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Abstract: Cross-view geo-localization aims to locate street-view images by matching them with a
collection of GPS-tagged remote sensing (RS) images. Due to the significant viewpoint and appearance
differences between street-view images and RS images, this task is highly challenging. While deep
learning-based methods have shown their dominance in the cross-view geo-localization task, existing
models have difficulties in extracting comprehensive meaningful features from both domains of
images. This limitation results in not establishing accurate and robust dependencies between street-
view images and the corresponding RS images. To address the aforementioned issues, this paper
proposes a novel and lightweight neural network for cross-view geo-localization. Firstly, in order
to capture more diverse information, we propose a module for extracting multi-scale features from
images. Secondly, we introduce contrastive learning and design a contrastive loss to further enhance
the robustness in extracting and aligning meaningful multi-scale features. Finally, we conduct
comprehensive experiments on two open benchmarks. The experimental results have demonstrated
the superiority of the proposed method over the state-of-the-art methods.

Keywords: cross-view geo-localization; contrastive learning; multi-scale feature extraction; remote

sensing

1. Introduction

With the implementation of increasingly growing earth observation programs, RS
images and street-view images have been explosively booming, and we have entered an
age of big RS data [1-3]. Cross-view geo-localization aims to determine the location of a
query street-view image by retrieving the most similar image in a GPS-tagged RS image
dataset. Cross-view geo-localization plays an essential role in noisy GPS correction, event
detection, accurate delivery, autonomous vehicles, and so on [4].

Cross-view geo-localization can be regarded as an image retrieval task [5-12]. As
shown in Figure 1, firstly, features are extracted from a queried street-view image and
RS images. Subsequently, the similarity between the features of the street-view images
and RS images is computed, and the RS image with the highest similarity is selected.
Therefore, we can locate the street-view image using the GPS coordinates from the selected
RS image. Cross-view geo-localization faces major challenges arising from significant
domain differences between street-view images and RS images. The domain gap primarily
involves two aspects. On the one hand, there are considerable viewpoint differences
between street-view images and RS images, as street-view images are centered around the
shooting location, while RS images are orthorectified. On the other hand, the appearances
of street-view images and RS images may vary significantly due to the possibility of being
captured at different times and with different cameras, seasons, weather, and lighting.
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Figure 1. The process of cross-view geo-localization.

Recently, deep learning-based methods [8-10,13-16] have been dominant in cross-
view geo-localization. They generally train a dual-channel Siamese network framework
to extract features from street-view images and RS images, respectively. Therefore, the
component for feature extraction plays a vital role in deep learning-based cross-view
geo-localization models.

A CNN (convolutional neural network) is the most commonly used feature extraction
component for cross-view geo-localization, whereas CNN-based models face challenges
in establishing the corresponding relationship between the street-view images and RS ones,
because the two types of images from different domains have significant viewpoint differences.

To address the viewpoint differences issue between street-view images and RS images,
a defined polar transform [12] and GANs (Generative Adversarial Networks) [17] are
leveraged to make the transformed RS images look like the corresponding street-view
images [18-20]. The polar transform proposed by Shi et al. [12] is a mathematic transform
and requires determining the orientation relationship between street-view images and RS
images. Therefore, the polar transform may fail when the two types of images have different
lighting conditions or the street-view images are not spatially aligned at the center of the
RS images [6]. The GAN-based domain adaptation models for cross-view geo-localization
involve significant computational costs and may suffer from model collapse.

The vision-transformer (ViT) [21] has powerful global modeling capability and a
self-attention mechanism. The ViT-based models [22-24] for cross-view geo-localization
can effectively model the potential dependency between the street-view images and the
corresponding RS images, but they only generate one single feature map and do not
consider extracting multi-scale features, potentially leading to information loss.

In summary, the current models mainly face challenges in addressing viewpoint
differences and information loss caused by downsampling. To tackle these issues, this
paper proposes a swin-transformer-based model.

Recently, swin-transformer [25] has demonstrated competitive performance across
various vision tasks. Using swin-transformer for geo-localization has the following ad-
vantages. First, the use of position encoding technology in swin-transformer facilitates
our model in learning the geometric relationships between street-view images and RS
images, allowing it to address the impact of differences in their viewpoint. Secondly,
swin-transformer employs multiple stages for downsampling and feature extraction. This
implies that swin-transformer has the potential to extract features at different scales and pay
attention to more diverse features. Building upon this, we modified the swin-transformer
model to extract features at different scales from different stages, resulting in multi-scale
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features. We believe that the extracted multi-scale features that encompass more diverse
information can facilitate the accuracy of cross-view geo-localization.

Moreover, in order to enhance the robustness of extracting and aligning meaningful
multi-scale features between street-view images and RS images, we introduce contrastive
learning [26] to the proposed model. Contrastive learning is a self-supervised learning
method that aims to learn meaningful representations by maximizing the similarity of
similar samples and minimizing the similarity of dissimilar samples, which is advantageous
to extract more meaningful and robust features in supervised learning tasks [27].

In this paper, we propose an end-to-end multi-scale feature-extracting and -matching
neural network (GeoViewMatch) using swin-transformer and contrastive learning for cross-
view geo-localization. The positional encoding technique facilitates the GeoViewMatch
in learning the geometric positional relationships between street-view images and RS
images [23]. This contributes to resolving the issue of viewpoint differences between
street-view images and RS images. GeoViewMatch extracts features at different scales,
enabling it to focus on more diverse information. Furthermore, GeoViewMatch incorporates
contrastive learning to enhance the robustness of extracting and aligning features.

Our contributions can be summarized as follows:

* Anovel and lightweight end-to-end model is proposed to extract comprehensive multi-
scale features from street-view images and RS images for cross-view geo-localization.
In addition, it can be easily applied to other cross-view information retrieval tasks,
such as UAV images and satellite images.

* A contrastive learning component is designed to lift the robustness of extracting and
aligning meaningful multi-scale features between street-view images and RS images,
which can further facilitate the performance of the proposed model. To the best of our
knowledge, this is the first work to consider the potential intentions of contrastive
learning in the cross-view geo-localization task.

*  We demonstrate the effectiveness and advantages of the proposed method through
comprehensive experiments. The proposed model outperforms the state-of-the-art
results on two common benchmarks with less computation costs, parameter counts,
and inference time than other end-to-end methods.

The remaining part of this paper is organized as follows. The related work is shown in
Section 2. In Section 3, we show the details of the GeoViewMatch architecture. In Section 4, we
provide the experiment materials and results. The discussion and conclusion are mentioned
in Sections 5 and 6.

2. Related Work
2.1. Cross-View Geo-Localization

Early geo-localization can be divided into two categories: methods based on digital
models [28-30] and methods involving manually designed features [31]. The methods
based on digital models involve constructing three-dimensional digital models of the
terrain or buildings for geo-localization. However, this approach requires constructing
high-precision three-dimensional digital models, making it challenging to generalize to
large-scale geo-localization. The manual feature extraction methods based on self-similarity
and color histograms face challenges in achieving satisfactory results in retrieval accuracy.

With the advancement of deep learning methods, several approaches based on deep
learning have also been introduced. Workman et al. [32] first employ a CNN to address the
problem of cross-view geo-localization and construct one of the most popular datasets in
this field, called CVUSA. To bridge the domain gap between street-view images and RS
images, Wang et al. [5], based on the behavioral characteristics of humans when comparing
images, divide the deep features extracted by the network into centrally pyramid-shaped
blocks, significantly improving the retrieval accuracy. Nevertheless, the pyramid-shaped
blocks may not necessarily delineate valuable regions. Shi et al. [12] design a polar trans-
form algorithm so that the transformed RS images have spatial layouts similar to street-view
images. Similarly, to address the domain gap, Regmi et al. [33] use GANs to generate more
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realistic street-view images from RS images. On this basis, Toker et al. [20] utilize polar-
transformed images to generate street-view images. However, they rely highly on the
geometric correspondence of street-view images and RS images [23]. Shi et al. [34] employ
optimal transport theory for features transport, aligning street-view image features with RS
image features. Weyand et al. [7] divide the world into a grid network, creatively treating
cross-view geo-localization as a classification problem. The output of the method is a proba-
bility distribution worldwide. Nonetheless, obtaining high-precision coordinates requires a
finer grid network, which would make the output layer significantly large. Yang et al. [35]
is the first model to use the VIT for cross-view geo-localization. Zhu et al. [23] propose a
pure transformer-based method using a two-stage pipeline. These indicate the potential
of the transformer in the field of cross-view geo-localization. The ViT adopts a relatively
aggressive downsampling strategy and generates a single low-resolution feature map,
making it challenging for the model to extract multi-scale features and lose some fine
diverse features.

2.2. Swin-Transformer and Its Application

CNN-based methods encounter challenges in dealing with viewpoint differences
in cross-view geo-localization. Due to the relatively aggressive downsampling strategy,
the ViT may lose some diverse features. Swin-transformer [25] has shown competitive
performance in various computer vision tasks, including image classification [36], object
detection [37], road extraction [38], and image restoration [39]. Compared to the ViT and
the CNN, swin-transformer has the following advantages: (1) Shifted Window-based
Self-Attention [40]: This mechanism divides the image into fixed-size non-overlapping
windows, with each window utilizing a self-attention mechanism internally, reducing
computational complexity. (2) Multi-level Attention: This includes both Local Tokens and
Global Tokens. This multi-level attention mechanism enables the model to better extract
features at different levels and scales. (3) Local and Global Information Fusion: Swin-
transformer integrates local and global attention to better capture both local and global
information in images, enhancing the understanding and representation of image struc-
tures. (4) Multiple Stages: Swin-transformer consists of multiple stages that progressively
downsample the input and extract features at different scales. Utilizing the aforementioned
advantages, swin-transformer can extract multi-scale features with more diverse features.
Additionally, the position encoding in swin-transformer contributes to the model’s capacity
for learning intricate geometric relationships, effectively mitigating challenges associated
with variations in viewpoint.

2.3. Contrastive Learning

Contrastive learning has been widely applied in computer vision, including tasks such
as image classification [27,41,42] and object detection [43]. Methods such as SimCLR [27]
and MoCo [42] have achieved results surpassing traditional supervised learning on large-
scale datasets. MoCo introduces momentum contrast, being the first unsupervised model to
surpass supervised models in many mainstream computer vision domains. SimCL achieves
performance improvement by incorporating a simple projection head. MoCo3 [44] and
Dino [43] address the issue of the instability of training the ViT as a backbone and successfully
introduce the transformer into contrastive learning. Contrastive learning typically employs
a variety of methods for data augmentation. Data augmentation techniques include image
manipulation, rotation, translation, shearing, flipping, cropping, resizing, kernel filters, etc.
Applying contrastive learning to our model and selecting appropriate data augmentation
techniques can enhance the model’s ability to cope with changes in lighting, time, and other
variations, thereby improving the robustness and alignment of feature extraction in the model.

3. Methods

We first introduce our pipeline in Section 3.1. In Section 3.2, we describe the Swin-Geo
module used in our model and how it extracts multi-scale features. We introduce how we
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incorporate contrastive learning into our model in Section 3.3. Finally, we introduce the
design of the loss function in Section 3.4.

3.1. Overview of Method

The overview of our method, GeoViewMatch, is shown in Figure 2. We treat cross-view
geo-localization as an image retrieval task. GeoViewMatch also adopts a Siamese network
framework, but what sets it apart from previous models is the simultaneous incorporation
of a contrastive learning framework and using the Swin-Geo module to generate feature
maps at different scales and to extract multi-scale features.

Weak. project
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Figure 2. An overview of GeoViewMatch. The “++” means shared weights. The “Lo,”, “L;e11”, and
“Lyera” are the loss functions for training our model, see Section 3.4.

A project head consists of two fully connected layers. Specifically, GeoViewMatch
utilizes pairs of RS images and street-view images as inputs. For the RS images, GeoView-
Match applies both strong and weak augmentations to obtain enhanced images I, and I;.
These images I, and I; are inputted into two shared-weights Swin-Geo modules, resulting
in multi-scale features f,,;;;_, and features f,,;1;_s. The street-view images are also pro-
cessed through a Swin-Geo module. Unlike RS images, we do not apply strong and weak
augmentations to street-view images.

3.2. Swin-Geo
The structure of Swin-Geo is shown in Figure 3. Swin-Geo utilizes swin-transformer as

its backbone, comprising four stages, each containing a downsampling module to generate
features at different scales. A feature f; is processed through Swin-Geo, and the four

f “f °
stages of Swin-Geo generate features f; € Rs *32L/, f, ¢ R4 *16Lr £ ¢ RZT¥4s and
f1 € RS ¥Lr, where the C rand Ly denote the output channels and spatial dimensions of
ST Stage-4. The traditional swin-transformer utilizes a simple average pooling layer and a
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linear layer for feature aggregation, leading to information loss and proving unsuitable for
geo-localization tasks. Inspired by [12,20], we introduce a module for feature aggregation.
The features f3 and f4 pass through the feature aggregation module and then the output
features fy,11i3 and fy,,114 are concatenated to obtain the multi-scale features f,;,,1;;.

fmuh‘i3

ST | f; ST | /o, | ST ST Smuti
Steige St;ge Stgge 2 Stzge 2 Foitia ;

Figure 3. The structure of Swin-Geo. The “ST Stage” is the stage in swin-transformer. The symbol
“®” means concatenation. FA is a feature aggregation module, see Figure 4.

Ji ——>

Patch Embedding

Multi-scale Features and Feature Aggregation Module: Different ST Stages produce
features at different scales. GeoViewMatch selects features from ST Stage-3 and ST Stage-4
to construct multi-scale features. Inspired by the works [12,20], a module is employed
to aggregate these two features, resulting in multi-scale features. As shown in Figure 4,

C
f
the input features f3 € R2 *# and f; € REs L undergo max pooling followed by MLP

layers, resulting in features f3,, € RN*4f and fy,, € RN*L/. f; is subjected to a Frobenius
inner product with fs,,, while f; undergoes the same operation with f,,,. This yields f,,11i3

3
and f,,,11i4- The final multi-scale features f,,;;; € R25/Lf are obtained by concatenating
fmulti3 and fmulti4-

Max Pooling Flatten
> N e CN — ] -
C
MLP - -
1 Jam Jmutii3
QE ~3CN/2
4L
4L F—Jﬁ
e Max Pooling Flatten CN2 — -
fmu/ti
MLP Sam Jmutiia

Figure 4. Feature aggregation module. “®” and “®” are mean concatenation and Frobenius inner

product, respectively.

3.3. Contrastive Learning in GeoViewMatch

To bolster the robustness of extracting and aligning meaningful multi-scale features, we
introduced contrastive learning in GeoViewMatch. While traditional contrastive learning
relies on large datasets for pre-training, GeoViewMatch skips the pre-training step. Instead,



Remote Sens. 2024, 16, 678

7 of 19

it directly introduces contrastive learning during training, utilizing soft-margin triplet
loss [9] in place of the traditional NEC-loss [44] as the contrastive loss. For an inputted im-
age, after undergoing strong and weak augmentations, GeoViewMatch ultimately outputs
two multi-scale features. These features pass through a shared-weights project head, and
the contrastive loss is calculated. This loss aims to maximize the similarity between the
matched strongly and weakly augmented images and to minimize the similarity of the
mismatched images, thereby enhancing the model’s information extraction capabilities.

For RS images, we choose random color jitter, random gray, and Gaussian blur as
strong augmentation. Weak augmentation generally consists of geometric transformations,
altering the geometric relationships of objects within the image. We chose random rotation as
weak augmentation, with rotation angles limited to clockwise 90, 180, and 270 degrees. It is
noteworthy that the orientations of street-view images and RS images need to be aligned. To
preserve this alignment, street-view images can be transformed by moving one side of the
image to the other, and the proportion and direction of the movement corresponding to the
rotation angle of the RS image. Figure 5 is an example of a clockwise rotation of 90 degrees.
Unlike RS images, we do not apply strong and weak augmentations to street-view images.
We believe RS images are more susceptible to changes in cloud cover, shadows, lighting, and
season, emphasizing the importance of extracting robust features from RS images.

RS Image Stree-view Image

¥ T P < =

Figure 5. The rotation of RS image and corresponding transformation of street-view image.

3.4. Loss Function

The loss of GeoViewMatch is composed of retrieval loss (L,.t1 and Ly,r) and con-
trastive loss (Lcn), and it is trained using the soft-margin triple loss [9]:

Liripter = log(1+ e dpos i) ) @

where d)os and dpeq represent the squared [ distance of the positive and negative pairs,
and & denotes the weight of the soft-margin triplet loss. In the retrieval loss, the positive
pairs are the matched street-view images and RS images, while the negative pairs are the
mismatched street-view images and RS images.

In the contrastive loss, strongly augmented images and weakly augmented images
from the same source images are considered positive pairs, while those from different
images are treated as negative pairs. We apply [» normalization to all the features. The total
loss consists of three components:

Liotal = ,Bﬁcon + YLyt + 0Lyer2 )

where the B, v, and ¢ are the weights of Lcon, Lye1, and Lyep.
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4. Experiment
4.1. Datasets

We conduct comprehensive experiments on two widely used datasets, CVUSA [32]
and CVACT [10].

The CVUSA dataset is collected in the United States and comprises over one million
street-view and RS image pairs, encompassing a mixture of commercial, residential, sub-
urban, and rural areas. The initial proposal of the CVUSA dateset is aimed at large-scale
localization across the United States. Following the previous works [12,20,23], we use a
subset of the CVUSA dataset. The subset was created by Zhai et al. [45]. In the process of
creating this dataset, they utilized the external parameters of the camera to align the image
pairs by warping street-view images. This dataset comprises 44,416 pairs of street-view
images and RS images. We utilize 35,532 of them for training and the remaining 8884 for
validation. The size of the street-view images and RS images are 224 x 1232 and 800 x 800.
Additionally, there are street-view semantic segmentation labels in the CVUSA dataset, but
we do not use them.

The CVACT dataset is collected in Australia. Compared with the CVUSA dataset,
the CVACT dataset includes more urban and suburban images with a higher resolution,
but the ground coverage includes cultivated land. To maintain consistency, the CVACT
dataset has the same size train set and validation set as the CVUSA dataset. The size of the
street-view images and RS images are 832 x 1664 and 1200 x 1200. The ground solution for
the RS images is 0.12 m per pixel.

4.2. Evaluation Metric

Following the previous works [12,20,23], we use top-k recall accuracy (R@k) as the
standard evaluation protocol. Our algorithm can output a set of plausible matches based on
the cosine similarity for each street-view image and RS image. The R@k value is defined as
the position within the rankings of the ground-truth RS images that are correctly identified
among the top-k matches for a given street-view image. As the primary objective of cross-view
geo-localization is to minimize the localization error, quantified in meters, following [6,23],
we calculate the distance between the retrieved images and the street-view images. If this
distance is below a predefined threshold, it is considered a successful retrieval.

4.3. Implementation Details

Our algorithm is implemented using PyTorch [46]. For the CVUSA dataset, the street-
view images and RS images are resized to 128 x 640 and 256 x 256. For the CVACT dataset,
the RS images are also resized to 256 x 256, but the street-view images are first cropped to
416 x 1664 and then resized to 128 x 640.

For the model, we employ swin-transformerV2-tiny as the backbone. The patch size
is 4 x 4, and the out features dimension is 768. Swin-transformer contains four stages,
and each stage consists of 2, 2, 6, and 2 swin-transformer blocks. Each stage’s multi-head
attention module includes 3, 6, 12, and 24 heads, respectively. Moreover, we discarded the
average pooling and classification head in swin-transformer, opting instead for a feature
aggregation module. We initialize our model with off-the-shelf pre-trained weights [47]
on ImageNet-1K [48] with an 8 x 8 window size. We use the AdamW [49] optimizer with
B1 = 0.9 and B, = 0.999 based on cosine scheduling [50] to avoid falling into local optima.
Additionally, [23], we employ Adaptive Sharpness-Aware Minimization (ASAM) [51] to
minimize the adaptive sharpness of the loss landscape, ensuring the model converges
with a smooth loss curvature and achieves a robust generalization capability. The learning
rate of swin-transformer and the feature aggregation module is set to 0.0001 and 0.0002,
respectively. The weight («) of the loss function is set to 10. The weights (8, 7y, and ) for
Leon, Lret1, and Ly, are set to 0.5, 0.25, and 0.25. The project head has the same learning
rate as the feature aggregation module. The hyperparameter “N” of the feature aggregation
module is 8. We trained the model for 200 epochs with a batch size set to 32.
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4.4. Compared Models
We compare our method with several works as follows:

e LOCG [10]: A CNN-based network capable of simultaneously learning both visual
appearance and orientation information from images.

e  CVFT [34]: A CNN-based model that employs optimal transport theory for features
transport, achieving alignment between RS images and street-view images in the
features domain.

e  SAFA [12]: A CNN-based model that introduces the polar transform to align RS
images and street-view images.

e CDTE [20]: It utilizes GANs to generate realistic street-view images from polar-
transformed RS images.

L2LTR [35]: It is the first model using the VIT for cross-view geo-localization.
TransGeo [23]: A pure transformer-based method for geo-localization. It uses a two-
stage pipeline. The first stage provides RS image attention maps, utilized to inform
the cropping of RS images in the second stage and during the testing process.

4.5. Result

In this section, we summarize the results of our work. We evaluate the performance
of our method in Sections 4.5.1 and 4.5.2. In Section 4.5.3, we compare the computational
cost of our model with other models. We show the comprehensive ablation studies in
Section 4.5.4.

4.5.1. R@k Analysis

To compare the performance of our model with other models, we compare R@1, R@5,
R@10, and R@1% on the CVACT and CVACT datasets as shown in Table 1. R@1% means that
if the correct RS image is retrieved within the top 1% of all the RS images, then it is considered
a successful retrieval. For a fair comparison, we utilize data provided by the authors of each
method. Specifically, R@1, R@5, R@10, and R@1% are obtained directly from the authors’
papers. All the other data are acquired using the authors’ supplied pre-trained models.

Table 1. Comparison of R@1, R@5, R@10, and R@1% on the CVUSA and CVACT datasets. (The best
is in bold).

CVUSA CVACT
Method Re@1 R@5 R@10 R@1% Re@1 R@5 R@10 R@1%
LOCG 40.79 68.82 76.36 96.12 46.96 68.28 75.48 92.01
CVTF 61.43 84.69 90.49 99.02 61.05 81.33 86.52 95.93
SAFA 89.84 96.93 98.14 99.64 81.03 92.80 94.84 98.17
CDTE 92.56 97.55 98.33 99.57 83.28 93.57 95.42 98.22
L2LTR 94.05 98.27 98.99 99.67 84.89 94.59 95.96 98.37
TransGeo 94.08 98.36 99.04 99.77 84.95 94.14 95.78 98.37

GeoViewMatch 95.52 99.22 99.67 99.83 89.71 95.93 96.92 98.48

It can be seen from Table 1, our approach exhibits superior performance compared
to the alternative methods. Compared to the previous state-of-the-art methods, our
method has shown a comprehensive improvement in recall. Specifically, our method
achieved 1.42%, 0.86%, 0.63%, and 0.06% absolute improvements in R@1, R@5, R@10, and
R@1% on the CVUSA dataset, respectively. On the CVACT dataset, our model achieved
greater absolute improvements at 4.76%, 1.79%, 1.14%, and 0.11% in R@1, R@5, R@10,
and R@1%, respectively. The improvements indicate the strong learning capacity of our
method. The street-view images and their corresponding retrieval results are illustrated in
Figures 6 and 7.
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Figure 6. The retrieval results under the CVUSA dataset. The left side shows the street-view images,
and the right side displays the top five retrieval results sorted by similarity from high to low. The
green boxes indicate the correct retrieval results.

Figure 7. The retrieval results under the CVACT dataset. The left side shows the street-view images,
and the right side displays the top five retrieval results sorted by similarity from high to low. The
green boxes indicate the correct retrieval results.

4.5.2. Meter-Level Analysis

Given that numerous image pairs in CVACT were captured in close proximity to each
other, and the CVACT dataset provides location information for the images, this allows for
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the possibility of conducting a meter-level evaluation. We perform a meter-level evaluation
by calculating the distance between the predicted image and the ground-truth image. Due
to the coverage area of an RS image being 144 m x 144 m, we choose 0 m, 36 m, 72 m, and
144 m as the distance thresholds for the meter-level evaluation. More specifically, the 0 m
metric quantifies the proportion of accurate one-to-one matches. If the distance between the
predicted image and the ground-truth image is less than the threshold, it is considered a
successful retrieval. The CVUSA dataset does not provide the location information, so we did
not conduct the meter-level evaluation on the CVUSA dataset. For a fair comparison, all the
data are obtained using pre-trained models provided by the authors of the compared models.

As shown in Table 2, our model exhibits performance surpassing that of the other
models. Compared to the previous state-of-the-art method, our method achieved 4.80%,
3.71%, 3.41%, and 3.31% absolute improvements in the 0 m, 36 m, 72 m, and 144 m
thresholds on the CVACT dataset, respectively. This implies that our model has a more
robust capability of reducing geographical localization errors.

Table 2. Results at thresholds of 0, 36, 72, and 144 on the CVACT dataset. (The best is in bold).

Threshold (m)
Method 0 36 72 144

LOCG 42.13 44.23 45.04 46.34
CVTF 59.35 64.66 65.75 67.51
SAFA 72.76 77.75 78.69 79.92
CDTE 83.44 88.97 89.77 90.69
L2LTR 83.91 88.99 89.97 90.83
TransGeo 84.91 89.59 90.42 91.19
GeoViewMatch 89.71 93.30 93.83 94.50

We approach the meter-level evaluation from another perspective. According to the
First Law of Geography, everything is related to everything else, but near things are more
related than distant things. In the context of image retrieval or feature representation, this
implies that images from nearby regions should exhibit more similar features. Therefore, a
good model for cross-view geo-localization should be capable of retrieving images from
the vicinity of a query image, capturing the spatial relationships and similarities present
in the data. Building upon this foundation, we conduct a new meter-level evaluation. We
compute the average distance between the top-k retrieval results and the ground-truth
images. To maintain consistency with Section 4.5.1, we evaluate the top-1, top-5, top-10,
and top-1% in the meter-level evaluation.

As shown in Table 3, in the top-k retrieval results, the GeoViewMatch consistently
exhibits the smallest average distance, indicating its ability to better extract features from
the same region and capture their spatial relationships and similarities present. Such
capabilities help narrow down the retrieval range to a more confined area.

Table 3. The average distance between the top-k retrieval results and the ground-truth image on the
CVACT dataset. (The best is in bold).

Distance (m)

Method Top-1 Top-5 Top-10 Top-1%
LOCG 2546 3859 4215 4909
CVTF 1378 3396 3939 4894
SAFA 916 3238 3882 4953
CDTE 392 2911 3594 4778
L2LTR 384 2938 3671 4876

TransGeo 352 2821 3556 4790

GeoViewMatch 223 2668 3403 4700
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4.5.3. Computational Cost

The purpose of cross-view geo-localization is to locate street-level images globally,
requiring application and testing on large-scale datasets. Therefore, it is crucial to consider
the computational costs associated with this process. In Table 4, we provide a detailed
computational cost of our model, SAFA [12], and L2LTR [35]. Our model is lightweight,
unlike GAN-based models that possess complex structures. SAFA is a CNN model built
upon the architecture of VGG16. In contrast to other CNN-based models, SAFA opts for
a streamlined structure without additional blocks, resulting in a more computationally
efficient model [23]. L2LTR is the first model using the VIT for cross-view geo-localization.
Therefore, we opt to compare our model with L2LTR and SAFA. We did not compare our
model with TransGeo [23] because TransGeo requires two-stage training, with attention
maps generated in the first stage guiding the cropping in the second stage. In contrast,
SAFA, L2LTR, and our model are trained in a single stage and do not require the generation
of attention maps. As shown in Figure 4, our model’s computational cost (GFLOPs) is
only 23.1% of SAFA and 22.1% of L2LTR. While achieving heightened performance, our
model exhibits a significantly reduced inference time, comprising merely 35.0% of SAFA’s
inference time and 51.2% of L2LTR’s inference time. Meanwhile, the parameter count of
our model is only 70.4% of SAFA and 29.30% of L2LTR. This observation underscores the
heightened efficiency of our model, reinforcing its applicability in real-world large-scale
geo-localization scenarios.

Table 4. The GFLOPs, GPU memory, inference speed, parameter, and performance on the CVACT
dataset. All three methods are tested on the same RTX4090 with a batch size of 16. (The best is
in bold).

Method GFLOPs GPU Memory Inference Time Parameter Re@1
SAFA 42.24 9.63 GB 120 ms 81.66 81.03
L2LTR 44.16 15.50 GB 82 ms 195.90 84.89

GeoViewMatch 9.7616 11.40 GB 42 ms 57.47 89.71

4.5.4. Ablation Studies

In this section, we explore the impact of various components in our approach on
the retrieval performance across the CVUSA and CVACT datasets. For this purpose, we
conduct the following ablations and present the outcomes in Table 5. First, we train
GeoViewMatch as the base model without contrastive learning and multi-scale features.
Then, we train GeoViewMatch with only contrastive learning added. This modification
resulted in a 0.29% and 0.52% improvement in R@1 on the CVUSA and CVACT datasets,
respectively. To assess the effectiveness of the multi-scale features, we train GeoViewMatch
with multi-scale features. As shown in Table 5, the multi-scale features resulted in a 0.33%
and 0.60% improvement in R@1 on the CVUSA and CVACT datasets.

Table 5. The ablation results for the CVUSA and CVACT datasets. The abbreviations “BS”, “CL”, and “MF”
represent the base model, contrastive learning, and multi-scale features, respectively. (The best is in bold).

Dataset Method R@1 R@5 R@10 R@1%
BS 94.99 9853 99.71 99.84

BS + CL 95.28 98.77 99.20 99.81

CVUsA BS + MF 95.32 98.81 99.31 99.82
BS + CL + MF 95.52 99.22 99.67 99.83

BS 88.65 95.27 96.67 98.39

BS + CL 89.17 95.81 96.92 98.41

CVACT BS + MF 89.25 95.67 96.59 98.41

BS + CL + MF 89.71 95.93 96.92 98.48
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We also demonstrate the impact of extracting features at different scales on the retrieval
results in Table 6. The multi-scale features composed of the output features from Swin-
Geo’s Stage-4 and Swin-Geo’s Stage-3 have resulted in a 0.24% and 0.54% improvement
on the CVUSA and CVACT datasets, respectively. Further incorporating features from
Swin-Geo’s Stage-2 into the multi-scale features resulted in performance degradation of
0.14% and 0.46% on the CVUSA and CVACT datasets, respectively. Combining features
from all four stages to form multi-scale features resulted in a drastic decrease in retrieval
accuracy. GeoViewMatch reaches optimal performance when incorporating outputs from
Swin-Geo’s Stage-3 and Stage-4 as multi-scale features.

Table 6. The performance of our model under various multi-scale features. The symbols f, f3, f2,
and f; denote the out features of Stage-4, Stage-3, Stage-2, and Stage-1 of Swin-Geo, respectively.
The symbol ® means concatenation. f; ® f; means using the multi-scale features composed of the
features f; and f;. (The best is in bold).

Dataset Method Re1 R@5 R@10 R@1%
fa 95.28 98.77 99.20 99.81

f1®f3 95.52 99.22 99.67 99.83

CVUSA fi® f3® fo 95.38 98.68 99.25 99.81
iR 3R H®f 50.11 71.65 78.18 91.86

fa 89.17 95.81 96.92 98.41

f1®f3 89.71 95.93 96.92 98.48

CVACT fa® f3® fa 89.25 95.67 96.57 98.39
faRf3® L® f1 35.12 59.06 68.66 91.37

5. Discussion

We propose a method for cross-view geo-localization. By constructing multi-scale
features, our model is capable of extracting more diverse features. Notably, the multi-scale
features, composed of features from Stage-3 and Stage-4, outperform others, suggesting
their effectiveness in capturing valuable information. In Figures 8 and 9, we visualize
the outputs of each stage of Swin-Geo and the multi-scale features as a heatmap [22].
Specifically, we average the features along the channel dimension, resize them to the
original image size, and overlay them on the original image to generate the heatmap. It is
noteworthy that, due to the different fields of view and perspectives between street-view
images and RS images, street-view images may contain significant occlusions. This implies
that areas closer to the center of the RS image and regions that are not occluded are more
likely to appear in the street-view image. Therefore, to achieve better performance, the
model should pay more attention to areas that appear in both images. This implies that
these regions should have higher thermal values, while other areas should have lower
thermal values.

As shown in Figures 8 and 9, whether under “Method 1” or “Method 2”, the heatmap
of Stage-2 exhibits a scattered distribution of high thermal values in a dot pattern with
fewer low thermal value areas and slight differences in the thermal values. In contrast, in
the heatmaps of Stage-3 and Stage-4, high thermal values are distributed in a patchy pattern
around the center of the image (the location where the street-view image is captured) and
its surrounding areas with more areas with low thermal values and greater differences
in the thermal values. The distribution of the high thermal values in Stage-3 and Stage-4
indicates that the features at these stages focus on information relevant to our task while
reducing attention given to irrelevant information. In the heatmaps from Stage-3 and
Stage-4, the higher thermal values are in the center of the images as well as in non-occluded
areas. This indicates that the model focuses on important and valuable areas. In contrast,
the heatmaps from Stage-2 do not exhibit this phenomenon and high thermal values appear
in several occluded areas and boundary regions. Additionally, the distribution of the high
thermal values in Stage-3 and Stage-4 varies, indicating that they can focus on different
valuable areas.
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Stage-2 Stage-4 Multi-Scale Multi-Scale Stree-view heatmap

Figure 8. The heatmaps from the CVUSA dataset. On the left, the original RS images are shown, and
on the right are four heatmaps from Stage-2, Stage-3, and Stage-4 of Swin-Geo, along with heatmaps
from the multi-scale features. The far right displays the heatmaps of the multi-scale feature extracted
from the street-view images. “Method 1” denotes the use of features from Stage-3 and Stage-4 of
Swin-Geo to form multi-scale features, while “Method 2” indicates the use of features from Stage-2,
Stage-3, and Stage-4 of Swin-Geo to compose multi-scale features. Red represents high thermal values
in this area, while blue represents low thermal values.

By simultaneously using features from both Stage-3 and Stage-4 as our multi-scale
features, our model can focus on larger valuable regions while retaining attention on the
image’s central region and non-occluded areas. This is consistent with the objective of
utilizing multi-scale features and clarifies the improvement in our model’s performance
when incorporating features from Stage-3 and Stage-4 as part of the multi-scale features.
Meanwhile, the scattered distribution of the high thermal values in Stage-2 suggests that
the features in this stage have not adequately extracted crucial information, and the module
emphasizes occluded areas, which are not visible in the street-view images. When incorpo-
rating the features from Stage-2 into the multi-scale features, the regions with high thermal
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Original Image

Method 1

Method 2

Method 1

Method 2

Method 1

Method 2

Method 1

Method 2

values in the heatmap are suppressed, and the areas with low thermal values decrease. The
overall thermal values in the image show a trend toward a more even distribution. When
features from Stage-2 are included as part of the multi-scale features, the thermal values in
the heatmap exhibit an even distribution trend. This suggests that the inclusion of Stage-2
features leads the model to reduce attention to valuable information and focus more on
a broader range of less valuable information. This aligns with our experimental results,
showing that using features from Stage-2, Stage-3, and Stage-4 as our multi-scale features
does not improve model performance.

Stage-2 Stage-3 Stage-4 Multi-Scale Multi-Scale Stree-view heatmap

Figure 9. The heatmaps from the CVACT dataset. On the left, the original RS images are shown,
and on the right are four heatmaps from Stage-2, Stage-3, and Stage-4 of Swin-Geo, along with the
heatmaps from the multi-scale features. The far right displays the heatmaps of the multi-scale feature
extracted from the street-view images. “Method 1” denotes the use of features from Stage-3 and
Stage-4 of Swin-Geo to form multi-scale features, while “Method 2” indicates the use of features
from Stage-2, Stage-3, and Stage-4 of Swin-Geo to compose multi-scale features. Red represents high
thermal values in this area, while blue represents low thermal values.

The same phenomenon can be observed in the heatmaps of the street-view images.
The heatmaps of the street-view images, composed of features from Stage-3 and Stage-4 as
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the multi-scale features, exhibit more pronounced high thermal values regions. In contrast,
the heatmaps of the street-view images, composed of features from Stage-2, Stage-3, and
Stage-4 as the multi-scale features, show masked high thermal value regions, presenting a
more uniform distribution of thermal values. Simultaneously, when using features from
Stage-3 and Stage-4 to compose multi-scale features, the high thermal value regions in the
heatmaps of the street-view images and RS images show a more evident correspondence.
This indicates that the model is focusing on the same areas in both the street-view images
and RS images, contributing to the extraction of valuable features from them. Yet, this
correspondence is challenging to discern when using features from Stage-2, Stage-3, and
Stage-4 to compose multi-scale features.

Through the heatmap visualization of features at different scales, we observed varia-
tions in the regions of focus within the images. Our model exhibits distinct performances
when composed of features from different stages to form multi-scale features. Using fea-
tures from Stage-3 and Stage-4 to compose the multi-scale features, our model can focus on
a larger extent of the prominent regions that appear simultaneously in both the street-view
images and RS images, enhancing model performance. Conversely, due to the scattered
distribution of the high thermal values in the heatmaps, the multi-scale features composed
of features from Stage-2, Stage-3, and Stage-4, intuitively expected to contain more infor-
mation, do not yield a performance improvement. By selecting appropriate features, our
model demonstrates better performance.

6. Conclusions

In this paper, we proposed a lightweight end-to-end method for cross-view geo-
localization. Specifically, to enable the model to focus on more diverse features, we extract
features of different scales from different stages of our model to obtain multi-scale features.
Simultaneously, to strengthen the robustness of extracting and aligning meaningful multi-
scale features, we introduce contrastive learning to our model during the training process.
Our model exhibits performance surpassing the state-of-the-art models while demanding
fewer computational resources than other end-to-end methods. On the CVUSA and CVACT
datasets, our model achieved a 1.42% and 4.67% improvement in R@1, 0.86% and 1.79%
improvement in R@5, 0.63% and 1.14% improvement in R@10, and 0.006% and 0.11%
improvement in R@1%, respectively. In the first type of meter-level evaluation, our method
achieved 4.80%, 3.71%, 3.41%, and 3.31% absolute improvements in the 0 m, 36 m, 72 m,
and 144 m thresholds, respectively. In the second type of meter-lever evaluation, our
model achieved the smallest average distance between the retrieval results and the ground-
truth images. Additionally, compared to other end-to-end models, our model reduces the
GFLOPs, parameter count, and inference time by at least 75%, 65%, and 29%, respectively.
The improvement efficiency of our model will facilitate the widespread application of
cross-view geo-localization technology to large-scale practical scenarios.

Opverall, our method boasts higher accuracy and lower computational costs. In the fu-
ture, we will explore cross-view geo-localization technology from a more practical perspec-
tive. On the one hand, addressing the challenge of inconsistencies in the center points and
orientations between RS images and street-view images will be a primary focus of further
research. This discrepancy presents significant challenges for cross-view geo-localization
technology in practical applications. On the other hand, compared to street-view images,
photos captured by ordinary cameras are more readily available in practical applications.
Cross-view geo-localization technology for such photo images holds broader prospects.
Therefore, we will conduct research on cross-view geo-localization problems specific to this
type of photo image in the future.
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