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Geo-Localization With Transformer-Based 2D-3D
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Jianbiao Mei , and Yong Liu

Abstract—This letter presents a novel method for geographical
localization by registering satellite maps with LiDAR point clouds.
This method includes a Transformer-based 2D-3D matching net-
work called D-GLSNet that directly matches the LiDAR point
clouds and satellite images through end-to-end learning. Without
the need for feature point detection, D-GLSNet provides accurate
pixel-to-point association between the LiDAR point clouds and
satellite images. And then, we can easily calculate the horizontal
offset (Δx, Δy) and angular deviation Δθyaw between them,
thereby achieving accurate registration. To demonstrate our net-
work’s localization potential, we have designed a Geo-localization
Node (GLN) that implements geographical localization and is plug-
and-play in the SLAM system. Compared to GPS, GLN is less
susceptible to external interference, such as building occlusion. In
urban scenarios, our proposed D-GLSNet can output high-quality
matching, enabling GLN to function stably and deliver more ac-
curate localization results. Extensive experiments on the KITTI
dataset show that our D-GLSNet method achieves a mean Relative
Translation Error (RTE) of 1.43 m. Furthermore, our method
outperforms state-of-the-art LiDAR-based geospatial localization
methods when combined with odometry.

Index Terms—Geo-localization, 2D-3D match, SLAM.

I. INTRODUCTION

P EOPLE’S pursuit of accurate positioning has not dimin-
ished with the advent of GPS, but rather, they have more

expectations for stable and accurate positioning over a long
time. Accurate positioning over long periods is also the key
to autonomous driving technology. While LiDAR odometry [1],
[2] can provide highly accurate relative motion pose estimation,
it is subject to inevitable cumulative drift. Vehicle localization
technologies primarily rely on Global Navigation Satellite Sys-
tems (GNSS) and ground-based maps (e.g., using LiDAR point
clouds) [3], [4] for estimating absolute, geo-referenced poses.
However, in urban environments with tall buildings, known
as “urban canyons,” commercial GPS signals often become
unavailable [5]. Therefore, prior maps have become a viable
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solution for the localization problem. They can compensate for
the limitations of GPS signals and provide higher-precision 6-
DoF pose estimation. Nevertheless, most prior map methods re-
quire pre-mapping the environment and performing localization
relative to a geo-referenced point cloud database. Furthermore,
the coverage of existing prior maps is sometimes more exten-
sive, limiting their use in unknown environments. Thus, some
studies [6], [7], [8], [9] have proposed using publicly available
maps, such as GIS and satellite imagery, for robot localization,
which have already covered most parts of the world. However,
the biggest challenge lies in associating data of different types
and perspectives.

The current localized feature associations include image fea-
ture matching, 3D point cloud matching, and matching be-
tween point clouds and images. Local feature matching be-
tween images without detectors [11], [12] have aroused general
interest. Detector-free methods are robust against texture dif-
ferences, lighting, and viewpoint changes. At the same time,
direct registration methods [13], [14], [15] for point clouds
have replaced traditional correspondence-based methods [16],
[17], [18]. They use neural networks to estimate transformations
in a Transformer-like manner. Previous geo-localization meth-
ods [6], [7], [8], [9] obtain a series of ground images or point
clouds as input and output the vehicle’s pose estimation relative
to the geographic reference satellite image. [6], [7] rely on the
semantic information of satellite maps for data association. [8],
[9] directly aligns ground with aerial images via learned visual
features. However, they all fail to achieve satisfactory levels of
accuracy.

Inspired by the current Transformer-based detector-free local
feature matching method [19], [20], we propose an end-to-end
geometric structure-based LiDAR (3D) and satellite image (2D)
registration method. Furthermore, we design an independent
node GLN, relying only on satellite imagery, that can replace the
role of GPS and correct the cumulative offset of all current Li-
DAR odometry. We will verify this through specific and detailed
experiments about different SLAM systems coupled with GLN
or GPS, respectively. Among these LiDAR methods, we choose
A-LOAM1 and LIO-SAM [2] for the subsequent experiments.

To summarize, the main contributions of this letter are as
follows:

� We propose a novel point-level matching model for LiDAR
(3D) and satellite images (2D), which can be directly used
for registration to obtain their horizontal offset (Δx, Δy)
and angular offset (Δθyaw).

� Based on the proposed D-GLSNet network, we develop
a plug-and-play Geo-localization Node (GLN) with any

1[Online]. Available: https://github.com/hkust-aerial-robotics/a-loam.
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LiDAR SLAM system. This GLN offers several advantages
over the GPS, particularly regarding reduced susceptibility
to external interferences like building occlusion.

� We conduct extensive experiments on the KITTI dataset
and use different odometry combined with GLN. Results
show that our method outperforms the state-of-the-art
LiDAR-based geo-localization methods and demonstrates
the feasibility of replacing GPS with GLN.

� The code for the D-GLSNet and the dataset of satellite
images aligned to KITTI can be downloaded from https:
//github.com/yzdad/D-GLSNet.git.

The rest of this article is organized as follows: Section II
summarizes the related works in recent years. Our system is
introduced in Section III. Section IV includes details about
experimental settings and results on several datasets. Ultimately,
we conclude a brief overview of our system and a future outlook
in Section V.

II. RELATED WORK

A. 2D-3D Matching

Matching between 2D images and 3D point clouds presents a
unique challenge compared to matching within a single domain.
The substantial differences in data types between the two make it
a heterogeneous data-matching problem. Currently, there needs
to be more research focused on addressing this issue. Some
approaches employ a fusion of conventional hand-crafted tech-
niques and machine learning. Li et al. [21] use hand-crafted
3D object-level embeddings as learning targets and learn corre-
sponding image embeddings through CNN networks to com-
plete the learning of object-level cross-domain descriptions.
Similarly, 3DTNet [22] uses 2D and 3D local patches as input,
and feature extraction of the 3D local pudding is assisted by
features of 2D picture blocks, which improves the discriminable
effort of 3D features. However, it can only be used for 3D
matching.

Other methods use a pure learning approach, LCD [23]
proposes a novel approach to learn cross-domain descriptors
for 2D and 3D local patch matching, which employs a dual
self-encoder neural network that maps 2D and 3D inputs to
a shared latent space representation, respectively. Similar to
LCD, 2D-3DMatchNet [24] proposes a 3D point cloud to 2D
image feature extraction network, which uses traditional corner
point extraction to get pixel-to-point pair matching, but is still
essentially 2D and 3D local pudding pair matching. P2-Net [25]
extracts each point descriptor, detects key point locations in a
single forward pass, and then generates 2D point to 3D point
matches from the extracted descriptions. Similarly, our work
also generates pixel-to-point matches.

B. Cross-View Localization

Cameras and LiDAR are commonly used for ego-motion
estimating, which has led to the development of two cross-view
localization methods in remote sensing. One such method is
image-based geo-localization, which involves querying ground
images from an aerial image database [26]. To overcome
the significant viewpoint differences between the two types
of images, Kim et al. [8] used a dual-branch network to
extract potential vectors of ground images and aerial image
databases, using feature distance to measure the similarity
between them. Again, [27], [28] adopted a dual-branch network

Fig. 1. Results of geo-localization and mapping using A-LOAM + GLN on
the KITTI 00 dataset [10]. Our proposed geo-localization method accurately
calculates the transformation of point clouds in 3-Dof of freedom on a satellite
map. We have modularized the localization method so that any LiDAR-based
odometry can use it. The right-hand side of this image shows some details.

structure and employed different methods to minimize the
differences between the image domains. Other image-based
geo-localization methods that utilize semantic information [7],
[29] typically involve semantic segmentation of ground and
satellite images, followed by comparison based on projection
relationships. However, the accuracy of this approach depends
on the labels used and the precision of the network.

Cross-view matching using LiDAR presents several chal-
lenges, including differences in point cloud density, distribution,
and occlusions. However, the absolute scale provided by Li-
DAR and satellite images enables higher accuracy in cross-view
matching. Data association in LiDAR can be complex due to
differences in data modality, and some methods rely on manual
or semantic techniques to perform data association. For exam-
ple, Yan et al. [30] constructed a match-ready descriptor for
top-down view maps from OpenStreetMap [cite] that enables ef-
ficient 3D LiDAR-based localization. Miller et al. [6] segmented
LiDAR and Google Maps separately, computed Truncated Dis-
tance Fields (TDFs) for aerial semantic maps, and compared
them with LiDAR data class-wise. AGCV-LOAM [31] uses a
neural network to process LiDAR grid maps and satellite image
patches, outputting attitude correction values that are added to
the factor map for pose optimization.

Further, hybrid methods input images and LiDAR, such as
those proposed by [9], [32], using LiDAR and image continuous
data streams to improve perception and tracking. Nevertheless,
they use LiDAR as an aid to provide depth or additional infor-
mation. In contrast to previous work, our method directly learns
the correspondence between LiDAR points and satellite images
end-to-end using only LiDAR data. This method makes full use
of the information of the LiDAR point cloud rather than just
using semantics or depth.

III. METHODOLOGY

Inspired by LoFTR [19], we propose a two-stage match-
ing model D-GLSNet for generating relatively dense corre-
spondences between an image I � RH×W and a point cloud
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