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ABSTRACT

Holistic Image Descriptors (HIDs) are compact representations of
a whole image that, being suitable for Place Recognition, are not
appropriate for accurate Visual Localization. The most successful
HIDs are those extracted from Convolutional Neural Networks
(CNNs) like VGG, ResNet, InceptionV4 or NetVLAD. Very recently,
the equivariance property has been proposed to reflect how image
2D transformations (e.g. rotation, flip, scale changes) influence the
descriptor [17]. Our work experimentally analyzes whether such
property can be a good indicator of the suitability of the existing
CNN-based HID for estimating changes in the camera pose, which
produces more complex transformations of the image than the pure
transformations analyzed in [17]. The results we report here are
a preliminary work in the context of an ongoing project towards
appearance-based localization of autonomous mobile robots.

CCS CONCEPTS

+ Computing methodologies — Computer vision; Vision for
robotics; Image representations;

KEYWORDS

Deep Learning, Convolutional Neural Networks, Holistic Descrip-
tors, Equivariance, Visual Localization, Gaussian Process Particle
Filters

ACM Reference format:

Alberto Jaenal, Francisco-Angel Moreno and Javier Gonzalez-Jimenez. 2019.
Experimental Study of the Suitability of CNN-based Holistic Descriptors for
Accurate Visual Localization. In Proceedings of 2nd International Conference
on Applications of Intelligent Systems, Las Palmas de Gran Canaria, Spain,
January 7-9, 2019 (APPIS 2019), 6 pages.
https://doi.org/10.1145/3309772.3309800

This work has been funded by the Government of Spain under project FPU17/04512 and
partially funded by the European Union under H2020-ICT projectMoveCare (732158)
and by the Science and Innovation Ministry of Spain under projectWISER (DPI2017-
84827-R). We gratefully acknowledge the NVIDIA GPU Grant Program for the donation
of the Titan X Pascal GPU used for this research.

Permission to make digital or hard copies of all or part of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full citation
on the first page. Copyrights for components of this work owned by others than ACM
must be honored. Abstracting with credit is permitted. To copy otherwise, or republish,
to post on servers or to redistribute to lists, requires prior specific permission and/or a
fee. Request permissions from permissions@acm.org.

APPIS 2019, January 7-9, 2019, Las Palmas de Gran Canaria, Spain

© 2019 Association for Computing Machinery.

ACM ISBN 978-1-4503-6085-2/19/01...$15.00
https://doi.org/10.1145/3309772.3309800

P2 poses

Figure 1: Representation of the function that models the re-
lationship between poses and image descriptors. By apply-
ing regression to the visual map D = ((y1,p1), (y2,p2)), we
could estimate the pose of a query image descriptor p, =

fﬁl(yx)-

1 INTRODUCTION

Visual Localization (VL) is a challenging task in areas as computer
vision and mobile robot navigation. It deals with the estimation of
the pose (i.e. position and orientation) of a camera from the images
that it captures and a previously built map. Depending on the visual
features extracted from the images we distinguish between two
different approaches: those based on local descriptors [4, 9, 21, 26],
which represent geometric image features as corners, segments or
blobs, and holistic descriptors [6, 14], which encode the appearance
of the whole image in a compact vector.

Although local descriptors have been widely used for VL with
good results in terms of accuracy, they are heavily sensitive to
incorrect matches between features in the images and the map, often
hindering, for example, the key process of Loop Closure in SLAM
(Simultaneous Localization And Mapping). Current Holistic Image
Descriptors (HIDs), on the other hand, have proven to be specially
suitable for Place Recognition (a similar problem to Loop Closure)
since they can be endowed with strong invariance properties to
both view-point and lighting conditions. So far, however, the use of
HID for VL is practically nonexistent because of the poor accuracy
(being mostly limited to Place Recognition tasks), and completely
unexplored for SLAM.

We are interested in researching what are the limitations and
hurdles for that, and, eventually, in proposing algorithms for such
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modality of localization, which we call continuous appearance-based
VL. In this problem, we are given a map of the environment in the
form of georeferenced image descriptors and we want to estimate
the camera pose for a particular image by performing regression
from the closest descriptors in the map (see Figure 1).

Concretely, in this paper we first aim at stating the particular
characteristics that a descriptor should fulfil in order to achieve
accurate continuous appearance-based VL, being one of them its
dependency with the camera pose. This characteristic, which is
contrary to typical descriptor attributes, has not been thoroughly
explored in the literature but states itself as necessary for accurate
appearance-based VL. Following this approach, we focus on the
so-called equivariance property, recently proposed in [17] as an in-
dicator of the influence of image transformations in the descriptor,
and perform a comparative study of such property for a set of image
descriptors generated by state-of-the-art Convolutional Neural Net-
works (CNNs). As the equivariance original domain of application
in [17] was limited to only pure 2D transformations in the image
(e.g. rotation, flip, scale change), in this paper we also contribute
with the generalization of its application to arbitrary changes in the
camera pose, hence enriching the study of its capacity of being used
as a valid indicator for continuous appearance-based VL. Finally,
those descriptors that scored best in the equivariance study were
further evaluated in a localization experiment within a Gaussian
Process Particle Filter (GPPF) framework, as the one presented in
[19].

The preliminary results of this comparative study will be taken as
a starting point for the future creation of new descriptors especially
designed to encode this capability in the context of an ongoing
project towards appearance-based localization of autonomous mo-
bile robots.

2 RELATED WORKS

The most common approaches in VL work with local descriptors,
since they explicitly encode the geometry of the environment, hence
leading to a straightforward estimation of the camera pose through
typical computer vision techniques like reprojection error minimiza-
tion between the observations and the map [23, 24]. Approaches
as [27, 28] exploit these features to relocalize a camera within 3d
scene models, relying in 2d-to-3d feature matching for a 6 DoF
accurate estimation. The main drawbacks of these methods are
twofold: (i) the descriptors need to be robust and invariant to both
changes in the images and in the camera Point of View (PoV), (ii) the
camera pose estimation is highly dependent on the correct match-
ing of all the features. The latter implies implementing a set of
filters to avoid the presence of outliers, being specially challenging
those environments with repetitive structures. Despite these, local
descriptor-based systems typically achieve good results in terms of
accuracy.

Alternatively, HIDs have been typically employed in classifica-
tion problems such as Scene Classification [33, 34], Content-Based
Image Retrieval (CBIR) [2, 14], or Place Recognition [8, 18], since
they can encode the whole image with a compact, distinctive vec-
tor. This fact makes them particularly suited for Bag of Words
(BoW) dictionaries [6] or classification-related techniques as Near-
est Neighbours models [3] in tasks as pose retrieval.
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Figure 2: An equivariant descriptor y; must satisfy that for
fixed camera pose transformations T, its value must be trans-
formed by the same map Mr.

The works in [19, 20, 22] approach appearance-based VL as a
continuous problem. In [22] the pose of an image is interpolated
between the nodes of a sequence graph, although such pose can
only be estimated within the same sequence of images. Furthermore,
the works in [19, 20] go further into this approach and model the
descriptor as a continuous and interpolable function of the camera
pose over all the space. This allows to perform regression and infer
the current camera pose from the closest HIDs in the map, achieving
more accurate results than typical Place Recognition systems.

Recently, the emergence of Deep Learning (DL) in computer vi-
sion [16] has been gradually introducing new techniques into the
feature extraction field, positioning themselves as promising ap-
proaches for generating highly robust HIDs from CNNs. Although
the performance of these descriptors heavily depends on a train-
ing process and the richness of the available data, they present an
enormous potential in terms of environment generalization. This
leads to an outstanding robustness against strong changes in the
conditions in which the images were taken, including radiometric
changes, dynamic objects, occlusions or even weather conditions
[8], making them perfect candidates to plausibly fulfil most of the
descriptor requirements for continuous VL that will be described
in the section 3.

Previous works as [1, 13] linked a CNN to the camera move-
ment, by a concept called ego-motion, which associates the pose
variation to the specific image changes that they cause. Posenet, the
approach presented in [15], regresses the camera pose by learning
a whole environment through a CNN, subsequently relocalizing
the camera with robustness to changes in appearance. In [3] the
authors present RelocNet, a CNN whose descriptor is based on a
continuous metric, using information from overlaps of the camera
field-of-view. The descriptors of these CNNs, seem promising can-
didates for our equivariance study, but, unfortunately, they are not
publicly available and, therefore, we could not include them.

3 DESCRIPTOR CHARACTERISTICS

In a nutshell, a holistic descriptor is a function that maps an image to
a compact vector, but, apart from that, our approach also considers
the holistic descriptor as a continuous and interpolable function of
the camera pose. Thus, for a holistic descriptor to be suitable for VL,
it must fulfil some essential requirements from both perspectives.

If we think about the descriptor as a function of the image, the
descriptor must comply the following characteristics:
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¢ Invariance to radiometric changes. A proper descriptor
for VL should be robust against different illumination condi-
tions, which are expected to change in situations in where
the map is created using a particular camera (under certain
illumination conditions) and later employed for localization
with images taken at different times and/or by different cam-
eras (e.g. multi-robot systems).

¢ Robust response to moving objects and occlusions. Typ-
ical localization applications will be carried out in dynamic
environments in where part of the scene will remain static
but the appearance of moving objects and occlusions will be
frequent. Thus, the holistic descriptor must robustly gener-
alize the localization environment and present robustness
against such situations.

e Dependence to the Point of View. Finally, in contrast to
the classification-based approaches (and also unlike local
descriptors), a PoV-invariant representation would be un-
suitable for continuous appearance-based VL, as they would
maintain a similar value for smooth displacements, hence
hindering the camera pose estimation from the descriptors
stored in the map.

Although the first two characteristics are commonly desirable
for HIDs (and also for local image feature descriptors), the last one
opposes the tendency of what a descriptor should satisfy. Being
variable as the PoV changes (or, equivalently, the camera pose) is
something generally tried to be avoided in problems as Place Recog-
nition, but desirable in continuous appearance-based VL. However,
this approach has not been thoroughly explored in the literature.

On the other hand, when modelled in terms of the pose, a suitable
descriptor function for continuous appearance-based VL should
satisfy some attributes such as smoothness and monotony, which
enhance the performance of pose regression. The formal study of
the descriptor function from this perspective, though, goes beyond
the scope of this paper and will be addressed in future works.

In short, we can state that, assuming that a change in pose en-
tails a change in the image, we want the descriptor to capture such
change in a proportional way but, at the same time, be invariant to
changes in radiometric properties. Furthermore, the image varia-
tions caused by typical pose changes (e.g. forward movements and
rotations) are usually specific and repetitive, so we state that in
these cases the descriptor should vary accordingly, hence evidenc-
ing the dependence of the descriptor to the image.

In this sense, and following the studies in [17] about different
mathematical properties of image representations, we focus on the
equivariance, as it is reported to encode the relationship between im-
age and descriptor changes under certain image transformations. In
this paper, we research if such property can be employed to evaluate
if a certain HID fulfils the last desirable characteristic and, therefore,
it is potentially suitable to perform continuous appearance-based
VL.

Thus, adopting the notation in [17], let ¢ be a function that
maps an image x € X to a descriptor ¢(x) € R9 (with d being
the descriptor length). Then, we define ¢ to be equivariant with
an image transformation g if the transformation can be conveyed
to ¢. Analytically, equivariance with g is computed with the map
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Figure 3: When navigating through corridor, the appearance
of the images captured forwards is significantly more simi-
lar than the image appearance of the sides.

Mg : R4 — R9 such that:

VxeX: ¢(gx) = Mggp(x) (1)

It is important to note, though, that the authors of [17] limited g
to be pure image transformation (e.g.: flips, rotations or affine trans-
formations). In this work, under the assumption of pose-dependent
descriptors, we generalize image transformations g to also include
camera pose transformations, which cause specific changes in the
image, as depicted in Figure 2.

For that, we study whether a descriptor y, = ¢(x;) captured at
camera pose p is equivariant to a certain transformation T : R® —
R3. Note that, in this work, we only consider planar camera pose
transformations (changes in x, y and yaw angle). Then, for any
two poses as pi1, pr2 € R3 and a fixed transformation Ti1, 12 that
relates both poses pra = Ty, 12 pr1, we state that the descriptor y,,
is equivariant to this transformation if there exists a map Mr;, , :

R? — RY that meets:

Ype ¥ MTu,tz Ypu (2

However, generalizing the equivariance in this manner has a
main drawback. A certain map Mt might vary for the same dis-
placement since the appearance variation is deeply tied with the
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camera orientation with respect to the scene. For example, imag-
ine a corridor as the one shown in Figure 3. The changes in the
image appearance with the movement of the camera are different
when the camera aims to the end of the corridor than when the
camera points to the corridor sides. The impact of this appearance
changes on the descriptor must be taken into account in a proper
equivariance study. Thus, our work considers translations with
different camera orientations and also evaluates how the descriptor
varies with camera rotations, so that we can assess the descriptor
behaviour for changes in every degree of freedom of the camera
movement.

4 GAUSSIAN PROCCESS PARTICLE FILTERS

In order to make this work more self-contained, in this section we
briefly describe Gaussian Processes (GPs), which stands in the core
of the particle filter approach employed to evaluate the performance
of the chosen descriptors for continuous appearance-based VL in
terms of localization accuracy.

GPs are non-parametric learning methods designed to solve
probabilistic regression and classification problems. They can con-
sistently infer the relationship between the observations (p;, y;)
and the predictions (pj, y}f) by modelling a distribution over the de-
scriptor function. In this way, GPs can interpolate new predictions
without any previous knowledge of the underlying function, using
only the observations.

GPs associate the information contained in each sample by a
similarity function called kernel k(p, p”) where, in our work, p and
p’ represent the poses of two HIDs. Typical approaches use kernels
defined in terms of distance as the Radial Basis Function (RBF)
kernel:

k(p.p') = Brexp(=allp = p'II7). 3)
where « and f are optimizable parameters.

This expression models the behaviour of the descriptor depend-
ing on the closeness of the samples and, therefore, GPs can be
employed for modelling the descriptors in a continuous fashion
over poses, as proposed in [19]. Based on this, they employed a GP
as the observation model in a GPPF, where the GP predictions were
used as the likelihood for weighting each particle.

We assume that the performance of the GP-based descriptor
regression improves when working over equivariant descriptors,
as they are more predictable for similar pose transformations. Con-
sequently, we will perform GPPF localization experiments with
the descriptors with the best equivariant behaviour in order to
experimentally validate the equivariance study.

5 EXPERIMENTAL VALIDATION

In this section we show the evaluation of the equivariance for
some CNN-based descriptors in different datasets, from which we
obtained a set of images with fixed 2D movements of the camera. An
example of the extracted data is shown in Figure 2, where images
were taken with fixed rotations around the vertical axis (i.e. with
different yaw angle values).

Subsequently, we have validated the results of the equivariance
study by comparing the performance of different descriptors in
a GPPF-based localization experiment in where a GP performs a
regression over the descriptor assuming a dependence on the pose.

5.1 Study of the Descriptors Equivariance

This section focuses on the study of which CNN-based descrip-
tors can be best modelled by the equivariance (eq. 2) for certain
pose transformations. For that, since we assume the continuity
of the descriptor over the pose (and the image appearance), the
transformations must be constrained to ensure some image overlap.

Given that we restricted the study to 2D VL, we have evaluated
the equivariance of the descriptors for fixed planar transformations.
We have extracted the descriptors from several groups of images
in certain poses, maintaining fixed transformations in all the three
degrees of freedom.

As far as we know, there are no public approaches that specif-
ically train descriptors to be equivariant. Consequently, we have
performed the evaluation with descriptors generated by widely
employed state-of-the-art CNN methods. As a metric to quantify
the equivariance property, we have defined the Normalized Accu-
mulated Residual Score St for a certain transformation T as:

N N
St =) 1= Wpy = Mryp,) (Up, — Mryp,) (@)
i i

with N being the number of descriptor pairs and rl.2 as the squared
distance between the observed descriptor and the transformed one
for each pair of poses {pi1,piz2}, given that piy = Tpj;.

We first minimized St through a least squares method in order
to find the best M for each single evaluated descriptor. Then, we
compared the resulting minimized score of all the descriptors in
Figure 4 to find the most equivariant one.

For the evaluation, we have employed images extracted from
the KITTI [7] (urban, realistic outdoor scenes), TUMIndoor [12]
(realistic, indoor scenes) and SUNCG [30] (virtual, indoor scenes)
datasets, since they represent a wide variety of environments, hence
granting our equivariance study with a high generalization level.

Regarding the evaluated methods, the following recent CNNs
have been selected:

o Image Classification CNNs: AlexNet [16], VGGNet [29], ResNet
[10], Inception-v4 [31] and NasNet [35]. The feature maps
of these CNN are commonly used in Transfer Learning [11]
for different purposes, due to their generalization capacity.

o Scene Classification CNNs: presented in [33], trained from
Transfer Learning, their feature maps can generalize better
for scenes.

e Image Retrieval CNNs: CNNs from [25] and NetVLAD [2]
(whose implementation in TensorFlow is given by [5]). These
CNNs are purposely trained for the classification-based ap-
proach of VL.

It is important to note that the descriptors were extracted from
either the latest and some intermediate layers of each CNN, per-
forming Principal Component Analysis reduction to make them
comparable.

The results of the equivariance study are shown in Figure 4,
where we only depict the results of CNNs that achieved the best
performance (i.e. lowest St). Surprisingly, Image Retrieval CNNs
outperform the rest of CNNs, yielding lower residuals, even though
they are supposedly PoV-invariant descriptors aimed to recognise
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1 2 3 4 5 6 7 8 9 10 11

CNN Type
mmm Image Classification
Image Retrieval
mmm Scene Classification

1 VGG-16 Relud

2 AlexNet (Places365) FC7

3 VGG-16 (Places365) FC7

4 AlexNet (Places365)FC8

5 VGG-16Relul

6 GoogleNet (Places365)
Pool5

7 VGG-16 (with BN)Relu0

8 ResNet-152 Layer 4

9 ResNet-152 AVG Pool

10 ResNet-50 AVG Pool

11 NASNet AVG Pool

12 ResNet-50 Layer 4

13 InceptionV4 AVG Pool

14 NetVLAD NetVLAD Layer

15 VGG-16 (Retrieval)
Norm Layer

16 ResNet-101 (Retrieval)
Norm Layer

12 13 14 15 16

Figure 4: A comparison of the Normalized Accumulated Residual Score of different descriptors (tagged as the CNN and the
layer they were extracted from) for fixed variations in the indicated degrees of freedom.

places and objects from different views. The group of Image Classi-
fication CNNs follows them in terms of accuracy, hence exhibiting
their capability to generalize.

5.2 GPPF-based Localization

Finally, in order to check if the results of the equivariance study are
sufficiently relevant for VL, we have compared the performance of
some of the best descriptors in a GPPF-based localization experi-
ment.

The experiments are based on the simulations presented in [19]
in where a large sequence of poses and descriptors of the environ-
ment is employed as a visual map Dirain = ((Pi, Yi), i = 1...Nirain)>
and a shorter sequence of descriptors Q = {(y;),j = 1...Ngest) is
used as queries to localize the camera. The camera poses corre-
sponding to such descriptors are used as Ground Truth (GT). All
these images were extracted from the SUNCG Dataset [30] with
the House 3D environment [32].

The descriptor performance has been evaluated by measuring
the mean error of the final position achieved by the GPPF in the
described sequence in a set of 50 repetitions for each descriptor. In
addition, we have repeated the localization experiment for different
numbers of particles of the GPPF, in order to find a tendency on
the behaviour of the descriptors in relation to such parameter.

For this evaluation, we have selected the three descriptors that
best performed in the equivariance study (i.e. the nets specifically
trained for Image Retrieval, NetVLAD, VGG and ResNet-101) and
two descriptors from other CNNs with lower performance (VGG
with Batch Normalization (BN) and NASNet), in order to confirm
that less equivariant descriptors should yield worse results.

The preliminary results indicated in Figure 5 show that the equiv-
ariance is a potential indicator of the capabilities of a HID to be
employed in continuous appearance-based VL within a GP-based
regression approach, as those descriptors exhibiting lower St in
equation 4 (i.e. higher equivariance) incur in lower errors in VL.
The results also show that the number of particles does not reduce
the error while inherently incurring in a larger computational cost,
rendering increasing the number of particles worthless.

Final position error (m)
woe U oo

CNN
ResNet-101 (Retrieval)
VGG-16 (Retrieval)
7 == NetVLAD
III : I 1 IxI = NASNet
N VGG-16 (with BN)
100 250 500 1000

Number of particles

Figure 5: Mean of the final position error of the GPPF experi-
ment with the five of the best descriptors of the equivariance
study for a different number of particles.

6 CONCLUSIONS AND FUTURE WORK

In this work, we have first described the characteristics that HIDs
should satisfy in order to be useful to perform continuous appearance-
based VL, stating that they must be invariant to both radiometric
changes and dynamic objects in the scene but also exhibit depen-
dence to the PoV (unlike traditional, local features-based systems).
Then, we have proposed the equivariance of the image as a poten-
tial indicator of the descriptor suitability for this aim, and have
generalized its application to not only pure image transformation
but also to changes in the camera pose.

In order to assess this, we have performed the first compara-
tive study of HIDs generated from state-of-the-art CNN methods in
terms of their equivariance. For that, we have measured the Normal-
ized Accumulated Residual Score that appears when transforming
the descriptors according to certain fixed camera 2D motions. The
results indicate that descriptors created from standard Image Re-
trieval CNNs yield lower score (i.e. they are more equivariant) than
other CNNs more related to Image or Scene Classification. Not only
that, such descriptors obtain more accurate results when employed
in a localization experiment with a GPPFs, hence demonstrating the
equivariance potential as a measure of the descriptor VL suitability.

However, these preliminary results should be considered in the
context of an ongoing project towards appearance-based VL of
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autonomous mobile robots. Thus, as future works, we envisage to
address the following:

o Further research about the properties and limitations of the
equivariance parameter for VL.

o The creation of CNN-based descriptors especially trained to
be equivariant, in order to achieve better results in regres-
sion.

o The development of techniques to create an optimal visual
map with an equivariant descriptor, achieving good perfor-
mance with the minimum number of samples.

o The design of specific kernel functions for an optimum GP-
based regression of equivariant descriptors.
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