studies explain
why they do this. It would be interesting to investigate whether this operation improves
the results of our model.

In DeepAuth [7], the authors proposes a preprocessing step including a fast Fourier trans-
form. When plotting the feature space, their results show increased separation of users
by using this approach. It would therefore be interesting to see if this approach would
increase the performance of our proposed approach.

As described in chapter 7, the choice of the negative samples for each model is considered
important for the evaluation of performance. Ideally, we would use all the negative samples
available in our dataset. Due to the problems that comes with imbalanced datasets, we
choose to subsample the negative samples. Another tactic for dealing with imbalanced

33
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datasets is to over-sample the positive samples. Due to the computational burden, we
chose the first method. Given the time and resources it would be interesting to compare
the two approaches for dealing with the imbalance in the dataset. For the validation
of our results, we select data from the authentic user, and only one negative user. To
further explore the performance of our model, it would be interesting to experiment with
including data from more non-authentic users during validation.

Another approach which has not been tested is an anomaly-detection-based method.
Anomaly detection approaches have been effective in cases like credit card fraud detection
and in predictive maintenance. An anomaly detection approach will also be based upon
one binary model for each subject. The main difference is that one would probably use
an unsupervised model.

9.2 Commercialization

One of our goals in this paper is to create a model which can be useful in a real-world
scenario. In our thesis we simulate an authentication scenario. The accuracy of our model
is at this stage not good enough to be commercially useful. To improve the performance
of the model should therefore be considered the first step towards commercialization.

There are multiple aspects that we would like to explore further. First of all we would like
to test our model in a real-world scenario. This means to deploy our model in a system
where it can operate on data from users in an uncontrolled environment. In a real-world
deployment one would get interesting feedback on whether our model actually performs
as well in a scenario where we have no control over the behavioural pattern of the user as
we assume in this paper.

As previously mentioned there are many conditions that needs to be fulfilled for commer-
cial success of a passive authentication model. One of the conditions is usability. It would
therefore be interesting to perform a test in a controlled environment where our model
was tested by users. In a controlled environment, we would be able observe and dictate
the behaviour of the user. This would allow us to test the user experience and evaluate
it through different experiments. The user tests could provide valuable feedback about
what users think about a system of this type.
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