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Abstract— The task of cross-view image geo-localization aims
to determine the geo-location (Global Positioning System (GPS)
coordinates) of a query ground-view image by matching the
image with GPS-tagged aerial (or satellite) images in the reference dataset. Due to the dramatic domain gap between the ground
and aerial images, the problem is challenging. The existing
approaches mainly adopt convolutional neural networks (CNNs)
to learn discriminative features. However, these CNN-based methods mainly leverage appearance and semantic information but fail
to jointly model the appearance, positional, and orientation properties of scene objects, which belong to the spatial hierarchy. Since
spatial hierarchy information is crucial for cross-view feature
correspondence, in this article, we propose an end-to-end network
architecture, dubbed GeoNet. GeoNet consists of a ResNetX
module and a GeoCaps module. On the one hand, the ResNetX
module is developed to learn powerful intermediate feature maps
and allows the stable propagation of gradients in deep CNNs.
On the other hand, the GeoCaps module utilizes the capsule
network to encapsulate the intermediate feature maps into several
capsules, whose length and orientation represent the existence
probability and spatial hierarchy information of scene objects,
respectively. Moreover, by using a dynamic routing-by-agreement
mechanism, the GeoCaps module is capable of modeling partsto-whole relationships between scene objects, which is viewpoint
invariant and capable of bridging the cross-view domain gap.
In addition to GeoNet, we introduce a simple yet effective metric
learning method, based on which two weighted soft margin loss
functions with online batch hard sample mining are devised.
These functions not only speed up convergence but also improve
the generalization ability of the network. Extensive experiments
on three well-known datasets demonstrate that our GeoNet not
only achieves state-of-the-art results for the ground-to-aerial
and aerial-to-ground geo-localization tasks but also outperforms
competing approaches for the few-shot geo-localization task.
Index Terms— Batch hard-mining, capsule network, cross-view
image matching, image geo-localization.
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I. I NTRODUCTION
OCALIZATION plays an integral role in robot navigation. Traditional geo-localization approaches require prior
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knowledge from Global Positioning System (GPS) that relies
on external satellites to provide real-time position information.
However, such a typical practice is not stable enough in
practice as GPS signals may be jammed, blocked, or inaccurate, which hinders these approaches’ performances. As a
supplement or alternative to GPS-based approaches, image
geo-localization, also termed vision-based localization, refers
to the problem of determining where (i.e., GPS coordinates)
an image was taken from based on visual knowledge only.
This research has attracted growing interest in robot navigation
since it prevents positioning systems from relying heavily on
GPS and enables reliable localization.
A typical solution to image geo-localization infers the
location using visual similarity between a ground query
image and the reference dataset of geo-tagged ground images
[1]–[5]. However, the database images usually do not evenly
and comprehensively cover a wide area. Hence, the ground-toground paradigm fails in regions where the reference ground
images are not available in the database. Instead, the abundance of aerial images taken from devices with bird’s eye
view, e.g., satellites and drones, densely covers the entire
planet. As a result, matching the ground-level images to
the aerial images, aka cross-view image geo-localization, has
become an attractive alternative to the image geo-localization
problem [6]–[16]. In Fig. 1(a) and (b), two kinds of cross-view
image geo-localization tasks are shown.
The key to cross-view geo-localization is learning discriminative representations, which is challenging due to drastic
changes in the viewpoint. First, the cross-view matching task
encounters both intraclass discrepancy and interclass ambiguity. Specifically, imagery taken from different viewpoints
varies significantly in appearance and coverage, which results
in intraclass discrepancies. Moreover, more details about
objects, such as roads, trees, and cars, appear in ground-view
images than in aerial images. The objects that are easy to
distinguish in the ground view look similar to each other in
the aerial view, leading to the interclass ambiguity. Second,
cars and pedestrians that are transient and do not usually
appear at the corresponding locations in image pairs introduce cross-view matching interference. Consequently, mapping from one viewpoint to the other may be highly nonlinear
and complex, which causes traditional cross-view matching
approaches with hand-crafted features such as speeded up
robust features (SURF) [17] to fail.
To alleviate the problems mentioned above, convolutional
neural network (CNN) [18]–[20] techniques have presented
a cue. Various existing works on cross-view geo-localization

1558-0644 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: SHENZHEN UNIVERSITY. Downloaded on April 11,2022 at 07:15:24 UTC from IEEE Xplore. Restrictions apply.

4704315

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 60, 2022

Fig. 1. Cross-view image geo-localization. With a ground-view image as a query, the geo-localization task is to determine its GPS location by matching it
with a reference database of overhead satellite images with (a) GPS coordinates or (b) vice versa. Due to viewpoint difference, the visual contents look very
different in cross-view images.

adopt CNNs to learn representations of cross-view image
pairs [7]–[13], [15], [16], [21]. Nevertheless, CNNs have failed
to consider critical spatial hierarchies between features [22].
Concretely, existing methods only consider superficial semantic information similarity, such as color, but overlook the
spatial hierarchy of objects, which describes the appearance,
position, and orientation properties of scene objects. As a
result, the geometric discrepancy between two cross-view
images is not adequately expressed. Furthermore, the pooling
mechanism (e.g., max-pooling) in CNNs also results in an
unavoidable loss of information [22]. Specifically, pooling
operations are incapable of capturing information about positional data, which may be a key factor when representing
cross-view images.
In the cross-view image matching problem, aerial and
ground images share some semantics, e.g., roads, trees, and
buildings, and spatial hierarchy is also an essential cue for
image matching. Instead of extracting global representations
with abstract semantic information of images, the capsule
network [22] takes steps toward holistic image understanding
by decomposing an image into vectors via several capsule
units. The output vector of a capsule represents an entity,
which can be interpreted as a target object of an image or
its part of interest. Therefore, encapsulating an image into
a set of vectors brings object-aware representation and is
more discriminative. Moreover, the routing mechanism models
the parts-to-whole relationships between entities, which are
viewpoint invariant and capable of mitigating the cross-view
discrepancy.
Enlightened by the insights above, we propose a novel
end-to-end network architecture for cross-view image geolocalization, dubbed GeoNet. GeoNet takes cross-view image
pairs as input, extracts features from both ground and aerial
images via convolutional layers and the GeoCaps module to
model the spatial hierarchy, and learns a feature embedding
space where the features of matching image pairs are close to
each other while the features of unmatched image pairs are
far apart.

The contributions of this article can be summarized as
follows.
1) We exploit the spatial hierarchy to bridge the domain
gap between cross-view image pairs and develop a
novel GeoNet that achieves viewpoint invariance for
cross-view matching in an end-to-end manner. The
idea of spatial hierarchy representation can be further
extended to cross-view matching and retrieval.
2) GeoNet consists of the GeoCaps module and the
ResNetX module. GeoCaps models the spatial feature
hierarchy and builds parts-to-whole relationships that are
independent of a specific view. Additionally, we develop
a ResNetX module to enhance the representation power
of the network and produce stable propagation of activation and gradients in deep CNNs.
3) We also introduce two simple yet effective weighted soft
margin loss functions with online batch hard sample
mining for metric learning. They not only speed up
convergence in the training phase but also improve the
generalization ability of the network and therefore boost
the cross-view matching performance.
4) Extensive experiments on three well-known datasets
demonstrate that our GeoNet achieves state-of-theart results for cross-view image geo-localization with
fewer parameters and shorter code length. In addition,
by learning the object-aware representation and the
parts-to-whole relationships, GeoNet outperforms competing approaches for the few-shot geo-localization task.
This article is a comprehensive extension of our earlier work
on GeoCapsNet [23] (only six pages) with four additional
contributions.
1) We further analyze the two core modules (GeoCaps and
ResNetX) in depth and explore their respective mechanisms. There was only a description of the GeoCapsNet
network architecture in our earlier work [23]; the mechanisms of why the two core modules are effective and
how they work were not analyzed. The GeoCaps module
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Fig. 2. Better view in color and zoomed-in view. (a) Raw images taken from aerial and ground views are difficult to match. (b) For the primary vector
of the image, its length corresponds to the existence of an entity, such as a house (red), a road (gray), or a tree (green), while its orientation represents the
object properties, like colors. In this way, the object-aware representations are learned. (c) Primary vectors with strong agreement are adaptively aggregated
to senior ones via the dynamic routing mechanism. For example, several primary vectors that represent the specific houses, respectively, may be routed to
a senior vector that indicates a residential area. The parts-to-whole relationships are modeled via dynamic routing, and the object-aware representation with
parts-to-whole relationships makes cross-view images comparable.

models spatial hierarchy by encapsulating intermediate
feature maps into several capsules, whose length and orientation represent the probability of existence and spatial
hierarchy information of scene objects, respectively. The
ResNetX module learns powerful intermediate feature
maps and allows stable propagation of gradients in
deep CNNs. Meanwhile, we provide a visual description
of our idea in Fig. 2 to better illustrate the module
mechanisms.
2) We explore the issue of aerial-to-ground matching.
Given an aerial image, aerial-to-ground matching helps
to drive a robot or a drone to the most relevant place
with a similar ground scene that it has passed through
according to its movement history. As shown in the
experiments, our GeoNet performs well in both groundto-aerial and aerial-to-ground tasks and hence is practically usable for different real-world scenarios.
3) We devise another batch-wise hard sample mining loss
(i.e., Soft-QuaHard Loss) to improve the performance
of the GeoNet. Relevant experiments suggest that the
proposed metric learning method with online batch
hard-mining can significantly boost the performance of
GeoNet.
4) We show extensive experimental results and analyses of our GeoNet for image-based cross-view
geo-localization.
First, we compare GeoNet with several state-of-the-art
approaches [21], [24]–[27] with respect to recall performance,
model parameters, and code length. We experimentally show
that the GeoNet architecture is competitive with previous
CNN-based models on three well-known benchmarks. For
example, GeoNet achieves 98.7% at R@1% on the CVUSA
dataset [14] with fewer parameters and generates image representations with a feature dimension of 2048, which is half

of that of most competing methods. Moreover, we supplement experimental results on a new large-scale cross-view
image dataset (CVACT [21]), where GeoNet achieves 95.8%
at R@1%. Compared to the CVUSA dataset, which was
mainly collected from urban areas, the CVACT dataset densely
covers a city and has a significantly different scene style
from CVUSA. Second, compared to our previous work [23],
we conduct more diverse and comprehensive experiments in
this article. Specifically, we evaluate GeoNet on aerial-toground and few-shot geo-localization tasks to demonstrate
its wide applicability and generalization ability, respectively.
Taking the aerial-to-ground geo-localization task as an example, GeoNet achieves 8.8 points higher R@1% than CVMNet [16] on the Vo and Hays dataset [12]. Moreover, we ablate
the GeoCaps module, the ResNetX module, and the loss
functions in detail to demonstrate the effectiveness of the
key components of our GeoNet and explore their optimal
structures.
II. R ELATED W ORK
For the cross-view image geo-localization task, the dominant paradigm is to formulate the localization problem as
image retrieval. Many different network architectures and
specialized loss functions have been proposed to approach
this task. In the following, we first give an overview of the
development of cross-view geo-localization models. We then
review these works on designing specialized retrieval losses
for the cross-view matching task.
A. Cross-View Geo-Localization
In early works, hand-crafted features that have been widely
used in computer vision were mainly adopted to solve
the problem of cross-view image matching [17], [28]–[31].
However, due to the vast geometric differences between an
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Fig. 3. Our proposed GeoNet architecture is a two-branch Siamese network taking as input a pair of cross-view images. Each network branch consists of
two parts: ResNetX and GeoCaps (PrimaryCaps layers and GeoCaps layers).

aerial-view image and a ground-view image of the same
location, matching images with hand-crafted features failed.
Inspired by the great success of deep learning in image classification and recognition, Workman and Jacobs [10] introduced
CNNs into cross-view image matching and image retrieval,
and good results are achieved. Then, Lin et al. [9] performed
image geo-localization by considering every query image to
have a unique identity analogous to the face recognition
task. In this method, a new dataset is constructed to learn
feature representations in which matching views are clustered
together, and mismatched pairs are apart. This embedding
enables the technique to localize a query image with the
Euclidean distance as a similarity metric. Workman et al. [11]
used multi-scale overhead images of the same location to perform cross-view training by embedding feature representations
from both views in a joint semantic feature space. Vo and
Hays [12] introduced a distance-based logistic loss to improve
the performance of Siamese networks and Triplet networks for
cross-view geo-localization. They also show that orientation
supervision can improve localization accuracy. Zhai et al. [14]
developed a new network architecture to predict the semantic
layout of ground-level images from the corresponding overhead images that can also be used for several other tasks such
as orientation estimation and geo-calibration. Hu et al. [16]
adopted a fully convolutional network to extract local image
features, which are encoded into global image descriptors
using NetVLAD [32]. Liu and Li [21] improved the representation ability of learned features by injecting orientation information into encoding networks. Regmi and Shah [24] utilized
conditional generative adversarial networks (GANs) to synthesize the corresponding aerial representation from a ground
image, which is capable of bridging the cross-view domain
gap and hence brings performance improvements. Cai et al.
[25] proposed a lightweight attention module capable of highlighting salient features to achieve better performance for the
cross-view geo-localization task. Cross-view Feature Transport
(CVFT) [27] transfers ground features to the aerial domain
using an optimal transport algorithm. Although the CVFT is

similar to our GeoNet in making cross-view images comparable in a shared space, as depicted in Fig. 2, the GeoNet is more
flexible and interpretable because it can encapsulate CNN features into object-aware capsules and learn parts-to-whole relationships via dynamic routing. Spatial-aware Feature Aggregation (SAFA) [26] employs a multi-head attention module to
highlight salient features and warps aerial images using a polar
transform to eliminate geometric differences across views.
Although promising, the polar transform requires ground
images to be panoramas or orientation-aligned with aerial
images. As a result, such a method fails to generalize to the
Vo and Hays dataset [12], where ground images are cropped
and orientation-unknown. Recently, Shi et al. [33] propose a
novel dynamic similarity matching network to jointly estimate
the orientation and localization of a ground query.
Although a great deal of effort has been devoted to learning
discriminative representations for cross-view geo-localization,
the task remains challenging due to drastic appearance and
geometric differences across views. As a notable difference
from the existing works, GeoNet pays sufficient attention
to the spatial hierarchy and parts-to-whole relationships of
ground and aerial images. As shown in the experiment, this
significantly improves the discriminative and generalization
abilities of the learned features.
B. Image Retrieval Loss
Metric learning via deep networks is also a part of our work.
The most widely used loss functions in image retrieval tasks
are contrastive loss [34] and triplet loss [35]–[39]. The quadruplet [40] and angular [41] losses improve the triplet network’s
training by decreasing the intraclass variation during training.
In addition, the hard triplet loss with batch hard sample mining [42] and the margin sample mining loss (MSML) [43] not
only push positive matching pairs close, but also pull negative
matching pairs far apart. Instead of the hinge function, Vo and
Hays [12] proposed a log-loss function, also called soft-margin
loss in [42], to improve matching accuracy. Hu et al. [16]
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TABLE I
R ES N ET X S TRUCTURE

proposed an efficient weighted soft-margin triplet loss, which
accelerates the convergence by adding a coefficient α to the
soft-margin loss. Inspired by Hermans et al. [42], our work
further improves the weighted soft-margin triplet loss by
introducing a batch hard sample mining mechanism.
III. P ROPOSED G EO N ET
The overall architecture of the proposed GeoNet is shown
in Fig. 3. It follows the Siamese network [44] structure with
two identical network branches in parallel. The inputs of the
two networks are ground-view images and satellite images.
GeoNet is composed of a ResNetX module and a GeoCaps
module. Inspired by ResNet [45], we design a new CNN
structure, called ResNetX, to generate higher-level semantic
features as input to the subsequent GeoCaps module. Different
from ResNet, our ResNetX does not apply a max-pooling layer
to avoid information loss, and batch normalization is used
at every layer. Following the convention of ResNet50 [45],
the details of the ResNetX part are shown in Table I. It consists of two convolutional layers and four residual blocks
(i.e., Conv3_x–Conv6_x). ResNetX uses batch normalization
at every layer, making it relatively easier to train and more generalizable. ResNetX protects the integrity of information with
a shortcut structure so that the entire network only needs to
learn the difference between input and output, which can avoid
information loss to some extent. Furthermore, ResNetX also
uses multiple three-layer residual units (as shown in Table I),
including two convolutional layers with a 1 ×1 kernel and one
convolutional layer with a 3 × 3 kernel and stride 2, which
reduces the data dimension. Compared with traditional CNNs
such as VGG [20], it has lower complexity and fewer training
parameters, which shortens the training time of ResNetX.
It can also acquire better semantic features than traditional
CNNs. ResNetX outputs 2048 feature maps with a spatial size
of 7 × 7, which serve as input to the GeoCaps module.
The original capsule networks have a simple three-layer
architecture and achieve excellent performance on digit recognition. The capsule networks in [22] are convolutional, except
for the last layer of capsules. In this article, we use two layers
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of capsules, the PrimaryCaps and GeoCaps layers, to construct
the GeoCaps module (see Fig. 3). Overall, the PrimaryCaps
layer stacks multiple conventional convolutional layers into
a new neural unit called a capsule and transmits the output
features to the GeoCaps layers through the dynamic routing
algorithm. Specifically, the PrimaryCaps layer has 32 primary
capsules that take basic features detected by ResNetX and
produce several vectors. The “primary capsules” have a very
similar nature to the convolutional layer [22]. Specifically,
each capsule applies eight 3 × 3 × 2048 convolutional kernels
(with stride 1) to the 7 × 7 × 2048 input volume and therefore
produces a 5 × 5 × 8 output. Since there are 32 such capsules,
the output volume has a shape of 5×5 × 8×32. The GeoCaps
layer takes as input a 5 × 5 × 8 × 32 volume, i.e., 5 × 5 × 32
8-D vectors, and each input vector is mapped from the 8-D
input space to the 64-D capsule output space through an 8×64
weight matrix. Finally, the 32 × 64-D vector representation of
an image is obtained.
In the following, we formulate the above process for clarity. Let Ig and Is denote a ground image and a satellite
image, respectively. f g (·) and f s (·) indicate the corresponding
ResNetX branch for Ig and Is , and the resulting features are
F g = f g (Ig ) and F s = f s (Is ), as shown in Fig. 3. Afterward,
F g and F s are passed to the PrimaryCaps layer of each branch,
s
(F s ) and
thereby, generating the output vectors usi = f caps
g
g
ui = f caps (F g ), where i ∈ [1, k1 ] and k1 denotes the number
of capsules in the PrimaryCaps
  layer. The overall length of
the i th capsule vector, i.e., ui  measures the probability of
whether an entity exists, while the orientation of ui represents
the properties of the entity [22] (we omit the superscript s or g
of ui for brevity). In this way, the primary capsules detect not
only specific target objects but also their properties. In other
words, object-aware representations are learned. Then, usi and
g
ui are fed into the corresponding GeoCaps layer through the
g
dynamic routing algorithm. The outputs are v sj and v j (also
called senior vectors), where j ∈ [1, k2 ] and k2 represents
the number of capsules in the GeoCaps layer. Specifically,
the dynamic routing algorithm routes the primary vectors to
all possible senior vectors using a “routing-by-agreement”
strategy, which can be formulated as follows:

ci j 
u j |i

u j |i = W i j ui , s j =
i

s j 2
sj
vj =
.
(1)
2
1 + s j  s j 
Note that we omit the superscript s or g here for brevity.
W i j is a learnable weight matrix, and ci j is a coupling
coefficient that is determined by a “routing softmax,” as
in [22]. During dynamic routing, the primary vectors that
have strong agreement with senior vectors are adaptively
aggregated, while the primary vectors irrelevant to senior
vectors are suppressed correspondingly. Finally, the image
representation can be formulated as v = {v 1 , v 2 , · · · v k2 }.
A. Discussion
Here, we discuss how the GeoCaps module encodes spatial
hierarchy information and learns viewpoint invariant representations. As shown in Fig. 2(b), the GeoCaps module
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decomposes an image into several primary vectors, which
encapsulate information of different scene entities. For each
vector, its length represents the existence probability of a
specific scene object, while its orientation encodes the spatial
hierarchy information [22], such as color and position. Therefore, learning to route the primary vectors to the senior vectors
in (1) can be regarded as solving the problem of assigning parts
to the whole [22]. Namely, the dynamic routing algorithm is
capable of modeling parts-to-whole relationships. As depicted
in Fig. 2(c), the parts-to-whole relationships are independent of
a specific view. As a result, even though cross-view raw images
taken in the same location differ sharply from each other, they
look quite similar to each other in the feature space: red houses
on the left, gray road in the middle, and green plants covering
on the right.
B. GeoNet Variants
According to the weight learning strategy for the GeoCaps
module in the two branches, we develop two variants of
GeoNet. Specifically, we denote two capsule branches with
s
g
(·) = f caps
(·), as GeoNet-I,
different model weights, i.e., f caps
and two capsule branches sharing the same model weights,
g
g
g
s
(·) = f caps (·), W si j = W i j , cisj = ci j , as
i.e., f caps
GeoNet-II.
IV. O BJECTIVE F UNCTION
In image retrieval tasks, triplet loss [35], [37], and quadruplet loss [40] are popular loss functions to train deep neural
networks. For image geo-localization, the loss function’s goal
is to make the distance between images at the same geolocation (positive pairs) as small as possible and the distance
between images at different geo-locations (negative pairs) as
large as possible. Take the triplet loss as an example. The
objective is to build triplets <anchor, positive, negative>
consisting of an anchor image (a), a positive image ( p, which
is taken at the same place as the anchor image), and a negative
image (n, which is taken at a different place to the anchor
image). (a, p) forms a positive pair and (a, n) forms a negative
pair. However, if the sample pairs are easy to distinguish,
the network cannot learn a good feature representation, leading
to a low generalization ability. To this end, we introduce a
batch-wise hard sample mining method.

As shown in (2), da, p is the distance between the capsule
feature v g of a and the capsule feature v s of p. min da,n finds
n∈B
the negative sample closest to a, i.e., the hardest sample in the
batch, to calculate the triplet loss. θ ≥ 0 is the margin, and
(·)+ = max(0, ·).
As a variant of the triplet loss function, the soft-margin
triplet loss [16] is more suitable for matching tasks: L so f t =
ln(1 +ed ), where d = da, p −da,n . To improve the convergence
rate, the weighted soft-margin ranking loss [16] scales d in
L so f t by a coefficient α: L weighted = ln(1 + eαd ). Therefore,
our weighted soft-margin triplet loss with batch hard-mining
(Soft-TriHard Loss) can be expressed as



α da, p −minda,n
1 
n∈B
.
(3)
ln 1 + e
L sth =
M a∈batch
Unlike triplet loss, in which only the relative distance
between positive and negative sample pairs is considered,
quadruplet loss [40] introduces the absolute distance between
positive and negative sample pairs. The simplest quadruplet
loss is defined as: L quad = max(0, da, p − da,n 1 + β1 ) +
max(0, da, p − da,n 2 + β2 ). The quadruplet requires four input
images and has one more negative sample than the triplet.
The four images are a fixed image (anchor) a, a positive
sample image p, the first negative sample n 1 , and the second
negative sample n 2 . n 1 and n 2 are two satellite images of
different geo-locations. Similarly, our Soft-QuaHard Loss,
which embeds batch hard-mining and weighted soft-margin
into the quadruplet loss, can be expressed as


 
α da, p − min da,n 1
1 
n 1 ∈B
ln 1 + e
L sqh =
M a∈batch

 

+ ln 1 + e

α da, p − min dn 1 ,n 2
n 2 ∈C

(4)

where (a, p) is a matching cross-view image pair, B is an
image set with different geo-locations from a, n 1 is the
negative sample in B closest to a, C is another image set with
different geo-locations from a and n 1 , and n 2 is the negative
sample closest to n 1 in C.
V. E XPERIMENTAL R ESULTS AND D ISCUSSION
A. Dataset and Metric

A. Batch Construction and Hard Sample Mining
We select M image pairs in each training batch. For each
ground image a in the batch, its matching satellite image p
is used to construct a positive pair. Then, a satellite image n
taken at different geographic locations from a is selected from
the remaining M − 1 satellite images. a and n can be used
to form negative pairs in the batch. The satellite image set
different from the geographic locations of a in the remaining
M − 1 images is denoted as B. This process is applied to
aerial-to-ground images. The triplet loss function is expressed
as


1 
(2)
da, p − min da,n + θ .
L tri =
n∈B
M a∈batch
+

1) Dataset: We evaluate our two GeoNets on public crossview datasets: CVUSA [14], CVACT [21], and Vo and
Hays [12]. In particular, CVACT [21] consists of geo-tagged
street-view panoramas and satellite images covering a city. The
CVUSA and CVACT datasets consist of spatially aligned and
orientation-aligned street-view panoramic and aerial images,
while the Vo and Hays dataset contains spatially aligned
aerial images and ground images cropped from panoramas.
The CVUSA and CVACT datasets consist of 35 532 image
pairs for training and 8884 image pairs for testing. Following [21], we name the test sets of the CVUSA and CVACT
datasets CVUSA and CVACT_val, respectively. The Vo and
Hays dataset contains street-view and overhead images from
11 different cities in the U.S. with more than 1 million pairs
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TABLE III
C OMPARISON W ITH S TATE - OF - THE -A RT C ROSS -V IEW
G EO -L OCALIZATION A PPROACHES ON THE V O AND H AYS [12]
(VH FOR S HORT ), CVUSA [14], AND CVACT_ VAL [21]
D ATASETS . T HE B EST AND THE S ECOND -B EST R ESULTS ARE
H IGHLIGHTED IN R ED AND B LUE , R ESPECTIVELY. †:
T HE M ETHOD C ONDUCTS D ATA AUGMENTATION
D URING T RAINING . *: T HE M ETHOD IS R ETRAINED
F ROM S CRATCH U NDER THE S AME S ETTINGS
AS O URS . -: T HE M ETRIC FOR C OMPARISON
IS U NAVAILABLE

TABLE IV
Fig. 4. Cross-view image examples of Vo and Hays [12], CVUSA [14], and
CVACT [21] datasets.
TABLE II

D ETAILED C OMPARISON B ETWEEN S EVERAL W ORKS [16], [21], [24],
[46] ON CVUSA D ATASET [14] AT R@1%, R@5%, R@10%, AND
R@1%. R ESULTS OF T HESE M ETHODS ARE Q UOTED
F ROM T HEIR PAPER

C OMPARISON OF V O AND H AYS [12] (VH FOR S HORT ), CVUSA [14], AND
CVACT [21] D ATASETS IN T ERMS OF I MAGE R ESOLUTION
( RES . FOR S HORT ) AND T RAIN /T EST S PLIT

of images. Following the same experimental setting in [16],
we randomly select nine cities, eight of which are used to
train our network, and the ninth city, i.e., Denver, is used for
testing. Fig. 4 and Table II show examples and statistics of
the three datasets, respectively.
2) Evaluation Metric: We compute the recall accuracy at
the top K (R@K for short, K ∈ {1%, 5%, 10%, 1%}), which
represents the probability of correct match ranking within the
first K results. Following the suggestion in [11], [12], and [16],
we use R@1% as the main evaluation metric for ease of
comparison with previous works. For a detailed comparison,
we also present the recalls at the top-1, top-5, and top-10. Note
that the recall accuracy at the top 1% indicates the percentage
of cases in which the corresponding satellite image matching a
ground-level query ranks in the top 1% of the retrieval results.
B. Implementation Detail
The proposed model is trained for 50 epochs on the training
set with a batch size of 32 (M = 32). We implement two
GeoNets using TensorFlow [47]. Adam optimizer [48] is used
to train the model. Rectified linear unit (RELU) is the activation unit. Regularization is implemented in combination with

L2-regularization and batch normalization. In the experiments,
we use the Soft-TriHard loss function by default. In the
GeoCaps layer, we set the number of capsules to 32 and the
number of dynamic routing iterations to 4. L2 normalization
is applied to the feature of the last layer of GeoNets. On the
CVUSA dataset, one graphics card, NVIDIA Tesla P100,
is used by our GeoNets for 18 training hours. On the Vo and
Hays dataset, we use five NVIDIA Tesla P100 graphics cards
to train our networks for 103 h, as the size of the Vo and Hays
dataset is twenty times greater than that of the CVUSA dataset.
C. Comparison With Other Methods
1) Compared Methods: We compare GeoNet with
the
recently
proposed
cross-view
geo-localization
approaches that gain excellent performance on the Vo and
Hays [12], CVUSA [14], and CVACT_val [21] datasets.
Workman et al. [11] first use CNN features in cross-view
geo-localization tasks. Vo and Hays [12] then explore
several deep CNN architectures for cross-view matching,
and we select the best triplet network among them for
comparison. Both CVM-Net-I and CVM-Net-II [16] employ
the NetVLAD layer to encode global image descriptors for
viewpoint invariance with a weighted soft-margin ranking
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Fig. 5. These are examples of successful retrievals from our GeoNet for ground-to-aerial image geo-localization task on two datasets. The image marked by
the green box is the ground truth.

loss. An in-batch reweighting triplet loss and an attention
mechanism are integrated for more effective training in [25].
Liu and Li [21] improved the performance by jointly learning
image and orientation embedding. Zhai et al. [14] presented
a weakly supervised network to predict the semantic layout
of ground-level images as image descriptors. To bridge
the domain gap, Regmi and Shah [24] utilized conditional
GANs to synthesize an aerial representation concerning a
ground image. Siam-FCANet [25] and SAFA [26] employ
an attention mechanism to learn more discriminative
representations. CVFT [27] applies an optimal transform
algorithm to mitigate the domain discrepancy across views.
Zheng et al. [46] proposed a multi-view matching approach
with drone-view images to mitigate the visual discrepancy
against views. Since some of these works conduct data
augmentation during training for better performance, we mark
them in the first column of Table III for a fair comparison.
Moreover, to fairly compare SAFA [26] and CVFT [27] in
terms of model representation capability, we retrain them
under the same settings as our GeoNets, i.e., without applying
the polar transform [26], a kind of image pre-processing
strategy to align cross-view images, and with randomly
initialized network parameters. Note that since the work
of Shi et al. [33] relies heavily on the polar transform,
we cannot fairly compare with it by retraining it without
using the polar transform.
2) Comparison to Existing Ground-to-Aerial Matching
Approaches: The cross-view geo-localization performance

comparisons on the Vo and Hays [12], CVUSA [14] and
CVACT_val [21] datasets are shown in Table III. As seen
in Table III, both GeoNet-I and GeoNet-II gain promising performances on three datasets, ranking the best and second best.
We find that GeoNet-II outperforms GeoNet-I, which suggests
that the weight sharing scheme of the two branch GeoCaps
module forces the network to learn the close and similar internal relationship between cross-view images. In addition, all
approaches have higher accuracy on the CVUSA dataset than
on the Vo and Hays dataset because the ground images of the
CVUSA dataset are panoramic and contain more information
than the single-view images of the Vo and Hays dataset.
In Table IV, we further compare the GeoNet at three
different metrics on the CVUSA dataset, namely, recall at the
top 1, top 5, and top 10. We can observe that benefiting from
the GeoCaps module and the effective loss function, GeoNet
gains the highest performances of 58.9%, 81.8%, 88.3%, and
98.7%, respectively, on CVUSA.
Fig. 5 shows a few examples of geo-localizing query
ground-view images using our GeoNets on the CVUSA and
Vo and Hays datasets. It is difficult even for humans to match
image pairs in these examples, while GeoNets perform well in
cross-view matching. Additionally, the retrieval performance
is better on the CVUSA dataset than on the Vo and Hays
dataset as the panoramic query ground-view images contain
richer scene information than the single-view images.
3) Comparison to Aerial-to-Ground Matching Approaches:
As state-of-the-art approaches have not discussed and analyzed
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TABLE V
C OMPARISON OF T OP 1% R ECALL ON O UR G EO N ETS W ITH O THER
E XISTING A ERIAL - TO -G ROUND M ATCHING A PPROACHES

Fig. 6. Top-K recall accuracy of aerial-to-ground matching approaches on
CVUSA.
TABLE VI
C OMPARISON A MONG CVM-N ETS [16], S IAM -FCAN ET [25], AND
G EO N ETS IN T ERMS OF M ODEL S IZE AND C ODE L ENGTH

aerial-to-ground matching, we expand CVM-Nets [16] on the
CVUSA datasest for comparison. Query data are changed from
ground-view images to aerial-view images to further compare
our GeoNets with CVM-Nets to evaluate the network’s performance. Table V shows the top 1% recall of our GeoNets
and other methods. Both GeoNet-I and GeoNet-II outperform
CVM-Nets. Fig. 6 plots the top-K (K ∈ [1, 80]) recall of
our GeoNets and other approaches on the CVUSA dataset.
Our GeoNets achieve much better performance than the other
approaches.
In Fig. 7, we provide visual examples of geo-localizing
query aerial-view images using our proposed GeoNets on the
CVUSA and Vo and Hays datasets. As shown in Figs. 5 and 7,
our approach can find the correct matches within the top three
hits in these examples.
As the principle and process of ground-to-aerial image
matching are the same as those of aerial-to-ground matching,
our subsequent experiments mainly verify our GeoNets on the
ground-to-aerial image matching task.
4) Comparison of Model Size and Code Length: Table VI
provides a model comparison among CVM-Nets,

4704315

Siam-FCANet, and GeoNets in terms of the number of
parameters and the feature encoding length for image
retrieval. The number of parameters in GeoNets is much
smaller than that in CVM-Nets and Siam-FCANet, leading
to a more compact model. Moreover, the code length (i.e.,
feature dimension) of GeoNets is only half that of CVM-Nets.
For image retrieval, a shorter image feature coding length
means less computational complexity and faster retrieval
speed.
5) Comparison of Encoding Semantic: One important reason why the performances of our GeoNets are superior to those
of other existing advanced methods is that we are inspired
by the idea of capsule networks, which enables GeoNets to
capture the spatial relationships between features and semantic
information. This experiment aims to compare the representation ability of different encoding segments of GeoNets with the
encoding segments of CVM-Nets. Specifically, we intercept
the encoded segments of the image representation of the
four methods as new image representations and then perform cross-view image matching. For example, the coordinate
1/128 on the horizontal axis in Fig. 8 indicates that the first
(1/128) of the original encoded segment is intercepted as a
new feature code.
As shown in Fig. 8, GeoNets outperform CVM-Nets when
the proportion is less than (1/32). That is, the coding fragment
is short. For medium-code or long-code length code segments
[i.e., the proportion is more than (1/8)], our networks’ performances are still better than those of CVM-Nets. It is clear
from Fig. 8 that GeoNet-I always outperforms CVM-Net-I
under different code segments. Similarly, the performance of
GeoNet-II is higher than that of CVM-Net-II. This suggests
that the image representation of our GeoNets encodes more
semantic information than that of CVM-Nets and indicates
the effectiveness of the GeoCaps module.
6) Few-Shot Cross-View Geo-Localization: In this experiment, we use different numbers of training samples to train
GeoNets and CVM-Nets. Then, we test their performances
on a common test dataset. Specifically, we randomly select
a certain proportion of samples from the original training
dataset (CVUSA dataset) to form a new training set used to
train GeoNets and CVM-Nets. The horizontal axis in Fig. 9
represents the ratio of the number of new training samples
to the original training set. To ensure the fairness of the
experiment, we keep other parameters unchanged.
As shown in Fig. 9, as the number of training samples increases, the performance of all methods increases.
We can observe that our GeoNets performs much better than
CVM-Nets for a small number of sample sets, especially
GeoNet-II. The accuracy of GeoNet-II is more than 90%,
even though the number of training samples is only 40%
of the original dataset. This indicates that our GeoNets have
superior performance compared to other methods in the case
of a small number of training samples. One reason for this
result, as shown in Table VI, is that the number of parameters
of our GeoNets is smaller than that of other methods. Another
reason is that the use of the GeoCaps module reduces the
dependence on training data, and the relationships among data
can be obtained even from a small number of data [22].
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Fig. 7. These are examples of successful retrievals from our GeoNet for aerial-to-ground image geo-localization task on two datasets. The image marked by
the green box is the ground truth.

Fig. 8. Comparison of the retrieval ability among different encoding segments
of GeoNets and CVM-Nets on the CVUSA dataset.

D. Ablation Study
1) ResNetX: To further verify the effectiveness of the
proposed ResNetX module, we conduct an ablation experiment by replacing ResNetX with ResNet50. We construct
ResNet50-Caps-I without shared weights of the GeoCaps module and ResNet50-Caps-II with shared weights of the GeoCaps
module. The difference between ResNet50 and ResNetX is
that ResNet50 contains max-pooling layers, while ResNetX
does not contain them. As shown in Fig. 10(a), the recalls
of our GeoNets are better than those of the architectures
with ResNet50. This shows that ResNetX is more effective
than ResNet50 for the GeoNets, which suggests that the
max-pooling layer may cause the loss of helpful information.

Fig. 9. Performance of GeoNets and CVM-Nets with different numbers of
training samples.
TABLE VII
R@1% OF O UR G EO N ETS W ITH D IFFERENT L OSSES

2) GeoCaps: To investigate the contribution of the GeoCaps
module, we replace the PrimaryCaps and GeoCaps layers with
fully connected layers to form the ResNetX-fc-I and ResNetXfc-II networks. ResNetX-fc-I uses two independent fully connected layers, while ResNetX-fc-II uses two fully connected
layers with shared weights. As shown in Fig. 10(b), the recalls
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Fig. 10. Performance of GeoNet on CVUSA with different layers. (a) GeoNet with max-pooling layers or not. (b) GeoNet with the GeoCaps module or not.
TABLE VIII
R@1% P ERFORMANCES OF G EO N ETS W ITH D IFFERENT VALUES OF α AND L EARNING R ATE (lr)

of our GeoNets are higher than those of ResNetX-fc-I and
ResNetX-fc-II. The best result of GeoNet-II is almost 22%
higher than that of ResNetX-fc-II. These results demonstrate
the advantage of using the GeoCaps module for encoding more
discriminative features.
3) Loss Function: To demonstrate the effectiveness of the
batch hard sample mining procedure, we removed this process
from our Soft-TriHard and Soft-QuaHard loss functions.
Namely, the loss degenerates to the weighted soft-margin
triplet loss and the weighted soft-margin quadruple loss, represented by Triplet and Quadruple in Table VII, respectively.
As shown, GeoNet-II outperforms GeoNet-I for these loss
functions, which further reinforces our previous analysis that
the GeoCaps module with shared weights in our network
captures the feature relationship better than that without shared
weights. The results on the CVUSA dataset also suggest that
batch hard-mining can significantly boost the performance of
GeoNets. Furthermore, we find that the margin of quadruplet
loss is significant between the Triplet and the Quadruple,
while less improvement is noted between the Soft-TriHard
and the Soft-QuaHard. Therefore, the Soft-TriHard designed
in this article can replace Soft-QuaHard in the case of limited
computing resources.
E. Discussion on Hyperparameter
1) Weighted Soft-Margin and Learning Rate: We compare
our GeoNets’ performances for different α values of the
Soft-TriHard loss function [see (3)] and the learning rates lr.
Specifically, we set α and the learning rate lr to different
values and train the GeoNets. Table VIII shows the experimental results of our method on the CVUSA dataset. If the
learning rate is too high or too low, the accuracy is reduced.
The selection of the learning rate is more reasonable in the
range of 10−4 to 10−2 . With a fixed learning rate, there is

Fig. 11. Performance of our GeoNets on CVUSA with different batch sizes.

no positive linear relationship between the parameter α and
the accuracy. The accuracies of the GeoNets fluctuate slightly
with the variation of parameter α, which indicates that the
learning rate plays a more crucial role than α. Moreover,
the results in Table VIII suggest that the changes of α and
the learning rate lr have little effect on the GeoNet-II, which
indicates that the GeoNet-II is more robust to the changes in
hyperparameters than the GeoNet-I. At the same time, it can
be concluded that the performance of GeoNet-I is the best
when α = 1 and the learning rate lr = 10−2 . The performance
of GeoNet-II is the best when α = 5 and the learning rate
lr = 10−2 .
2) Batch Size: As described in Section IV, we select M
image pairs in each training batch and construct the positive
and negative pairs. In this section, we analyze the performance
of our GeoNets with different batch sizes. Specifically, we tune
different values of batch size while keeping other parameters
the same. As shown in Fig. 11, as the batch size increases,
the top 1% recall accuracy of our GeoNets increases. This is
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TABLE IX
S TRUCTURE OF M ULTILAYER C ONTINUOUS C ONVOLUTIONAL
N ETWORK (MCCN)

TABLE X
C OMPARISON OF THE N ETWORK PARAMETERS , M ODEL S IZE , AND
R ECALL ON O UR G EO N ETS W ITH MCCNC APS ON CVUSA

because in our batch hard sample mining method, the larger
the batch size is, the larger the sample search range, enabling
more challenging samples to be obtained. To strike a balance
between model performance and memory requirements, we set
M to 32.
3) Internal Structure of ResNetX: In this article, our
ResNetX uses 1 × 1 convolutional layers and skip connections, enhancing the expression ability of the network and
solving the problem of vanishing gradients. To verify the
effect of 1 × 1 convolutional layers and skip connections,
we removed them to form an MCCN, as shown in Table IX.
We replaced the ResNetX part of GeoNets with the MCCN to
form MCCNCap-I and MCCNCap-II. In Table X, we compare
our GeoNets with the MCCNCaps in terms of the network
parameters, model size, and recall. It is evident that despite
the reduction in the number of parameters and model size
of MCCNCaps, the accuracy of MCCNCaps is also severely
reduced. This result suggests that the 1×1 convolutional layers
and skip connections in ResNetX are notably effective for
improving the performance of GeoNets.
4) Comparison
of
ResNetX
Architectures:
To
understand the impact of the ResNetX structure,
we design four types of ResNetX structures. ResNetX
uses four residual units, as shown in Fig. 12. For
simplicity, we name these four units ReU1, ReU2,
ReU3, and ReU4. Then, ResNetX can be expressed as
Conv1+Conv2+3ReU1+4ReU2+6ReU3+3ReU4, which is
simplified as C1+C2+3RU1+4RU2+6RU3+3RU4. In this
experiment, we are inspired by the combination of residual
units in ResNet [45] to modify the structure of ResNetX
in GeoNets. Table XI shows the experimental results of
GeoNet-I and GeoNet-II with the new ResNetX structure.
In this experiment, the number of parameters generated
by combining the two residual blocks is large. Due to the
memory limitation, we set the batch size to 16.
Table XI shows that, as the number of residual blocks in
ResNetX increases, the storage space required by the model

and the number of parameters also increase. Table XI reports
that the increase in the number of ResNetX residual blocks
does not improve the accuracy of GeoNet-I. One reason is
that as the number of residual blocks continues to increase,
the number of parameters that need to be optimized increases.
However, the number of training samples does not change,
which puts GeoNet-I in an underfitting state. As the number of
ResNetX residual blocks increases, the accuracy of GeoNet-II
improves slowly. Comparing the data in the second (base) and
fifth (D) rows of Table XI, we find that although the model
size and the number of parameters double, the accuracy of
GeoNet-II only increases by 0.35%. The results indicate that
ResNetX designed in this article is close to the best effect
when the storage space is limited.
5) PrimaryCaps Layer: The capsules in the PrimaryCaps
layer are essentially similar to the traditional convolutional
layer. In this experiment, we explore the effect of the number
of capsules and the size of the intra-capsular convolution
kernels in the PrimaryCaps layer. Specifically, we select 3,
5, and 7 as the sizes of the intra-capsular convolution kernels
and the power of 2 as the number of capsules. For fairness,
all parameters in the experiment remain unchanged except
for the number of capsules and the size of the intra-capsular
convolution kernels in the PrimaryCaps layer.
The results in Figs. 13 and 14 show that there is no positive
or negative linear relationship between the two parameters of
the PrimaryCaps layer (the number of capsules and size of
the intra-capsular convolution kernel) and the accuracy. That
is, increasing the size of intra-capsular convolution kernels
and the number of capsules does not lead to an increase or
decrease in the accuracy. When the number of capsules is fixed
and the size of the convolution kernel in the capsule increases,
the accuracies of GeoNets do not increase significantly. This
indicates that a larger intra-capsular convolution kernel size
is not better than a smaller intra-capsular convolution kernel
size. Namely, a larger receptive field is not necessarily the best
for our GeoNets. Similarly, when the size of the intra-capsular
convolution kernel is fixed, the accuracy achieved by increasing the number of capsules does not increase positively. This
means that the highest number of capsules is not necessarily
optimal. On the CVUSA dataset, the most appropriate number
of capsules is 32. This is because each capsule detects a target
scene object, and 32 may be approximate to the number of
object classes in the CVUSA. By comparing Figs. 13 and 14,
we can also observe that GeoNet-I fluctuates more than
GeoNet-II with the change of parameters, which implies
that GeoNet-II is more robust to the parameter variations at
the PrimaryCaps layer. Meanwhile, we find that GeoNet-II
converges more easily than GeoNet-I in the training process,
which further illustrates that GeoNet-II with shared weights is
more robust and performs better than GeoNet-I without shared
weights.
6) GeoCaps Layer: For capsule networks, each output
vector in the GeoCaps layer represents a scene entity, and its
orientation represents its attributes. We explore the effect of the
number of capsules and the coding length on the performance
of GeoNet-II. As shown in Fig. 15, the improvement of
recall is inapparent with the increasing number of capsules.
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Four residual units in ResNetX.
TABLE XI
P ERFORMANCE OF G EO N ETS W ITH D IFFERENT R ES N ET X S TRUCTURES ON CVUSA

Fig. 13. Performance of GeoNet-I with different parameters of PrimaryCaps
layer on CVUSA.

Fig. 15.

Performance of GeoNet-II on CVUSA with different code lengths.

higher. Moreover, compared with the 91.4% recall accuracy of
CVM-Net-I with a feature coding length of 4096, the recalls
of our GeoNet-II are above 96%, even for shorter code lengths
from 32 (2 × 16) to 2048 (32 × 64).
VI. C ONCLUSION AND L IMITATION

Fig. 14. Performance of GeoNet-II with different parameters of PrimaryCaps
layer on CVUSA.

Nevertheless, it is evident that as the coding length of each
capsule increases, the top 1% recall of GeoNet-II becomes

In this article, we emphasize the importance of spatial hierarchy in cross-view geo-localization. Based on this, we design
a novel end-to-end network (GeoNet) to improve feature
representation ability across domains. As one core of the
GeoNet, GeoCaps module models spatial feature hierarchy
and builds parts-to-whole relationships which are independent
of a specific view. Another core, ResNetX, is developed to
enhance the representation power and allows the stable propagation of activation and gradients in deep CNNs. Additionally,
two weighted soft margin loss functions with online batch
hard sample mining are proposed, significantly improving
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the generalization ability of the network and boosting the
image retrieval performance. In the experiment, the proposed
GeoNet, which is a compact model, is comprehensively evaluated on three publicly available datasets: CVUSA, Vo and
Hays, and CVACT. Experimental results demonstrate that our
approach achieves state-of-the-art results for the cross-view
geo-localization task and outperforms competing approaches
for the few-shot geo-localization task.
The core limitation of our GeoNet comes from its strength:
object-aware representation. Since each capsule encapsulates
information of a specific scene entity, the fixed number of
capsules makes our model potentially limited in generalizing
well to novel scenes with objects that are entirely unseen at
training time. Additionally, our GeoNet, which encodes both
object existence probability and properties, may struggle to
match images with significant appearance differences due to
season, weather, and illumination. In the future, we would like
to alleviate these problems by synthesizing diverse training
samples with unseen objects and different conditions via data
augmentation techniques.
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