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Task Definition

Where am I?

Geo-tagged Satellite Image
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Content Outline
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Coarse-level City-scale 
Localization

• Part-1:  Localizing Orientation Aligned Panoramas (AAAI 2020, NeurIPS 2019)

• Part-2:  Localizing Images with Unknown Orientation and Limited FoV
         (CVPR 2020)
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Image Retrieval

1. Sample grids

2. Split to small patches
Constructing database:
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Image Retrieval

The GPS of retrieved satellite image is assigned as current location.  
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A Typical Solution

Task Formulation 

 -- Image Retrieval

Solution

 -- Deep Metric Learning
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Challenges

1. Significant domain differences

2. Unknown orientation and limited FoV

3. Limited localization accuracy
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Our Solutions

Prof. Hongdong Li Dr. Xin Yu

Dr. Dylan Campbell Dr. Liu Liu

Github



Part-1: Localizing Orientation 
Aligned Panoramas

11

AAAI 2020 & NeurIPS 2019
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Geometry Correspondences
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Optimal Feature Transport
(AAAI 2020)

1. Spatial layout information 2. Domain differences

Shi, Yujiao, et al. "Optimal feature transport for cross-view image geo-

localization." AAAI 2020.
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Theory

Row normalization:

Column normalization:

Ground

Satellite
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Polar Transform 
(NeurIPS 2019)

Satellite Image Polar-transformed Satellite Image

Ground Panorama
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Framework

Spatial-aware feature aggregation 

(SAFA) module

Shi, Yujiao, et al. "Spatial-aware feature aggregation for image based cross-view geo-

localization." NeurIPS 2019.
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Spatial Attention
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Localization Visualization

Query Image Top-1 Top-2 Top-3 Top-4 Top-5

Orientation-aligned panoramas



Part-2: Localizing Images with 
Unknown Orientation and a 

limited FoV

19

CVPR 2020
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Challenges

Satellite Image Ground images captured at the same location but different 

orientations

Ground images with a limited FoV captured at the same location but different 

orientation can be totally different.
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Orientation Estimation

Ground Features

Correlation

Shift

Crop

Distance

Orientation
Aerial Features

-180° 180°0°

Lat, Long

-180° 180°0°

Polar 

TransformDynamic Similarity 

Matching: 

Estimate orientation 

alignment between 

two-view images.
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Framework

Shi, Yujiao, et al. "Where am i looking at? joint location and orientation estimation 

by cross-view matching." CVPR 2020.

• Joint orientation and location estimation

• End-to-end
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Orientation Estimation
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Limitation
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Localization Visualization

Unknown orientation and limited FoV

Query Image Top-1 Top-2 Top-3 Top-4
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Drawbacks of Retrieval

• Poor Localization accuracy

 -- limited to the density of sampled grids.



Increasing the Localization 
Accuracy

• Part-1:  Exhaustive Search (TPAMI 2022)

• Part-2:  Pose Optimization (CVPR 2021)

• Part-3: Localization with Uncertainty Estimates (ECCV 2022)

• Part-4:  Geometry-guided SliceMatch (CVPR 2023)
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Part-1

Exhaustive Search

TPAMI 2022
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Exhaustive Search

Query Image Top-1 Retrieved Satellite Image

Search every location per unit distance in the search region.  
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Localization Process

Projected at (0, 0) Projected at (-3, -8) Projected at (4, -5) Projected at (9, 2)

SSIM as similarity measure

Shi, Yujiao, et al. "Accurate 3-DoF Camera Geo-Localization via Ground-to-Satellite Image 

Matching." TPAMI 2022.
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Unknown orientation and limited FoV

Ground Features

Correlation

Shift

Crop

Distance

Orientation
Aerial Features

-180° 180°0°

Lat, Long

Change feature maps to original 

images.

Unknown orientation and limited FoV
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Fine-grained Localization

Top-1 retrieved image

Top-1 retrieved image

gt_orien=-159°

gt_orien=-130°Projected at the GPS location

Projected at the GPS location Projected at (3, 3), pred_orien=-159°

Projected at (19, -20), pred_orien=-129°

Localizing orientation-unknown panoramas

Projected at satellite image center

Projected at satellite image center
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Fine-grained Localization

Localizing images with unknown-orientation and limited FoV

gt_orien=153°

gt_orien=68°

Top-1 retrieved image

Top-1 retrieved image

Projected at the GPS location

Projected at the GPS location

Projected at (6, -3), pred_orien=154°

Projected at (15, -9), pred_orien=67°

Projected at satellite image center

Projected at satellite image center
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Projective Transform

• Project satellite image to a ground-view 

according to a relative location

• Assume ground plane homography 



35

Quantitative Evaluation

User study

Query ImageMatching Satellite 

Image

Projected Satellite Image at 

Ground GPS location
Projected Satellite Image at 

our estimated location

Which one is correct? GPS location, or our estimated location?

(1) GPS location

(2) Our estimated location

(3) Both

(4) Neither
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Quantitative Evaluation

User study
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Method Limitation

Query ImageMatching Satellite 

Image
Projected Satellite Image at 

Ground GPS location

Projected Satellite Image at 

our estimated location

✓
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Further Exploration

• SSIM is not very effective

     -- Better similarity metric?

• Exhaustive search is computationally expensive

     -- Sophisticated search strategy

Feature Similarity

LM pose optimization
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Part-2

Pose Optimization

CVPR 2022
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Pose Optimization

Satellite-to-Ground 

Projection (S2GP)

Predicted Feature

2

2

Observed Feature

LM Optimization

𝐑, 𝐭
N Iterations

Query Image

Top-1 Retrieved Image

Shi, Yujiao, and Hongdong Li. "Beyond cross-view image retrieval: Highly accurate 

vehicle localization using satellite image." CVPR 2022.
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LM Optimization
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Framework

Geometry

Projection

LM 

Optimization

Geometry

Projection

LM 

Optimization

Geometry

Projection

LM 

Optimization

+ + +

Satellite Image

Ground-View Image

∆ R ,∆ t ∆ R ,∆ t ∆ R ,∆ t
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Feature Extractor
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Multi-scale Coarse-to-fine Optimization
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Satellite-to-ground Projection
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Results
  – KITTI
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Results 

Search region: 40 m x 40 m, 20-degree

(1) SGD Vs. (2) ADAM. Vs. (3) LM
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Results 

Search region: 40 m x 40 m, 20-degree

(1) Net. Vs. (2) LM
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Pose Update Visualization
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Weaknesses

▪ Red arrow:      initial pose

▪ Blue arrow:     GT pose

▪ Green arrow:   predicted pose

▪ Purpose dots:   intermediate pose
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Part-3 : ECCV2022

Visual Cross-View Metric Localization with Dense Uncertainty Estimates

Intelligent Vehicles Group, Technical University Delft, The Netherlands

Zimin Xia Marco Manfredi Julian F. P. Kooij

TomTom, Amsterdam, The Netherlands

Olaf Booij

PaperCode
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Probabilistic Estimation

𝐺

𝑆

𝑝(𝑋|𝐺, 𝑆)
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Framework
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Visualization



53

Part-4: CVPR 2023

SliceMatch: Geometry-guided Aggregation for Cross-View Pose Estimation

Intelligent Vehicles Group, Delft University of Technology, The Netherlands

Zimin Xia* Julian F. P. Kooij

*Equal contribution

Holger Caesar

Poster ID: THU-AM-071

Ted Lentsch*

53Code Paper
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Insight
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Framework
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More details and results can be found in the paper

Poster ID: THU-AM-071

https://github.com/tudelft-iv/SliceMatch https://arxiv.org/abs/2211.14651 

https://github.com/tudelft-iv/SliceMatch
https://arxiv.org/abs/2211.14651


Satellite to Street-view 
Panorama Synthesis

TPAMI 2022
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Task Description
• Given a satellite image and a precise location

• What does it look like down there, as if one was 
standing right there? 
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Satellite to Street-view Panorama Synthesis

Input: Satellite Image Desired output:  Street-View Panorama

?
Challenges:

 (1) severe occlusions; 

 (2) different imaging modalities;

 (3) seasonal / weather differences, et al. 

Shi, Yujiao, et al. "Geometry-guided street-view panorama synthesis from satellite 

imagery." TPAMI 2022.
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Geometry Correspondences

There is a deterministic mapping between the satellite to street-view cameras,  

determined by the heights of scene objects.

𝜃

𝜑

Street-view Panorama

Coordinate System
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Multi (height) Plane Image (MPI)
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Satellite to Street-view Projection
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Framework

Height 

Distribution

Geometry 

Projection

Height Estimation
Generator

Satellite to Street-view image Projection (S2SP)

Satellite Image Fake Street-View Real Street-View

Perceptual Loss + Discriminator Loss
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Intermediate Visualization



65

Height Map Visualization
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W or W/O Height Estimation
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Comparison with Other Works
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Comparison with Other Works
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Other Related Works
1. Vo, Nam N., and James Hays. "Localizing and orienting street views using overhead imagery." ECCV 2016.

2. Tian, Yicong, Chen Chen, and Mubarak Shah. "Cross-view image matching for geo-localization in urban

environments." CVPR 2017.

3. Hu, Sixing, et al. "Cvm-net: Cross-view matching network for image-based ground-to-aerial geo-

localization." CVPR 2018.

4. Liu, Liu, and Hongdong Li. "Lending orientation to neural networks for cross-view geo-localization." CVPR

2019.

5. Regmi, Krishna, and Mubarak Shah. "Bridging the domain gap for ground-to-aerial image matching." ICCV

2019.
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ICCV 2019.
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2021.
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retrieval." CVPR 2021.
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localization." CVPR 2022.
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Thank you!
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