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summary

VPR describes a task where an agent (e.g., a robot) attempts to recognize its current location by com-
paring the incoming visual data from its sensor(s) (query images), usually a camera, to geotagged
reference images. Both query and reference images are described using a feature extractor, and the
query descriptor is matched to its closest reference descriptor in the feature space. Within VPR there
are many different VPR techniques that have been proposed throughout the years with many different
types of architecture and trained on different datasets. With the many test datasets available, there ex-
ists no VPR technique that is able to reach state-of-the-art performance on all these datasets. For this
reason, existing work has argued it can be beneficial to utilize an ensemble-based method to combine
multiple VPR techniques and achieve better VPR performance.

Some of these Ensemble-based methods have already been proposed. These ensemble-methods
combine individual VPR techniques and weigh their predictions using these same predictions to give an
indication of their confidence. This calculation, however, is strictly based on predictions obtained from
applying the VPR techniques on test data at inference time. Generally within VPR research, the dataset
that was used to train the VPR technique is often different from the dataset it is tested on. This means
there is a domain shift between the training and test data. This domain shift is not taken into account
when weighting the predictions of VPR techniques in an ensemble using these existing methods.

In this work, we analyze how this degree of domain shift between train and test data, which can be
observed by looking at the relative location of descriptors in the feature space, impacts downstream
VPR performance. Intuitively, one would expect better VPR performance in a situation where the degree
of train-test domain shift is minimal. Our analysis shows that this is indeed the case. We propose two
different methods that utilize this degree of domain shift to calculate the weights given to the VPR
techniques in an ensemble.

First, we propose a generative method. Here weights are given to the VPR techniques based on
the likelihood that the query sample originated from the same distribution as the training dataset of the
technique and is in distribution. This way each individual technique is given a weight.

Secondly, we propose a discriminative method. Here weights are given to the training datasets used
to train the techniques in the ensemble. These training datasets are given weights based on relative
proximity to a query sample in the feature space, an indicator for the degree of domain-shift between
the training dataset and the query sample. all VPR techniques are given the weight corresponding to
their training dataset.

We compare these proposed approaches to other ensemble-based baselines and individual VPR
techniques. The quantitative results show that our proposed methods generally outperform the ensemble-
based baselines and the individual VPR techniques.

We also propose further future work. One of the generative methods still delivers lower performance
than could be possible, caused by applying this method to high-dimensionality descriptors. A solution
for this issue should lead to higher VPR performance using this method. Additionally, we suggest future
work to expand on the datasets used in this research, to strengthen the claims made, and verify that
results and trends found to hold up when testing and training using other datasets.
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Introduction

Visual Place Recognition (VPR) finds itself in the overlap between the robotics and computer vision
communities. It describes a task where an agent (e.g., a robot) attempts to recognize it's current
location by comparing the incoming visual data from its sensor(s), usually a camera, to geotagged
images in a database [1-3]. While there are other applications such as visual navigation [4] and aerial
robotics [5], one of the major applications for VPR is loop closure in SLAM systems [1-3, 6-8]. Here,
a VPR system is used to mitigate the cumulative error caused by odometry sensors. By recognizing
its place as one that the system previously visited, the error caused by the odometry sensors can be
reset and the ‘loop’ is closed.

A VPR system works as follows: Of both the input image (the query image) and all the database
images (reference images) descriptors are obtained by using a feature extractor. This feature extractor
functions as a mapping function, mapping from the image space to a feature space, where this feature
space is often designed to be robust to viewpoint and appearance (day/night, seasons, etc.) changes.
In this feature space, distances are measured between the descriptor of the query image and the
descriptors of the reference images. The inverse of the distance between the query descriptor and a
reference descriptor is called the similarity. The reference image descriptor with the highest similarity
value is chosen as the best match and the location of the best-matched image is chosen to be the
location of the query image. A visual overview of a VPR system is shown in figure 1.1.
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Figure 1.1: An overview of a generic VPR system. Feature extractors extract features from the query and reference images to
form image descriptors (A). These descriptors all lie in a feature space (B), where the distance between the query descriptor
and reference images can be calculated. The inverse of these distances, the similarities, are stored in a similarity vector (C).
This vector contains the similarity score for each reference image. The reference image with the highest similarity score (of

0.35 in this case), and so the lowest distance to the query descriptor in the feature space, is the best match to the query image.

The location of the query image is then predicted to be the known location of this reference image.



The field of VPR has produced research proposing many different VPR techniques [8—-23] and a
multitude of different datasets. Some of this research [7, 24] has focused on comparing existing tech-
niques. These works have shown how there does not exist a single state-of-the-art technique across
the different available VPR datasets. This in turn means that there is potential to achieve performance
that surpasses any individual technique by applying some ensemble-based method. This leads us to
the main research question of this work:

Could an ensemble-based solution lead to increased performance in Visual Place Recogni-
tion and if so, what should be the criterion used to combine the techniques in the ensemble?

In order to provide an answer to this question, we raise the following sub-research questions:

1. Have ensemble methods already been utilized for VPR and what type of combination criteria do
they use?

2. For data-driven VPR techniques, what is the effect of any train-test domain shift on downstream
VPR performance?

3. How can the degree of train-test domain shift be utilized to create a criterion for an ensemble
method?

4. How does our ensemble criterion compare to existing methods on public benchmark datasets
and what are the respective limitations?

Regarding research sub-question 1, existing literature shows that a few ensemble methods for
VPR have already been proposed [25-27]. Interestingly, these existing methods all share a similar
approach. where the predictions of the VPR techniques in the ensemble are weighted using weights
that are calculated based on the similarity scores obtained by applying all techniques. Here similarity
is used as a confidence score, meaning if a technique gives a certain reference image a high similarity
score, this similarity score is considered equivalent to its confidence in retrieval’s success. This is
further explained in section 2.

Something else shown by existing research is that more and more focus has been put on proposing
data-driven VPR techniques in pursuit of increased robustness [8, 14—16]. An observation that can be
made here, is that in a lot of cases, these data-driven techniques are trained and tested on different
datasets. What this means, is that a degree of domain shift between the train and test data exists.
More explanation on the existing data-driven VPR techniques and the train-test domain shift is given in
chapter 2. In this work, we also provide evidence that shows how the degree of this train-test domain
shift is an indicator of downstream VPR performance, in order to answer research sub-question 2. The
experiment that delivers this evidence is found in chapter 4.

We then propose two methods that utilize the degree of train-test domain shift as a criterion to
combine the techniques in the ensemble, to answer research sub-question 3. These methods use
probability theory to quantify the degree of train-test domain shift and use the magnitude of this domain
shift as weights to weigh the predictions of individual techniques. Doing so results in a criterion that
weighs the predictions of techniques more heavily if there is a relatively low degree of domain shift
between the corresponding training data and the test data, which should indicate better potential per-
formance. A general problem definition and further explanation of these two methods can be found in
chapter 3.

We test our proposed methods by comparing them to a set of baselines. We obtain both quantitative
and qualitative results, which we analyze to provide further insights. This way we can answer research
sub-question 4. The experiments and their results and analysis can be found in chapter 4.

Finally, we draw our conclusions in chapter 5. There we summarize the answers to the research
sub-questions in order to formulate an answer to the main research question. We also go into some of
the limitations of our research and identify promising directions for future work.



Literature Review

This chapter explores existing literature to find the first answers to the research sub-questions posed
in the introduction. We start off by showing how some existing works comparing VPR techniques have
made the case for an ensemble-based solution in section 2.1. Then, we explain the few ensemble-
based VPR methods that have already been proposed in section 2.2. In section 2.3 we cover some of
the existing techniques to show a trend moving towards more data-driven techniques, often leading to
testing setups with a train-test domain shift. Finally, in section 2.4 we summarize our literary findings
and lay out how our research contributes to the works that already exist.

2.1. Comparing VPR methods

In this subsection, we show how frameworks have been proposed to compare existing VPR techniques
since there are many different techniques and datasets. These works show how there is no single state-
of-the-art technique.

When there are many different VPR techniques, it is important to have the possibility to compare
them to each other to determine which one performs the best under which conditions. VPR-Bench [7]
is a framework made available to directly compare VPR methods. It provides the ability to compare 8
different VPR techniques on 12 different datasets. These datasets cover different environments such as
cities, nature, indoor, and university campuses under multiple conditions (e.g. day/night and seasonal
changes). The results show that there is no single VPR method that is state-of-the-art on all these
datasets. For that reason, the authors argue that potential exists for ensemble-based approaches to
cover this gap.

Another framework to compare VPR methods is provided by the authors of [24]. They identify an
issue in the existing VPR literature: Generally, when VPR methods are compared, they have different
architectures but are also trained on different datasets. In this work, they separate these two factors
and test different architectures trained on different training datasets on a set of test datasets, mainly
focusing on the effects of changing the architecture (using different backbones, aggregators, etc.). One
of the conclusions they draw is that there exists no single technique that is the best performer across
their test datasets.

By showing how there is no state-of-the-art VPR technique, these works make a case for an ensemble-
based solution, which could combine the strengths of different techniques.

2.2. Existing Ensemble-based approaches

The previous subsection showed how some comparison frameworks made the case for ensemble-
based VPR. Since then, some ensemble-methods have been proposed. In this subsection, we will
explain the workings of these few ensemble-based solutions.

In the work of [27] a multi-process fusion method is proposed that includes four existing VPR tech-
niques, essentially making it an ensemble-based method. They framed using different feature extrac-
tors on the data from one sensor (camera) as an alternative to a sensor fusion setup. They used SAD
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2.3. Existing VPR Techniques and Train-Test Domain Shift 4

[28, 29], HOG [10], CNN with max-pooling [19] and CNN with spatial arg-max pooling [21] as feature
extractors. These feature extractors are applied to the input to generate similarity vectors that contain
the inverse of the distance between the test query descriptor and the test reference descriptors. These
similarity vectors are then used in a Hidden Markov Model to provide the final predictions. They show
an increase in performance compared to using any of these feature extractors individually.

The authors of [25] propose a hierarchical method. This method consists of multiple layers, where
in the first layer a subset of the techniques in the ensemble is applied to the test query image and test
reference images to generate similarity vectors. These similarity vectors are averaged and the top N
images in the vector with the highest similarity scores are used as input in the next layer. In the next
layer, another subset of techniques is applied, and once again the average similarity vector is reduced
to a smaller number of candidates. This can be done for any number of layers until a final layer is used
that provides the final prediction.

The authors of [26] propose another method: dynamic multi-process fusion. Here every F test
query images, the current test query image is used as a calibration image. To this image, a set of VPR
techniques is applied and an optimal pair of techniques is found. They do so by utilizing the degree of
perceptual aliasing. Perceptual aliasing describes a situation where multiple locations look so similar to
a VPR system, that it has difficulty distinguishing between them. In this work, the amount of perceptual
aliasing experienced by combining any pair of VPR techniques from the ensemble is estimated, and
the pair that minimizes this estimated perceptual aliasing is chosen. The argument used for this is that
less perceptual aliasing leads to fewer false positives and thus higher accuracy. For every image until
the next calibration image, this chosen pair of techniques is used for feature extraction. By applying this
calibration step, the best pair of techniques can be found up to a frame-by-image basis. By changing
the value of F, a balance between this adaptability and computational efficiency can be found. The
paper shows this method outperforms single methods, as well as the other proposed ensemble-based
methods.

This existing literature shows that some ensemble-based VPR methods already exist. Of these
methods, the one proposed in [25] stands out, because with this method how heavily a technique is
weighed (or more specifically, how high in the hierarchy a technique is placed) is determined a priori.
This means it is manually decided beforehand which techniques should weigh more heavily than others.
The other two methods algorithmically decide how heavily the prediction of each technique should be
weighed. These two share a likeness in how this is done since in both cases this is done using similarity
vectors obtained from the test data, so the training data used to train any data-driven techniques in the
ensemble is not taken into account.

2.3. Existing VPR Techniques and Train-Test Domain Shift

Since the aim of this work is to find a well-performing criterion for ensemble-based VPR, it is important
to know which VPR techniques exist, and how they work. In this subsection, we cover some of these
existing techniques to give insight into the state of the VPR research field.

In the early days of VPR, mostly hand-crafted methods were used, including local feature descrip-
tors such as scale-invariant feature transforms (SIFT) [9] and sped-up robust features (SURF) [11].
Histogram of Gradients (HOG) [10], is a global feature descriptor that was also used for the task of
VPR.

After hand-crafted methods, early machine-learning methods started to appear with the goal of
providing more robust feature descriptors. These used a Bag-of-Words approach to the problem. Such
a model describes the features of an image using visual words. Examples of this sort of approach are
FAB-MAP [12] and VLAD [13]. These methods can be seen as a bridge between hand-crafted and deep
learning methods, as they use hand-crafted features, and apply the learnable bag-of-words model to
them.

As the popularity of deep learning and convolutional neural networks started to grow, they were also
being applied to the task of VPR since it was believed they could provide feature descriptors that are
more robust against appearance changes in the environment and viewpoint [8, 14—16]. The authors of
[17] for example, show that CNN-based features outperform hand-crafted features in situations where
the illumination changes.
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The authors of [16] were the first ones to train a CNN architecture on the task of VPR in an end-to-
end manner. They based their architecture on CaffeNet [30] by using the first four layers and applying
a fully connected layer at the end. While these layers were pre-trained, they are finetuned on a VPR
dataset using triplets. Especially in situations with conditional changes in weather, lighting, and point
of view, it strongly outperforms ORB-SLAM[31], a BoW method that was state-of-the-art at the time, on
the Nordland [32], Malaga [33], and Alderley [34] datasets.

Another one of these deep learning-based methods is NetVLAD [18]. The authors implement VLAD
pooling as a differentiable layer that can be applied to any CNN architecture to aggregate features
for VPR. This way, the network could be trained end-to-end on the VPR task while using the VLAD
feature aggregator. They showed how this increased performance compared to traditional hand-crafted
methods as well as methods such as [8] that use pre-trained networks on the Pittsburgh [35] and
Tokyo24/7 [36] datasets. NetVLAD is still considered one of the best-performing VPR methods, as
shown in [7]. Of course, the performance achieved using this aggregator is dependent on the backbone
it is combined with.

In [19] the lack of large-scale VPR datasets is identified, which are necessary to train deep neural
networks properly and get the best and most robust feature descriptor possible. They create a new
dataset: SPED. This dataset consists of 2.5 million images obtained from public outdoor cameras.
They also propose two new network architectures: AMOSNet and HybridNet. AMOSNet is trained
from scratch, while HybridNet is based on CaffeNet[30].

The authors of [20] attempt to provide extra robustness by using a mask-like binary semantic seg-
mentation method. The network learns which parts of the image are salient (in their experiment: the
parts displaying buildings) and which parts are not. Features are extracted from the salient and original
images and used for VPR. They were the first to utilize the semantic segmentation task for VPR.

A downside of this method is that marking certain semantic classes as salient is a manual prior. The
authors of [21] propose using an attention mechanism so the network can learn by itself which parts
of the image are salient and which are not. They apply attention masks at three different layers in the
CNN network, to utilize attention at multiple feature levels. These attention masks are then combined
to form the final mask that shows which parts of the input image are important for place recognition.

In [22] the focus is put on providing robustness against seasonal changes. They treat this as a
domain transfer problem, with summer and winter as their two domains. They propose a network
architecture that uses Generative Adversarial Networks that translate images between the two domains.
The discriminators are then used as feature extractors for VPR.

Some of the other VPR techniques proposed in the existing literature focus on dealing with the lim-
ited amount of available data. They do so by utilizing unsupervised learning methods. [37] implement
a stacked denoising auto-encoder to learn image features for VPR in an unsupervised manner. They
show performance comparable to FAB-MAP 2.0 [38] on the FAB-MAP and TUM datasets, while no
manual labeling is required.

In [23] it is noted that this previous method cannot obtain enough condition-invariant features. As
a solution, they propose a method using an auto-encoder that is forced to closely reconstruct a HOG
feature extractor. They chose HOG, since it is illumination invariant. Additionally, instead of providing
noise using pixel dropout as in [37], noise is added by warping images with perspective transformations
since such noise is more realistic in VPR scenarios.

Examining the literature surrounding the existing VPR techniques as we have done in this section,
shows a clear trend: Over time more research has focused on data-driven VPR techniques in order to
provide better robustness. An interesting observation can be made here, as was done by the authors
of [24]: In most of the research that covers data-driven VPR techniques, different datasets are used for
training and testing. When doing so, a certain degree of domain shift takes place between the training
and testing data.

2.4. Summary of the Current State and Contributions

In this chapter, we have shown how the potential for ensemble-based VPR has been identified, and
how some ensemble-based solutions have been proposed. These existing ensemble methods all use
the test data to form their criterion that is used to combine the techniques in the ensemble.
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By examining the existing VPR techniques, we have shown how there is a trend toward more data-
driven VPR techniques. These techniques are generally trained and tested on different datasets, lead-
ing to situations with a train-test domain shift. The existing ensemble-based VPR solutions do not take
this domain shift into account, since only test data is used for their criteria. Because data-driven VPR
techniques are becoming more common, it could be beneficial to implement an ensemble-based so-
lution that takes the train-test domain shift of these methods into account, which is what we do in this
work.

Following this analysis of the current state of the literature surrounding ensemble-based VPR, we
can state the following about our contributions to this field:

* Our first contribution is to show that the degree of domain shift between train and test data for
a data-driven VPR technique is an indicator of the downstream VPR performance. We do so by
performing an experiment that provides proof for this intuitive concept.

» Our second contribution is that we propose two methods that utilize this degree of domain shift
to form a criterion which is then used to perform ensemble-based VPR. The next chapter will
give a formal explanation of the general ensemble-based VPR problem, and provide an in-depth
explanation of the two methods we propose.



Methodology

This chapter will describe in detail the methodology of the ensemble methods we propose. First, section
3.1 will give a formal description of the general VPR problem and the ensemble-based VPR problem.
Section 3.2 describes the shared fundamentals of our two proposed methods. Then, section 3.3 will de-
scribe our generative ensemble method, and finally, section 3.4 describes our discriminative ensemble
method.

3.1. Problem description

Assuming an application such as loop closure in a SLAM system, the task of VPR is one where a
single query image I, is matched to a set of reference images, denoted by R. The location of the
best matching reference image is then predicted to be the location of the query image I,. Matching
the images at inference time is done by first describing these images in a feature space using a VPR
technique 7, resulting in a query descriptor f7, with dimensionality N and a set of reference descriptors
Fr = {frl, ... frF}) of size R, where r indicates this is a set of reference descriptors, and the
superscript 7 indicates it is described in the feature space of technique . The normalized distance
between f7 and the descriptors in F is calculated and the inverse of this normalized distance is
considered the similarity (see equation 3.1).

d™ =1—||f7 — f77|l2, where re€T,jeR (3.1)

The similarity values are stored in a similarity vector d” = [d™!, - -- ,d™F] of size R where element d"!
describes how similar the first reference descriptor f7! is to the query descriptor J;- The reference
descriptor with the highest similarity value (and thus the lowest distance to f; in the feature space) is
considered the closest match. The location of I, is predicted to be the location of this reference image.
Figure 3.1 gives an overview of a generic VPR system.

T
VPR Fr
R .
technique Tt l
Calculate . d
Similarity
T
I VPR fa
1 technique t©

Figure 3.1: An overview of a generic VPR system. A query image I, and the reference images R are described using a
feature descriptor 7. The similarity vector d is then calculated by comparing the query descriptor f7 with the reference
descriptors in F].
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When the VPR system used is a data-driven VPR technique, the technique is first trained on a train-
ing dataset consisting of a training reference set and a training query set. At inference time, the system
is tested on a dataset that might or might not be taken from the same distribution, again consisting of
two sets: the test reference set and the test query set. This means there are four sets of data in total.
As mentioned in the literature review chapter, the training and test sets are in practice usually taken
from different datasets, resulting in a domain shift between the training and test sets.

In the case of ensemble-based VPR, we have aset 7 = {r!,-.. 77} of T VPR techniques. In this
work, we refer to specific ensemble-based approaches to VPR as ensemble methods and to individual
VPR models (e.g. a Resnet-18 [39] backbone with NetVLAD [18] layer trained on a dataset) as a VPR
technique. An ensemble method prescribes a way of combining the techniques in 7, such that the
result of the combination yields better performance than any single technique = € 7. The techniques
in the ensemble can be trained on different datasets. In this work we specifically focus on the reference
set of these training datasets. The superset of these different reference sets is denoted as X', with size
M where M < T. Here X refers to the first dataset in this list, and X;..; - refers specifically to the
training reference set used to train technique 7.

Figure 3.2 gives a high-level overview of existing ensemble-based VPR systems. In such a system,
all reference images in R are described using the techniques in 7, resulting in a reference set of
descriptors F7 = {f71,---, f72} for every technique 7.

Then for every query image I, at test time, the query image is described using the techniques in T,
resulting in a feature descriptor f for every technique. Then, for each descriptor f; of query image
I, the corresponding similarity vector d” is calculated using f; and the reference descriptors of the
same technique (F7), see equation 3.1. This results in a list D = {d*,--- ,d”} of similarity vectors for
query image 1,, where each element in this list is a similarity vector d” = {d™!,--- ,d"'} obtained by
technique 7 € 7. Finally, the similarity vectors within D are fused to obtain the final similarity vector
d. How these similarity vectors are fused depends on the specific method that is used. However, the
existing methods do share how this is done fundamentally. The next subsection will cover this in more
depth.

Fl
dl
VPR 1 Calculate
e Lechnique 1 fq Similarity
R
F?
2
VPR 5 Calculate d v d
8 technique 2 fq R Similarity
I,—
Fr !
VPR T Calculate d
e technique T fq N Similarity

Figure 3.2: A high-level overview of existing ensemble-based VPR methods. Each technique in 7 describes the query image
and reference images. For each technique, a similarity vector is then calculated and the similarity vectors are fused to form a
final similarity vector d

3.2. Domain shift-aware approach

In existing ensemble methods, the similarity vectors resulting from the VPR techniques are fused in
a manner where each technique is given a certain weight. In the case of these ensemble methods,
that weight is calculated using the similarity vectors of these techniques themselves. This is done by
interpreting the similarity values as confidence scores [25-27], where a higher similarity score given to
the top-scoring reference image means the VPR technique is more confident in its prediction that that
reference image is the correct match for the query image. Since these similarity vectors are the result
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of a similarity search between the test query and test reference set, this means that this calculation is
based only on the test data. As a result, any domain shift between these two test sets is the only domain
shift these ensemble methods are influenced by when the fusion of similarity vectors is performed.

As an alternative, we propose two methods that calculate the weights used in the fusion of the
similarity vectors using the test query set and the training reference set of each VPR technique. The
consequence of calculating weights using these sets is that the domain shift between the training and
test data has an influence on the calculation of these weights. In practice, different datasets are usually
used to train and test VPR methods, so a domain shift between the training and test data is common.

Intuition tells us that any Machine Learning or Deep Learning method achieves better performance
if the degree of domain shift between training and test data is minimal or non-existent [40—44]. For
this reason, one would expect that the degree of domain shift between the training reference set and
the test query set would be an indicator of the downstream performance of a VPR technique. We find
supporting evidence for this intuition in section 4.2. There we show that the degree of domain shift
can be seen when visualizing the feature space of a VPR technique, where a high degree of train-test
domain shift is visible as test and training descriptors lying further away from each other. We also show
that in this situation with a high degree of domain shift, the VPR performance achieved is generally
lower. Since this degree of domain shift can predict the VPR performance of an individual technique, it
could be used to calculate the weight given to the techniques in 7 in the case of a query image I,. We
propose two methods that implement the following hypothesis:

A higher weight should be given to the prediction of technique T if the test query descriptor f, has
a lower degree of domain shift compared to the descriptors of the training reference set X;.., » of
technique 1 in the feature space.

The degree of domain shift between a query descriptor f, and the training reference descriptor set of
technique 7, X;..r -, can be described by the probability that the underlying distribution the descriptors
of Xiecr, - Were sampled from is the same as the one the query descriptor f, was sampled from. The
set of descriptors obtained when describing the training reference set X, - in the feature space of
VPR technique 7 is denoted as 73, . The underlying distribution of 773, is denoted as Z7, see
equation 3.2.

R~ 27 (3.2)

The probability of this underlying distribution Z™ also being the one the query descriptor was sam-
pled from is then denoted as P(Z7|f7). If this probability is relatively high, the degree of domain shift
between 73, and f7 is relatively low and one can expect relatively good VPR performance from
technique 7. For this reason, the weight w, given to technique 7 should be proportional to P(Z7|f7)
(equation 3.3). This then leads to the calculation of the final similarity vector d by multiplying the similar-
ity vector d” of each technique with their corresponding weight w.., followed by averaging (see equation
3.4).

wr < P(Z7[fy) (3.3)
T
d=> dw (3.4)
€T

The two methods we propose can be related to one another using Bayes’ Thereom, as shown in
equation 3.5. Here P(f7|Z™) describes the probability of observing f7 given that the same underlying
distribution generates it as 73, P(Z") describes the prior probability of f7 being generated by
the same underlying distribution as 73, and P(f;) the prior probability of generating f7. Because

, IS obtained single given query image and the ensemble contains a finite amount of techniques, the
normalization term can be removed from the equation. Additionally, we assume that the prior probability
P(Z7) of the query sample being sampled from the same underlying distribution as the training data of
any specific technique to be the same for each technique, so this term can also be removed from the
equation to form equation 3.6.

P(f71Z7)P(Z7)

PZTII) = =5

(3.5)
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P(Z7|f]) o< P(f127) (3:6)

These equations relate our two methods to one another, since the first method we propose is a
generative ensemble-method, which estimates likelihood p(f7|Z7) and uses the normalized value as
the weight w,. The second method is a discriminative ensemble-method that estimates P(Z7|f7)
directly and uses that value as w,. The next two sections will explain the precise workings of these
methods.

3.3. Generative ensemble method

In this section, we explain the workings of our first proposed method, the generative ensemble method.
This method aims to estimate the probability P(f7|Z7), however, since the underlying distribution Z7
is considered continuous, this method instead estimates the likelihood p(f7|Z7) and normalizes it. We
first show the concept of this method, after which we give an in-depth explanation.

Figure 3.3 shows a high-level conceptual example of using this generative ensemble method. Here
we assume an ensemble of VPR techniques, with all of them trained on either training dataset X4 or
Xp. The left plot shows a query sample f74 and the training reference set X4 described in the feature
space of a technique 74 that was trained on X'4. The plot on the right shows the same query sample,
as well as training reference set Xz described in the feature space of technique 75 trained on Xs.
These plots show that the degree of domain shift between the query sample and the descriptors of X4
is smaller than between the query sample and the descriptors of X'z. For that reason, 74 should be
given a higher weight than 7. This is what our generative ensemble method aims to accomplish.

*
fq ° fTB
q

T
‘TXA

Figure 3.3: Training data and query f, depicted in the feature spaces of 74 and ¢z respectively

The generative method calculates the weights for each technique 7 based on the query descriptor
J; and the training reference set that was used to train technique 7, denoted as X;..;, -. As mentioned
before, the training reference set descriptors 73, are sampled from distribution Z7.

~h

Since Z7 is unknown, it can only be estimated. This is done using a probability estimator, where
the type of estimator used determines what form the distribution is assumed to take, which is denoted
by Z7. By fitting the estimator on F73,  , estimated parameters ¢ are found, giving the estimated

distribution Z7 with PDF p;.

h

6 = argmazg H py-(Fx.:10) 3.7)

%€ %

tech T

Given query descriptor f7, a likelihood value £} can be obtained, which describes the likelihood

that the estimated parameters § and thus distribution Z7 describe the distribution f; originated from
(see equation 3.8). If the test query descriptor lies relatively close to the training reference set in the
feature space and thus is more likely to be in-distribution for this set, the likelihood value L7 will be
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higher. Here L7 is an approximation of the true likelihood value p(f,|Z"), where p is the true PDF of
Z7.

Ly =p; (£710) = p(£,127) (3.8)

Because a certain likelihood value does not mean the same across different feature spaces, the
likelihood L7 should be normalized. This is done by mapping its value from its original range between
0 and the maximum possible likelihood value L7, .. to a range between 0 and 1. Theoretically, L7, ...
can be found by finding the derivative of the PDF p, with the estimated parameters and using that to
find its maximum. Alternatively, this derivative can be estimated [45—48], and the maximum can be

found that way.

However, to stay within the scope of this project, we employ a rather simple method that does not
use the (estimated) derivative of p, to estimate the maximum possible value of the likelihood under this
PDF. We estimate the maximum likelihood L7, ... in the following manner: we make the assumption

that £7, ... can be found in or around the center of the cluster of the training data descriptors 77

We make this assumption based on the T-SNE plots as shown in chapter 4.2, where the descriSfSr%
of individual datasets take the form of clear clusters that quite closely resemble Gaussian or at least
relatively symmetric distributions. We take the mean f7, of all the training reference set descriptors and

calculate its likelihood value E:TT. This value is then assumed to be a close enough approximation of
X
‘CT

1 &
fi=+ Z e (3.9)

Lrae ~ L5 = vy (F710) (3.10)

Then, linear conversion is used to map the likelihood value of f7 from its original range to one
between 0 and 1. Since the lower bound is 0 in both ranges, this conversion is equal to the ratio
between L7 and £%. The resulting value is then used as the weight applied to similarity vector dt of

technique 7 for que?y image 1,. Equation 3.11 shows how the linear conversion is used to calculate
the weight w, given to VPR technique 7 in the case of a query sample I,. Equation 3.12 shows an
example of how the weighted similarity vector is obtained for a technique .

(LZI- - ﬁmin)(wmnm - wmin) (LZI- - 0)(]- - O) EZI—

Wr = P + Wyin = — Ar +0= P (311)
(L% = Lomin) (L7 —0) s

d, =d - w: (3.12)

Figure 3.4 gives a high-level overview of this generative approach. It shows how for each tech-
nique 7 both test sets and the training reference set are described, similarity vectors and weights are
calculated, and how the weighted similarity vectors (d7,) are averaged to form the final similarity vector
d.
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Figure 3.4: A high-level overview of our proposed generative approach. It shows how each technique in 7" describes the test

query image, test reference images, and the corresponding training reference images. For each technique, the test query and

reference descriptors are used to calculate a similarity vector, while the test query and training reference descriptors are used

to calculate a weight. The similarity vector of the technique is multiplied with that weight, and the weighted similarity vectors of
all the techniques are averaged to form the final similarity vector d.

3.4. Discriminative ensemble method

In this section, we explain our discriminative ensemble method. This method aims to estimate the prob-
ability P (ZT|qu), which is the probability that given a query descriptor f7, the underlying distribution
the training data descriptors 73, of technique T were sampled from, is also the distribution f; was
sampled from. This is done by considering this a classification problem with the training datasets in X’
as classes. We first give a conceptual overview of the method, followed by an in-depth explanation.

Figure 3.5 gives a high-level conceptual example of this approach. Here we again assume an
ensemble with VPR techniques that are all trained on either training reference set X4 or X'z. In this
figure, both these training reference sets are described in the feature space of a VPR technique 74,
trained on X4. We consider this situation as a classification problem, with the task to classify f;4 as
either belonging to X4 or to Xz. The class probabilities obtained can be used to weigh the predictions
of techniques trained on X4 or to X’5.
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Figure 3.5: The descriptors of the training reference sets X4 and X'z, and query descriptor f, depicted in the feature space of
a technique 74 trained on dataset X 4.

More specifically, calculating the weight w, of any technique 7 is done in the following manner: First,
the class probabilities in each feature space as shown in equation 3.14 are obtained. This equation
shows an example scenario, where again a setup is assumed with two training reference sets: X4 and
Xp. The underlying distribution of the descriptors Fxa of set X4 is denoted as Z 4.

The probability of Z 4 being the more likely underlying distribution of a query descriptor f, originated
from than Zg is denoted as P (Z4|f,). In this setup, P (Z4|f,) and P (Zg|f,) sum to one (3.13).

P(Zalf]) + P (Zlf]) =1 (3.13)

Since these true class probabilities are unknown, they are estimated using a classifier. In each fea-
ture space, a classifier is trained on 773, and 77 . Atinference time, the query descriptor is classified
in each feature space, and the obtained class probabilities are averaged (equation 3.14). By averag-
ing the probability values obtained for P (ZA|qu) in each feature space for example, the weight wx,
corresponding to training dataset X4 can be obtained. This weight is then applied to the prediction of
any technique 74 that was trained on dataset X4 (equation 3.15). Averaging the probabilities across
the feature spaces is done since assuming a situation with no prior knowledge of the test dataset, it is
impossible to know which feature space will lead to the estimation of more accurate class probabilities.

T
1 7 7
wa, = Zp (Zalf) (3.14)
€T
d;} =d™ - wx, (3.15)

Figure 3.6 shows a high-level overview of the proposed discriminative approach. It shows how in the
feature space of each technique 7 a similarity vector is obtained, and weights for all training reference
sets are calculated using a classifier. Then, in the Averaging weights block, the weights given in all
feature spaces to a training reference set are averaged. This is done for each training reference set,
and gives a separate weight for each of them (e.g. wx,, wx,). Finally, it shows how the similarity
vector of each technique 7 is multiplied by the weight wy,,_, . corresponding to the training reference
set of T, after which the weighted similarity vectors are averaged to from final similarity vector d.
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Figure 3.6: A high-level overview of our proposed discriminative approach. M denotes the size of the set X' containing the
training reference sets.



Experiments and Results

This chapter describes the experiments we performed, their results, and further analysis. First, section
4.1 explains the experimental setup we used to perform the experiments. Next, section 4.2 covers the
first experiment, where we find experimental proof for some important intuitions that stand at the base
of our methods. Then, section 4.3 shows the results of comparing our methods to certain baselines in
a quantitative manner. Then, section 4.4 provides a qualitative analysis of the results achieved by our
methods in the prior experiment. Finally, section 4.5 shows how we performed hyperparameter tuning
on our methods.

4.1. Experimental setup

This subsection covers different aspects of the setup that was used to perform the experiments evalu-
ated in the next subsections. We go over the used datasets (section 4.1.1), the evaluation metric used
(section 4.1.2), tested methods and parametric choices (section 4.1.3), the ensemble that was used
(section 4.1.4), the baselines used for comparison (section 4.1.5) and finally, we cover the training of
the methods (section 4.1.6).

4.1.1. Datasets

For the experiments executed, we used two different training datasets (Pittsburgh30k [35] and MSLS
[49]) and another four (Tokyo24/7 [36], San Francisco [50], St. Lucia [51] and Eynsham [52]) at test
time.

+ Pittsburgh30k is a dataset that contains Google Street View panorama images from the city
center of Pittsburgh, USA. While it does not contain any major appearance changes, it does
contain viewpoint variations.

+ MSLS is a large dataset with images from different cities throughout the world, obtained using
the Mapillary collaborative mapping platform. It contains both urban and suburban images, with
variations in seasons and viewpoints.

» Tokyo24/7 is a dataset containing city center images of the city of Tokyo. These images were
obtained using Google Street View and contain variations in viewpoint. Additionally, there is a
shift from day to night conditions between the reference and query sets.

» San Francisco, as the name suggests, contains images of the city center of San Francisco. Most
images were obtained through a car-mounted panorama camera, these images contain changes
in viewpoint. Additionally, some images in the dataset were obtained by mapping mobile phone
pictures to a 3D map of the city.

» St Lucia is a dataset with images obtained in the St. Lucia suburb in Brisbane, Australia. These
images were obtained using a dash-mounted camera in car. This dataset contains no conditional
or viewpoint changes.

» Eynsham contains greyscaled images of Oxford city and countryside. These were obtained by
a dash-mounted camera.

15
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Table 4.1 shows an overview of the characteristics of these datasets, while figure 4.1 shows some
representative samples.

Table 4.1: An overview of the training and test datasets used in this work and their characteristics. Query sets with an asterisk
have seen their size reduced using sub-sampling as explained in subsection 4.1.6.

Dataset Test size | Train Environment type Camera view- | day- | Additional
name query/ size point night | comments
ref query/ shift
ref
Pittsburgh30k | 800*/ 7824/91K | U.S. city center Variable no
84k
MSLS 1100%/ 503K/915K  Worldwide city center | variable no
18.9K and suburbs
Tokyo24/7 300/ 76K | - Tokyo city center Variable yes
San Fran- | 600/ - U.S. city center Variable, car- | no
cisco 1.1M mounted
St. Lucia 1.5K/ - Australian suburb Dash-cam, no
1.5K front-view
Eynsham 2.4K¥/ - Oxford city and coun- | Dash-cam, no All  images
24K tryside front-view greyscaled

4.1.2. Evaluation Metric

In order to evaluate any methods in our experiments, we use the recall@1 score as our performance
metric. This metric shows the percentage of cases where the top predicted match for a query image
is indeed a correct match according to the ground truth. In our case, a query and reference image
are considered a correct match if they lie within 15 meters distance from one another. Since this top
prediction is the one that is used when a VPR system is used for localization, it is a good general
performance metric to assess VPR performance.

4.1.3. Tested Methods and Parametric Choices
For both the generative and the discriminative ensemble methods we tested two separate instances.

We tested two different probability estimators for the generative approach: a Kernel Density Estima-
tor (KDE) [53, 54] and a Gaussian Mixture Model (GMM). A kernel density estimator is a non-parametric
density estimator and works by applying a kernel to training data. Because this is a non-parametric es-
timator, it can describe any distribution. The smoothness of the resulting PDF estimation is determined
by the bandwidth hyperparameter. A GMM provides an estimation of the PDF and its parameters by
describing the training data using one or more weighted multivariate Gaussian distribution functions.
How many of these are used to describe the training data is given as a hyperparameter beforehand.
GMMs are considered semi-parametric.

For the discriminative approach, we tested the use of a K-Nearest Neighbors classifier, as well as
a deep neural network classifier. The neural network classifier consists of one or more fully connected
layers. Table 4.2 shows the used architectures of the neural network.

Table 4.2: Input - output dimensions of the layers in the neural net classifier, for cases with 1, 2 or 3 layers. N denotes the
dimensionality of the descriptors used as input.

1 Layer Network | 2 Layer Network | 3 Layer Network
Layer1 | N -2 - % N - %
N N N
Layer 2 72 5T
Layer 3 % -9

The hyperparameters of these Generative and Discriminative methods were tweaked as follows:

+ KDE: The bandwidth between 0.01 and 1.0

* GMM: The number of components between 1 and 3

* KNN: The number of neighbors used between 1 and 10000
* NN: The number of layers in the network, between 1 and 3
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' (a) Pitts30k

(c) San Francisco

 (b) Tokyo 24/7 (d) MSLS

(f) St Lucia

Figure 4.1: Samples of the datasets used for training and testing.

41.4. The Ensemble

The ensemble of techniques used throughout this section consists of four individual techniques. An
overview of these four techniques is shown in table 4.3. All techniques have either a ResNet-18 [39] or
a VGG16 [55] backbone, a GeM [56] aggregator, and were trained on either Pittsburgh or MSLS [24].

Table 4.3: Techniques used in the ensemble of our experiments

technique nr. | Backbone | Aggregator | Training dataset
1 Resnet-18 | GeM Pittsburgh

2 Resnet-18 | GeM MSLS

3 VGG-16 GeM Pittsburgh

4 VGG-16 GeM MSLS

4.1.5. Baselines
When comparing the proposed methods to existing methods we do so using the following baselines:



4.1. Experimental setup 18

» Best individual technique oracle: For each test dataset all the techniques in the ensemble are
tested individually. The individual technique that achieves the highest recall@1 score, is noted
in the results. Since it is impossible to know which VPR will perform the best beforehand in a
practical scenario, this is considered an oracle baseline.

» Average score: The average score baseline is the simplest method of performing ensemble-
based VPR. Here the similarity vectors resulting from applying the techniques in the ensemble to
a query image are averaged to obtain the final similarity vector.

+ Maximum voting: When maximum voting is used, each individual technique in the ensemble
first predicts which reference image is the most likely match for the query image. The reference
image that is chosen the most by these techniques (i.e. gets the most ‘votes’), is chosen as the
final prediction of the ensemble.

+ Maximum score: For the maximum score approach, the similarity vector of the technique that
contains the highest similarity value for its predicted best match is chosen as the final similarity
vector.

» Dynamical MPF [26]: This method is currently the state-of-the-art method for ensemble-based
VPR. Section 2 explains the workings of this method in further detail. For R the value of 2 was
chosen after initial experiments showed this value leading to the best general performance.

4.1.6. Sub-sampling and ensemble-method training

In this subsection, we cover how our methods were trained, and how we applied some subsampling
for this training.

The ensemble-methods we tested had to be trained on the training reference sets of MSLS and
Pittsburgh. due to the size of these sets and computational constraints, we decided to implement a
sub-sampling method to reduce the size of these sets, while still training on data that was representative
of the original set. This was done as follows:

45
22016 MapTools

1000-meter 706mnmE 70?
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10S 706832mE 4344683m N
Figure 4.2: An overview of the workings of UTM coordinates [57]. It shows how the coordinates consist of a zone, zone letter,
easting, and northing.

The label of each reference image contains UTM coordinates that consist of a zone, zone letter,
easting and northing (see figure 4.2). The samples of the original set are first sorted by their UTM
zone, a rectangular zone on the world map. Then, the samples of each zone are sorted based on
their zone letter, which denotes a horizontal slice (from east to west) within their UTM zone. Finally,
the samples of each zone-letter combination are sorted based on their easting (distance from the west
border of their zone). By combining the lists of samples of each zone-letter combination again the result
is a sorted set of samples, sorted by UTM zone, then zone letter, and then easting. Sub-sampling is
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then done by saving one in every J samples. This way, the resulting subset is guaranteed to have a
similar distribution over the world map as the original set. The representation of the original sets in
their subsets was also evaluated in a qualitative manner for all datasets. For the Pittsburgh and MSLS
training reference sets, this method was used to reduce their sample count to around 45,000.

These subsets of Pittsburgh and MSLS were used to train the generative and discriminative ensemble-
methods. For the generative methods, an instance was trained in the feature space of each technique
on the subset of the training dataset of that technique. This training was done using the built-in SKlearn
fit method. The KNN discriminative method was trained in a similar manner but using the subsets of
both training datasets in each feature space.

The Neural Net discriminative method was also trained in each feature space, using the Pittsburgh
and MSLS training reference set subsets. on this combined training data a train/test split of 0.8 was
applied. The Neural Net was trained using Stochastic Gradient Descent with a learning rate of 0.01
and momentum of 0.9. The training was done over 10 epochs, where the model with the best accuracy
on the test split was saved.

The test datasets all have varying sizes of their query sets, and initial experiments showed that some
larger query sets also lead to unfeasible computational times. For this reason, the query sets of the
Eynsham, Pittsburgh and MSLS test datasets were reduced by a factor of 10 using the sub-sampling
method explained above. Again qualitative evaluation was performed to make sure the new subset
represented the original set properly.

4.2. Relating latent spaces, scene appearances and VPR Performance

Before comparing our methods to baselines, we first look into the intuition behind our research: how
visually similar-looking datasets end up closer to one another in the feature space of any VPR technique,
and how this closeness subsequently has a positive effect on the downstream VPR performance. To
analyze this intuition, we perform two experiments. The first one shows how visually similar-looking
images end up close together in the feature space, and the second one shows how the relative locations
and closeness of test query and training sets in the feature space can be an indicator of resulting
performance. These experiments were performed using the framework put forward in [24].

For this experiment, we will use the six datasets listed in the previous subsection. When looking at
the samples of these datasets shown in figure 4.1, it becomes possible to divide these datasets up into
two groups based on visual similarity:

» Group 1: Pittsburgh30k, Tokyo24/7 and San Francisco all contain images of city centers, ob-
tained through a camera looking at buildings from the street. This results in images containing
lots of buildings, with viewpoints similar to each other.

* Group 2: MSLS, St. Lucia and Eynsham all mostly consist of images taken in suburbs, resulting
in images with far fewer visible buildings than in the datasets of the other group. These datasets
also contain a lot of images obtained through dashcams, resulting in a viewpoint that is similar
between these three datasets.

When datasets look similar visually, one would expect the probability of these datasets being in
distribution for each other to be higher. This then leads us to hypothesize that the data from datasets
within the same group also lie close to each other in the feature space of any VPR method applied
to them. In order to visualize these datasets in the feature space we first described them using two
networks trained on Pittsburgh and MSLS respectively. Then, we applied a t-SNE algorithm to map the
data from the high-dimensional feature space to a two-dimensional representation. This visualization
can be found in figure 4.3.
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Figure 4.3: Features of the 6 datasets in [24] plotted in the feature space of VPR techniques trained on Pittsburgh30k (a) and
MSLS (b).

In these figures, one can see the clusters of the descriptors of the different datasets. Both figures
show similar relative locations of these clusters, albeit mirrored when compared to each other. In both
cases, a decision boundary could be drawn between the clusters of the datasets of group 1 and the
clusters of the datasets of group 2. Most of the data points of the test datasets lie closer to the cluster
of the training dataset that looks more visually similar than the other training data. The descriptors of
the San Francisco and Tokyo24/7 datasets form a single cluster with the Pittsburgh descriptors, while
the descriptors of the St. Lucia and Eynsham datasets form their own separate clusters, lying closer to
the MSLS descriptors. Thus, these figures show how visual similarity to the human eye translates to
occupying the same or close locations in the feature space.

Generally, any deep learning or machine learning-based system works best on data that is in dis-
tribution, meaning data obtained from the same distribution as the training data [40—44]. The clusters
in figure 4.3 represent the distributions of the training and test datasets. One would expect that if the
data from a test dataset lies closer in the feature space to one of the training datasets, data from the
test dataset is more likely to be in distribution for that specific training dataset, meaning a lower degree
of domain shift between the two. As a result, the expected VPR performance should be higher if the
VPR system is trained on this training dataset than if it is trained on another training dataset whose
descriptors lie farther away from the test data in the feature space. This means that in the case of the
six datasets we are using, we expect better performance by a VPR system trained on Pittsburgh when
testing on San Francisco or Tokyo24/7, and better performance by a VPR system trained on MSLS
when testing on St Lucia or Eynsham.

In order to test this relationship between the closeness of training and test sets and the downstream
VPR performance, we performed three sub-experiments. For each sub-experiment VPR techniques
trained on MSLS and VPR techniques trained on Pittsburgh were tested. While the used training
datasets remained the same across these sub-experiments, other parts of the VPR techniques such
as their backbones and aggregators were changed as follows:

» sub-experiment 1, Different backbones: Here a few different backbones (feature extractors) were
tested.

» sub-experiment 2, Different Aggregators: After feature extraction by a backbone, these features
are aggregated to form the description of the input. Here different aggregation methods were
tested and compared.

 sub-experiment 3, Different mining methods: VPR systems are trained using image pairs (a query
and a matching reference image), that need to be 'mined’ from the training dataset. Here different
mining methods are compared.

By changing the architectures in these sub-experiments, we are able to single out the effect of
training on different datasets on VPR performance, regardless of the architecture used. For each sub-
experiment, we then averaged the recall@1 scores achieved by the VPR techniques trained on MSLS
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and the VPR techniques trained on Pittsburgh, as shown in table 4.4. What the results show, is that
generally, a VPR technique trained on Pittsburgh performs better when testing on Tokyo24/7 or San
Francisco, while a technique trained on MSLS is the better performer when testing on The St. Lucia or
Eynsham datasets.

Table 4.4: Average recall@1 when trained on Pittsburgh30k/MSLS as shown in [24]

Tokyo 24/7 | San Francisco | Eynsham | St. Lucia
sub-exp. 1: changing backbone 53.4/54.9 54.1/46.9 71.6/84.2 | 55.1/89.2
sub-exp. 2: changing aggregator 58.6/58.4 56.8/47.5 73.7/86.0 | 60.6/92.9
sub-exp. 3: changing mining method | 46.7/44.3 44.9/33.8 69.4/80.4 | 50.2/81.5

From this we can conclude that our analysis shows in two steps:

 Descriptors from datasets that look visually similar are located close together in the feature space
of a VPR system.

« If the test query descriptor is closer to the training reference set of a VPR system in its feature
space, better performance can be expected.

4.3. Comparing proposed approaches to baseline performance

In order to compare the performance of the proposed approaches we compare them to a set of baseline
techniques. The results of this comparison can be found in table 4.5. When looking at this comparison
between the individual method, ensemble-method baselines, and our proposed approaches certain
observations can be made, which we will cover in this section.

Firstly, it shows that on all the test datasets performance can increase significantly when using an
ensemble-method over any of the single VPR techniques. This means using an ensemble-method
does not only increase average performance across multiple datasets but there exists a case of com-
plementarity when combining VPR techniques that can lead to higher single-dataset performance as
well. This can be explained by considering the similarity score given by a VPR technique to the clos-
est matching reference image for a query image as an indicator of the confidence of the technique’s
prediction (e.g. if the highest similarity score given to any reference image is 0.8, the confidence in
the prediction is higher than if the highest similarity score given is 0.4). If a technique is confident in
its prediction for a certain query image, the difference in the similarity score of the closest matching
reference image and the similarity scores of the other reference images will be relatively large. If a
technique is less confident in its prediction, the similarity scores given to the best matching reference
image will be closer to the score given to the other reference images. As a result, when combining the
similarity vectors of these two techniques, the prediction of the more confident technique for a specific
query image will be more prominently reflected in the resulting final similarity vector. This principle is
what results in the complementarity shown by the ensemble-methods.

Secondly, It shows that when averaging performance across the four test datasets our proposed
approaches outperform the Best individual method oracle, and are also able to perform to the same level
as, and in the case of some datasets, slightly outperform all ensemble-method baselines. Additionally,
when evaluating performance per individual dataset, one of our methods is always the best-performing
method for each test dataset. This shows how utilizing the degree of domain shift between train and
test data for an ensemble-method can lead to better VPR performance.
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Table 4.5: Comparing recall@1 of our approaches and baselines.

Pitts30k MSLS St Lucia Eynsham | Tokyo24/7 | San Average

Fran-

cisco
Best individual method oracle 77.4 68.8 84.4 85.7 41.9 39.0 66.2
ResNet-18 - GeM- Pittsburgh 755 36.6 46.3 62.2 33.3 36.1 48.3
ResNet-18 - GeM - MSLS 66.7 67.4 84.4 85.7 37.8 28.3 61.7
VGG-16 - GeM - Pittsburgh 774 43.6 46.0 731 35.6 39.0 52.4
VGG-16 - GeM - MSLS 65.9 68.8 80.7 85.3 41.9 32.6 62.5
Average Score 83.6 65.6 80.0 88.4 49.5 54.7 70.3
Maximum Voting 79.3 56.9 66.2 80.7 38.4 39.8 60.2
Maximum Score 77.2 60.1 69.9 82.4 41.6 37.8 61.5
Dynamical MPF [26] 83.3 67.4 81.4 87.8 50.2 47.2 69.6
Ours, KDE (bandwidth=0.5) 83.6 65.6 80.0 88.4 49.5 54.7 70.3
Ours, GMM (n=3) 83.3 66.8 81.2 88.8 49.2 52.7 70.3
Ours, KNN (n_neighbors=10000) 83.3 69.5 85.7 88.5 47.6 55 71.6
Ours, NN (2 layers) 81.4 71.4 82.3 89.0 53.0 53.2 7.7

4.4. Qualitative Analysis of achieved performance

In order to further understand the achieved performance of our methods, we evaluate them in a quali-
tative manner. For this, we have created plots with training reference and test query image descriptors,
with their dimensionality reduced using a TSNE algorithm. This was done for all of our own tested
methods, on all the test datasets, with plots created for the feature space of each technique in the
ensemble. Analyzing these plots leads to further insight into the results achieved when assessing our
methods. In this section, we cover these insights and show plots that give examples of them. First,
we make a general observation in subsection 4.4.1. Then, we analyze the results of the discriminative
method in subsection 4.4.2, followed by an analysis of the results of the generative ensemble method
in subsection 4.4.3. Finally, we summarize our main findings of the qualitative analysis at the end of
this section.

4.41. General Observation

A general observation we make is that the query descriptors of the test datasets lie closer to the refer-
ence descriptors of the training dataset that is more visually similar in the feature space when testing
our methods, which is in line with the intuition proven and plots generated in section 4.2. This behavior
can be observed across the datasets and methods, with examples given in figure 4.4. Here it shows
how the descriptors of the test query set of St. Lucia lie closer to the MSLS training reference descrip-
tors in the feature space than to the training reference descriptors of Pittsburgh. Looking at images of
these datasets, it is clear that St. Lucia is indeed also more visually similar to MSLS than to Pittsburgh.
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Figure 4.4: Correct/incorrect matches on the St. Lucia (4.4a) and Eynsham (4.4b) datasets using the discriminative method

with KNN (n=1), displayed in the feature space of a Resnet-18-GeM VPR technique trained on MSLS. In both cases the test
descriptors lie closer to the MSLS dataset (depicted in magenta) than the Pittsburgh dataset (depicted in blue)
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4.4.2. Qualitative results of the Discriminative Ensemble method

In this subsection, we will explain and show the observations we made based on the results of the
discriminative ensemble method.

The first observation we made for this method, is that when testing on the St. Lucia and Eynsham
datasets, it is clear that the instances of this method follow the expectations. These two test datasets
are more visually similar to MSLS than to Pittsburgh, and for that reason, one would expect higher
weights to be given to the techniques that are trained on MSLS. Figure 4.5 shows the weights given
when testing with the KNN on St. Lucia. As expected, higher weights are given to techniques trained
on MSLS. This behavior is shown strongly, with weights given within almost the full range of 0 to 1. This
behavior results in the high performance achieved on these datasets by the discriminative method, as
can be seen in table 4.3.

ResNet - GeM - Pittsburgh ResNet - GeM - MSLS

0.9

0.8

0.7

VGG16 - GeM - MSLS

0.5

0.4

r0.3

0.2

@ =Pitts30k @ = MSLS -@ =St. Lucia

Figure 4.5: Weights given to the techniques when testing the Discriminative method with KNN (n_neighbors = 10000) on St.
Lucia. Each subplot shows the weights given to the corresponding training dataset in that specific feature space. For example,
the top-left subplot shows the weights given to the Pittsburgh training dataset for each of the query descriptors in the feature
space of the ResNet-GeM-Pittsburgh technique. In the end, the weights given in each feature space are averaged to give the
final weights given to the training datasets and their corresponding techniques. Pittsburgh data here is displayed in blue, MSLS
data is displayed in magenta. These show how significantly higher weights are given to the techniques that were trained on
MSLS. Additionally, A slight gradient in these weights can be observed in the feature spaces. Slightly more even weights are
given to these techniques if the query descriptor is relatively far from both training datasets.

Additionally, When testing on the St. Lucia and Eynsham datasets, the KNN with a higher number
of neighbors used and the Neural Net with more layers used show a gradient in weights given in the
feature space, depending on the distance to the training data. The plots of these ensemble-methods
still show higher weights being given to the VPR techniques trained on MSLS, but also show how
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generally slightly more even weights are given to VPR techniques trained on MSLS/Pittsburgh when
the test query descriptor is further away from both the MSLS and Pittsburgh reference set descriptors.
This can be observed in figure 4.5.

Since these two test datasets are more visually similar to MSLS than to Pittsburgh, it is expected
that techniques trained on MSLS are given higher weights than techniques trained on Pittsburgh. The
gradient in these plots shows that this is less the case with descriptors that lie further away from both
training datasets, which can be explained by the fact that this further distance shows that the degree
of domain shift between the query sample and both training datasets is larger for these query samples.
This also means that the probability of these descriptors strongly belonging to either training dataset is
lower, leading to more even weights being given to the techniques trained on both datasets.

Where on the St. Lucia and Eynsham datasets significantly higher performance is achieved by all
techniques trained on MSLS, this is not the case for Tokyo24/7. On this dataset, the results achieved
by VPR techniques trained on MSLS and Pittsburgh are similar to each other (see table 4.5. For
this reason, it is not surprising that the descriptors of this dataset do not clearly lie closer to MSLS or
Pittsburgh descriptors, as can be seen in figure 4.6. This figure also shows that relatively even weights
are given to techniques trained on Pittsburgh and MSLS because the query samples do not have a
significantly higher probability of belonging to either training dataset.

Additionally, it shows that in each feature space, the weights given to the corresponding training
dataset generally are not higher than somewhere between 0.5 and 0.6, while very low values are in
some cases given. This tells us that according to these methods, any test query descriptor of Tokyo24/7
either has a similar degree of domain shift compared to either training reference set, or specifically
has a high degree of domain shift compared to the training reference set that corresponds with the
feature space. In the top-left subplot of figure 4.6 for example, every test query descriptor either has
a similar degree of domain shift compared to Pittsburgh as compared to MSLS, or a higher degree of
domain shift compared to Pittsburgh according to the method. In the feature space of the techniques
trained on MSLS this is the other way around. A possible explanation for this is the fact that the
Tokyo24/7 test query set consists of mostly nighttime images, which both training datasets do not or
barely possess. This means that the Tokyo24/7 test query set indeed has a high degree of domain
shift for both training reference sets. The low weights for a training reference set that corresponds to a
feature space could then be caused by the method being more certain about th high degree of domain
shift for this corresponding training set than for the other training set.
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Figure 4.6: Weights given to the techniques when testing the Discriminative method with KNN (n_neighbors = 10000) on
Tokyo24/7, shown in the feature space of all four VPR techniques. Pittsburgh data is displayed in blue, MSLS data is displayed
in magenta. Unlike with St. Lucia and Eynsham, the test descriptors do not clearly lie closer to one training dataset than the
other. As expected due to the relative location of the test data to the training datasets, no clearly higher weights are given to
techniques trained on either Pittsburgh or MSLS.

In contrast to the other test datasets, VPR techniques trained on Pittsburgh outperform VPR tech-
niques trained on MSLS when testing on the San Francisco dataset, as shown in table 4.5, although
not by large margins. For this reason, one would expect the query descriptors of the San Francisco
dataset to lie closer to the Pittsburgh descriptors than the MSLS descriptors, which should then lead to
higher weights given to the VPR techniques trained on Pittsburgh. This is indeed what the qualitative
results show as can be seen in figure 4.7. Additionally, Just as when testing on Tokyo24/7 we can
see that these methods generally do not give weights of a higher value than around 0.5 in any feature
space to the training dataset that corresponds to that feature space. Where this could be explained by
a shift between day- and nighttime images in the case of Tokyo24/7, but this cannot be done for San
Francisco. A possible cause here could be the high degree of variety in the MSLS dataset, which it
has since it contains data from many different cities compared to the single city the Pittsburgh data was
obtained from. This difference then makes it easier to confidently classify data that is similar to MSLS
as such than to confidently classify data that is more similar to Pittsburgh as indeed being more similar
to Pittsburgh.
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Figure 4.7: Weights given to the techniques when testing the Discriminative method with KNN (n_neighbors = 10000) on San
Francisco, shown in the feature space of all four VPR techniques. In these feature spaces the San Francisco query samples
generally lie closer to the Pittsburgh descriptors than the MSLS descriptors. The techniques trained on Pittsburgh are also
given higher weights.

4.4.3. Qualitative Results of the Generative Ensemble method

In this subsection, we analyze the performance of the generative ensemble method. We first look at
the performance when using the GMM, and then at the performance when using the KDE.

Figure 4.8 shows the weights given to the techniques when testing the generative method with the
GMM (n=3) on St. Lucia. While the weights limit themselves to a small range, it is visible that higher
weights are given to a technique when the query descriptor lies closer to the training data. At the
same time, it is not able to match the discriminative methods in performance. This can be attributed
to two reasons: Firstly, since weights are calculated per individual technique, techniques trained on
MSLS getting a relatively high weight does not guarantee low weights given to the techniques trained
on Pittsburgh. Secondly, judging by the quantitative and these qualitative results, the degree of domain
shift between the St. Lucia test query set and the Pittsburgh training reference set might be larger than
between the St. Lucia test query set and the MSLS training reference set, but the difference is not large
enough for this method to give weights that are much lower to techniques trained on Pittsburgh than to
techniques trained on MSLS.
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Figure 4.8: Weights given to the techniques when testing the GMM (n=3) on St. Lucia, shown in the feature space of all four
VPR techniques. These show slightly higher weights given to the techniques if the query sample lies closer to the training data
in the feature space. Do note the range of the colormap being adjusted in order to make the gradient in weights more visible.

The Generative method with a KDE shows certain issues, resulting in performance that is at maxi-
mum equal to the average voting baseline (see tables 4.5 and 4.6).

The first issue concerns the weights given to the VPR techniques. In the case of the St. Lucia and
Eynsham datasets, for example, one would expect the techniques trained on MSLS to be given a higher
weight than the techniques trained on Pittsburgh. However, this is not what the plots show (see figure
4.9). Instead, the weights given to the techniques are relatively equal, independent of their training
dataset. Because the weights are so similar for all VPR techniques, the KDE method in practice ends
up performing as the average voting baseline. This is also reflected in the quantitative results, where
the KDE achieves the same VPR performance as this baseline (see table 4.5).
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Figure 4.9: Weights given to the techniques when testing the Generative method with KDE (bandwidth=0.5) on St. Lucia.
Pittsburgh data displayed in blue, MSLS data displayed in magenta. Based on the relative location of the train and test set
descriptors, higher weights should be expected for the techniques trained on MSLS. Instead, relatively equal weights are given
to all the techniques.

A possible explanation for the behavior the generative method with the KDE shows when assigning
weights to the techniques is the curse of dimensionality. Existing literature describes that using a KDE
in high dimensional space can lead to problems [58—60]. The probability density function becomes very
even in this high-dimensional space, and the result is that any point in this space will have a likelihood
value that is close to the maximum likelihood value. This leads to high normalized likelihood values for
descriptors in the feature spaces of the VPR techniques, leading to relatively even weights for all of
them.
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Figure 4.10: Weights given to the techniques when testing the Generative method with KDE (bandwidth=0.01) on St. Lucia.
Pittsburgh data displayed in blue, MSLS data displayed in magenta. These plots show that when using a low bandwidth value,
the likelihood values that should be normalized take on values far higher than 1 in some cases.

The second issue with the KDE concerns the normalization of the likelihood. As shown in figure
4.10, when the KDE is used with a small value for its bandwidth parameter, the normalized likelihoods
sometimes exceed the value of 1. It turns out that in this situation the small bandwidth results in a PDF
that varies a lot in value across the feature space and has steep slopes. As a result, it can happen
that the likelihood value of the mean descriptor of the training data is not actually a good estimation
of the highest value the PDF can take. This then results in a normalized likelihood that is not properly
normalized.

This is not an issue when using the GMM, since it is a model that only contains a limited amount of
Gaussian distributions (a maximum of three in our experiments). That means the resulting PDF only
contains a few peaks and relatively gradual slopes.

To summarize, the most important findings of this qualitative analysis are as follows:

+ If a VPR technique trained on either Pittsburgh or MSLS performs better on a test dataset than
a VPR technique trained on the other training dataset, the descriptors of the training dataset that
lead to better VPR performance generally lie closer to the test descriptors, which is in line with
the analysis of the previous section.

+ In the same scenario, the weights given by the discriminative methods tend to follow expectations.
Higher weights are given to the techniques trained on the training dataset that is more similar and
has a lower degree of domain shift to the test dataset. This behavior is shown most strongly when
testing on datasets that are more similar to MSLS than to Pittsburgh. This behavior explains how
these methods are able to outperform the baselines as shown in the previous section.
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+ The GMM generative method also shows expected behavior, with higher weights given to tech-
niques if the test query descriptor is closer to the training reference set. However, the difference
in weights between techniques trained on Pittsburgh and MSLS is much smaller than with the
Discriminative methods. This could be the result of the weights given to the techniques being
independent of one another and the difference in the degree of domain shift between the training
datasets and the test data not being large enough to cause a significant difference in weights
between the techniques.

Finally, the generative method with the KDE is only able to perform to the level of the average
voting baseline at a maximum, which is caused by two separate issues. Firstly, the relatively high
dimensionality of the descriptors combined with most bandwidth values leads to even values for all
weights, caused by the PDF as described by the KDE becoming relatively flat across the feature
space. Secondly, with low bandwidth values, the likelihood normalization method we employed is
not able to accurately estimate the maximum value the PDF can take, leading to badly normalized
likelihood values.

4.5. Hyper-parameter tuning

In order to properly compare our methods with the baselines, a hyper-parameter was chosen for each
method and tweaked in order to achieve the best possible performance. In this section, we show the
effects of tuning these hyperparameters on the VPR performance of the ensemble-methods proposed
in this work.

We start by evaluating the Generative approach using the KDE and tweaking the bandwidth. The
results of this hyperparameter tuning can be seen in table 4.6. Noticeable is that increasing the band-
width leads to slightly higher performance. The qualitative analysis of the previous section tells us that
this slightly higher performance is caused by the method more closely resembling the average voting
baseline.

Table 4.6: Recall@1 using KDE on the test datasets, while tweaking the bandwidth hyper-parameter

Bandwidth | St Lucia | Eynsham | Tokyo24/7 | San Francisco | Average
0.01 73.7 86.1 41.3 43.5 61.2
0.05 79.8 88.4 48.6 54.5 67.8
0.1 79.8 88.4 49.5 54.5 68.1
0.3 80.0 88.4 49.5 54.5 68.1
0.5 80.0 88.4 49.5 54.5 68.1
1.0 80.0 88.4 49.5 54.5 68.1

Next, the GMM was tested for the generative approach, and the amount of Gaussians used was
tweaked. The results can be seen in table 4.7. It shows that tweaking this hyper-parameter only has a
slight impact on performance.

Table 4.7: Recall@1 using GMM on the test datasets, while tweaking the hyperparameter n

n | StLucia | Eynsham | Tokyo24/7 | San Francisco | Average
11798 88.5 48.6 52.8 67.4
2| 81.1 88.9 49.2 52.3 67.9
31|812 88.8 49.2 52.7 68.0

For the Discriminative approach, we first tested using the K-Nearest neighbor method. Tweaking its
hyperparameter leads to the results shown in table 4.8. While the changes in recall score for different
hyper-parameter values are not that large, differences can be found nonetheless. Interestingly testing
on Tokyo24/7 or San Francisco shows an opposite trend compared to the first two test datasets. In the
cases of St Lucia and Eynsham, the system delivers slightly higher performance with a lower value for
n_neighbors, while a higher value leads to better performance on the other two test datasets.
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Table 4.8: Recall@1 using KNN on the test datasets, while tweaking the n_neighbors hyperparameter

n_neighbors | St Lucia | Eynsham | Tokyo24/7 | San Francisco | Average
1 86.5 88.6 45.1 51.0 67.8

10 86.7 88.8 44 4 52.2 68.0
100 86.7 88.8 44.8 52.2 68.1
1000 86.1 88.6 454 53.0 68.3
5000 85.9 88.6 47.0 54.5 69
10000 85.7 88.5 47.6 55.0 69.2

Finally, we test the Discriminative approach using the Neural Network. Here we tweaked the number
of layers in the network. The resulting average recall@1 scores can be found in table 4.9. It shows
that the number of layers only has a small impact on performance levels, although a higher amount of
layers does lead to a slight increase.

Table 4.9: Recall@1 using NN classifier on the test datasets, while tweaking the number of layers

layers | StLucia | Eynsham | Tokyo24/7 | San Francisco | Average
1 82.4 88.8 47.9 54.7 68.45
2 82.3 89.0 53.0 53.2 69.4
3 76.7 88.6 49.8 54.0 67.3




Conclusion and Discussion

In this Chapter, we conclude and discuss the results of our research. In section 5.1 we go over our
findings and conclude by giving our answers to the posed research sub-questions. In section 5.2 we
discuss the limitations and challenges faced in our work, and propose some possibilities for future work.

5.1. Conclusion

In this work, we set out to answer the main research question by finding answers to sub-questions.
The answer to sub-question 1 was found by showing in our literature review that existing work has
identified the potential for ensemble-based VPR, and some ensemble methods have already been
proposed. These existing methods have an important aspectin common: with all of them, their criterion
is obtained from the similarity vectors that result from the test query and reference sets. This means
any domain shift between training and test data is not taken into account.

This becomes an important point when answering sub-question 2. By examining existing literature
we conclude that a trend can be identified where more research is being done on data-driven VPR
techniques. These data-driven techniques are usually trained on one dataset and tested on another.
This results in situations where a certain degree of domain shift between the training and test data is
present. In the first experiment we perform, we show that this degree of domain shift is an indicator of
downstream VPR performance. l.e. if there is a higher degree of domain shift between the data used
to train a VPR technique and the test data, one can expect the VPR performance to be worse. For
this reason, utilizing this degree of domain shift as the criterion of an ensemble-based method could
potentially lead to better performance compared to the existing methods.

We proposed two ensemble methods that do just that, to give an answer to sub-question 3. The
first method we propose is a generative method, where the underlying distribution of the training data
is estimated, and the likelihood of observing the query sample given the estimated distribution of the
training data is used as the weight given to a technique. The second method we propose is a discrim-
inative one, where the weight given to a technique is equal to the estimated probability of the query
sample originating from the same underlying distribution as the training data of the technique.

We also performed both quantitative and qualitative experiments to assess the performance of our
methods (to answer sub-question 4). We compared two separate instances of each method to some
baselines on four different datasets. Some of the key takeaways from these results and our analysis
are as follows:

* Our best-performing method instance, the discriminative ensemble method with the Neural Net,
was able to achieve an average recall@1 score of 69.4 across the test datasets, compared to
68.2 for the best-performing baseline method.

* When looking at the results on any of the test datasets, an instance of our discriminative ensemble
method always achieves the best performance, better than any of the baselines.

32
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+ In general, the discriminative ensemble method gave higher weights to techniques trained on the
training dataset that had a lower degree of domain shift to the query test set, as expected.

» The generative ensemble method with the GMM estimator generally gives higher weights to tech-
niques if the query descriptor lies closer to the training reference set of the technique according to
our qualitative analysis, which follows expectations. However, this effect is not strong enough to
match the performance increase shown by the discriminative ensemble methods when compared
to the baselines.

Finally, the generative ensemble method with the KDE ends up functioning very similarly to the
average voting baseline as shown by the quantitative and qualitative results. This could be caused
by the curse of dimensionality, making it so that any point in the feature space has a likelihood
value close to the estimated maximum possible likelihood value, resulting in almost the same
weight given to all techniques.

To conclude, our research shows that there is indeed a benefit to utilizing the degree of train-test
domain shift as a criterion for ensemble-based VPR with data-driven techniques. Still, not all method in-
stances were able to outperform the baselines. The next subsection will go over some of the limitations
of this work and provide some possible avenues for future research.

5.2. Limitations and Future Work

In this subsection, we will go over some of the challenges and limitations faced in this research and put
forward how these create possibilities for future work.

Firstly, a tough challenge faced in this research was finding the correct and enough datasets for both
training and testing. We settled on testing VPR techniques trained on either the Pittsburgh or MSLS
dataset. We divided these two training datasets and the test datasets into two groups, representing
images from city centers and suburbs respectively. Where we drew a clear border between these
two groups, this distinction is more nuanced in reality. Apart from the difference between city center
and suburban data, MSLS is also simply a much larger dataset containing images from a multitude of
different cities around the world, whereas Pittsburgh is a much smaller dataset with images exclusively
from one city. As a result of this, VPR techniques trained on MSLS generalize a lot better than when
trained on Pittsburgh, which becomes clear when looking at the performance levels of the individual
techniques (table 4.3). This had an effect on the results of our working methods, where the difference
in weights between techniques was significantly larger if the test dataset was more similar to MSLS
than if the test dataset was more similar to Pittsburgh. This also meant that the behavior we desired to
see (with higher weights being given to techniques trained on data that had a lower degree of domain
shift to the test data) was most clear when testing on St. Lucia and Eynsham, where techniques trained
on MSLS clearly outperform the techniques trained on Pittsburgh.

Ideally, the datasets used to train the VPR techniques in the ensemble should be of similar size
and have a single distinguishable difference between them (e.g. city center/suburban, night/day). That
way, the differences in the degree of domain shift between the training and test data would be more
defined, and one would expect the behaviors we observed to be even more clearly visible. While we
were unable to gather such a specific set of datasets, it would be interesting to see if it could be done
in the future, so the claims made here can be further verified and strengthened. This could potentially
be done by creating and using synthetic datasets, where the user has more control over the different
aspects that form any dataset.

Another challenge posed itself with the qualitative analysis of the acquired results. In order to visu-
ally assess behaviors we transformed the high-dimensional descriptors into a two-dimensional space
using a TSNE algorithm. When applying dimensionality reduction, some information always gets lost.
Especially because TSNE is a non-linear algorithm, the relative distances the transformed descriptors
showed in the two-dimensional space are not guaranteed to be the same as they are in their original
high-dimensional form. This makes it more difficult to draw conclusions on which sets of data are really
closer or farther apart in the high-dimensional feature space. In section 4.2 for example, the quantita-
tive results strongly support the hypothesis posed in that section, and while figure 4.3 also supports
it, the relationship is not shown as strongly. Further analysis of these distances in other ways could
make behaviors or results clearer in situations where the TSNE visuals only faintly show the expected
behavior or result.
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Finally, itis important to note a fundamental limit to the methods proposed in this work. As discussed,
there are four separate sets of data present in data-driven VPR: the training reference set, training query
set, test reference set, and test query set. The methods proposed in this work focus on the domain
shift between the test query set and the training reference set. Domain shifts between other pairs of
sets are not directly taken into account. The existing ensemble-methods base their weight calculation
on the test query and test reference set, and with that implicitly take into account any domain shift
between these two sets. Future research could find a way to combine these existing methods with the
ones proposed here, to test if doing so could lead to even better VPR performance.
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