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Coarse-level City-scale
|_ocalization

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

Part-2: Localizing Images with Unknown Orientation and Limited FoV
(CVPR 2020)
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Satellite Image Database /

Constructing database; 1. Samplegrids
2. Splitto small patches
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Retrieve

Query Imge

\ Satelhte Image Database /

The GPS of retrieved satellite image is assigned as current location.
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Solution
-- Deep Metric Learning
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1. Significant domain differences
2. Unknown orientation and limited FoV

3. Limited localization accuracy
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Spatial-aware feature aggregation for image based cross-view geo-localization
Y Shi, L Liu, X Yu, H Li
NeurlPS 32

Where am i looking at? joint location and orientation estimation by cross-view matching
Y Shi, X Yu, D Campbell, H Li
CVPR, 4064-4072

Optimal feature transport for cross-view image geo-localization
Y Shi, X Yu, L Liu, T Zhang, H Li
AAA| oral 34 (07), 11990-11997

Beyond Cross-view Image Retrieval: Highly Accurate Vehicle Localization Using Satellite
Image

Y Shi, H Li

CVPR, 17010-17020

Geometry-guided street-view panorama synthesis from satellite imagery
Y Shi, DJ Campbell, X Yu, H Li
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Accurate 3-DoF Camera Geo-Localization via Ground-to-Satellite Image Matching
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AAAI 2020 & NeurlPS 2019
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Optimal Feature Transport

(AAAI 2020) o
1. Spatial layout information 2. Domain differences

Shi, Yujiao, et al. "Optimal feature transport for cross-view image geo-
localization.” AAAI 2020. 13
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P* = arg min (P, C) ., — MAh(P)

PcP

Row normalization:
/

C.

'l" / Zaj

J(C ) — N

" D k=1 c;,k:
Column normalization: ,

c / Ci,j
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Polar Transform
(NeurlPS 2019) CVPR

Ground Panorama

—180" (180")
Satellite Image Polar-transformed Satellite Image
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Spatial-aware feature aggregation
(SAFA) module

Shi, Yujiao, et al. "Spatial-aware feature aggregation for image based cross-view geo-
localization." NeurlPS 2019.

16



Australian
National

S p a.t | a I Atte N t | on CVP R‘!}AVER. CANADA University

JUNE 18-22, 2023

17



Australian
- National
3 University

| ocalization Visualization

Orientation-aligned panoramas

Query Image Top-1 Top-2 Top-3 Top-4 Top-5
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Part-2: Localizing Images with
Unknown Orientation and a
limited FoV

CVPR 2020
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Challenges CVP

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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180°  0° 180°

Dynamic Similarity
Matching:

Estimate orientation Ground Features o Aerial Features
] Orientation
alignment between

Correlation

| > Shift
Crop
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Shift '
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_ 7/
Aerial Polar-Transformed Aerial Dynamic Similarity Matching

e Joint orientation and location estimation
 End-to-end

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

by cross-view matching." CVPR 2020. 5
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Table 4. Orientation prediction performance on correctly localized
ground images.

(a) FoV=360° Dataset CVUSA CVACT._val
FoV  [360° 180° 90° 70° |360° 180° 90° 70°

orien_acc |99.41 98.54 76.15 61.67(99.84 99.10 74.51 55.18
median_error| 2.38 2.38 4.50 4.88 |1.97 2.89 5.21 6.22

(b) Fov=180°
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Limitation CVP

|\|

Fig. 11: Examples of symmetric scenes atellite images). At these
locations, it is hard to determine the orientation (azimuth angle) of
a ground image.
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Unknown orientation and limited FoV

FoV=360°, Azimuth=— 32.344° —33.750° —61.875° —28.125° _123.750°

FoV=180°, Azimuth=128.672° 129.375° —129.375° —146.250° —180.000°

Query Image Top-1 Top-2 Top-3 Top-4
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* Poor Localization accuracy
-- limited to the density of sampled grids.

Query Imge

K Satellite ImageDatabase /
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Increasing the Localization

Part-1:
Part-2:
Part-3:
Part-4.

Accuracy

Exhaustive Search (TPAMI 2022)

Pose Optimization (CVPR 2021)

Localization with Uncertainty Estimates (ECCV 2022)
Geometry-guided SliceMatch (CVPR 2023)



JUNE 18-22. 2023 & [f .--.V &l Australian
CVPR &= L «==, National
VANCOUVER, CANADA ©5 = University

Part-1

Exhaustive Search

TPAMI 2022

28
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Query Image Top-1 Retrieved Satellite Image

Search every location per unit distance in the search region.
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SSIM as similarity measure

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

Shi, Yujiao, etal. "Accurate 3-DoF Camera Geo-Localization via Ground-to-Satellite Image
Matching." TPAMI 2022.
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Unknown orientation and |Im|t&VP

Aerlal Features
Orlentatlon
Correlation

Shift
Crop
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Unknown orientationand limited FoV

Ground Features

Change feature maps to original
Images.
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Top-1 retrieved image  Projected at satellite image center Projected at (3, 3), pred_orien=-159° gt_orien=-159°

Top-ltrieved image Projected at satellite image center Projected at (19, -20), pred_orien=-129° gt _orien=-130°

Localizing orientation-unknown panoramas

32
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Top-l retrieved image  Projected at satellite image center Projected at (6, -3), pred_orien=154° gt_orien=153°

Top-1 retrieved image Projected at satellite image center Projected at (15, -9), pred_orien=67° gt_orien=68°

Localizing images with unknown-orientation and limited FoV
33



Projective Transform

* Project satellite image to a ground-view
according to a relative location

« Assume ground plane homography

ui = ug + sz tan(mwvy /H,) cos(2mui /W)
vi = vo—sza tan(mwvl /H,) sin(2mul /W),
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Equirectangular Projection —_————

Ground Plane
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User study

r

Matching Satellite Projected Satellite Image at Projected Satellite Image at Query Image

Image L Ground GPS location e our estimated location )

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

(1) GPS location
(2) Our estimated location
(3) Both

(4) Neither 35
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User study 100
Both
:@ 80 - Ours
; 60 - Ours
8 GPS GPS
5 40/
v 25%
& 5 35%
21% 21% Neither
o | 1% 1% gy
360° 180°
FoV

Fig. 14: User study results for fine-grained camera localization (orienta-
tion aligned). In this evaluation, users are asked to determine whether
a location is correct or not. The color cyan indicates the portion of data
where both GPS and our estimated locations are correct. The red bar
“Neither” indicates the portion of data that cannot be localized when
the FoV decreases from 360° to 180°.
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Projected Satellite Image at
Ground GPS location

Projected Satellite Image at Query Image
our estimated location
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« SSIM is not very effective
-- Better similarity metric? Feature Similarity

« Exhaustive search is computationally expensive
-- Sophisticated search strategy LM pose optimization

38
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Part-2

Pose Optimization

CVPR 2022
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»[ Satellite-to-Ground ] R t

Projection (S2GP) N Iterations

Top-1 Retrieved Image

Predicted Feature [ LM Optimization ]

Query Imge Observed Feature

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

vehicle localization using satellite image." CVPR 2022.
40
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LM Objective:
§ = argmin [le||3,
e =F,,, — F..
F!,, — projected ground features from satellite domain at the feature level /;

F! — observed ground features at the feature level /;

Pose is updated by:
Er1 =& +H T e,

3F82g L aFSZQ aps
06 Ops O’

J = and H=J"J,

where t index iterations.
41
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N Iterations

Feature Extractor

Satellite Image

\ 4

Geometry

LM LM
Optimization AR,At Optimization AR At

Feature Extractor ! I
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Projection

LM |
Optimization AR. At

Multi-scale Coarse-to-fine Optimization
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Satellite parallel pl‘oj eCtion: Overhead-view Satellite Image us ( / / Z)
< £ >
['U;s; US]T = [— + Ug, — + US]T, (1) K{; //u :ImttalCameraPose
a o ' Real Camera Pose :

o — per-pixel real-word distance.
Ground (pin-hole) camera projection:

a0 T
wlu?, v?,1]" = K[z, ye, 2], (2) wﬂ 2o (/o
Yy

From ground camera to World camera: Real Camera Pose  Initial Camera Pose (World Coordinates System)

GER |

[z, v, 2T = R([ze, ye, 2] T + 1), 3) Fig. 2 Coordinates illustration.

From ground pixel to satellite pixel:

Us L0 0 Uy ul
vs| = |0 é 0] [wRK™ |v, | +Rt | + |22 . (4)
z 0 0 1 1 0

43
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Table 1. Performance comparison between our method and state-of-the-art methods on KITTI dataset.

Testl Test2
Lateral Longitudinal Azimuth Lateral Longitudinal Azimuth

d=1d=3d=5|d=1d=3d=5|0=10=360=5|d=1d=3d=5|d=1d=3d=5|0=1606=30=5

CVM-NET [ /]| 5.83 17.41 28.78 | 347 11.18 18.42| - - - 6.96 21.55 35.24| 3.58 10.45 17.53| - - -

CVFT [17] 7.71 2237 3628 | 3.82 1148 18.63| - - - 7.20 22.05 36.21| 3.63 11.11 1846 | - - -

SAFA [+0] 949 2931 4644 | 435 1246 21.10| - - - 9.15 27.83 44.27| 422 1193 19.65| - - -

Polar-SAFA [“0]| 9.57 30.08 45.83 | 456 13.01 21.12| - - - 10.02 29.09 46.19 | 3.82 11.87 19.84| - - -
DSM [+17] 10.12 30.67 48.24| 4.08 12.01 20.14 | 3.58 13.81 24.44 |10.77 31.37 48.24| 3.87 11.73 19.50 | 3.53 14.09 23.95

VIGOR [/] |18.61 49.06 69.79 | 4.29 13.01 2147 | - - - 17.38 48.20 70.79| 4.07 12.52 20.14| - - -
Ours 35.54 70.77 80.36 | 5.22 15.88 26.13 |19.64 51.76 71.72|27.82 59.79 72.89 | 5.75 16.36 26.48 | 18.42 49.72 71.00

44
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(1) SGD Vs. (2) ADAM. Vs. (3) LM

Table 4. Performance comparison by using different optimizers on the KITTI dataset.

Australian
> National
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Testl Test2
Lateral Longitudinal Azimuth Lateral Longitudinal Azimuth
d=1d=3d=5|d=1d=3d=5(0=10=30=5|d=1d=3d=5|d=1d=3d=5|0=160=3 0=5
SGD 16.86 39.60 51.15| 4.72 15.29 25.39|10.05 30.37 49.80 | 16.06 38.41 50.29 | 5.00 15.34 2570 | 998 30.03 50.13
ADAM | 7.13 21.15 3297]| 496 15.13 25.63]|1036 30.32 50.49 | 7.33 2136 3352 | 5.64 1538 26.00|10.28 30.81 50091
LM (Ours) | 35.54 70.77 80.36 | 5.22 15.88 26.13 | 19.64 51.76 71.72|27.82 59.79 72.89

5.75 16.36 26.48

18.42 49.72 71.00

Search region: 40 m x 40 m, 20-degree
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(1) Net. Vs. (2) LM

Table 4. Performance comparison by using different optimizers on the KITTI dataset.

Testl Test2
Lateral Longitudinal Azimuth Lateral Longitudinal Azimuth
0=160=360=5|d=1d=3d=5(d=1d=3d=5(0=16=3 0=5

d=1d=3d=5|d=1d=3d=5

Net

2714 58.28 71.91‘ 453 15.19 25.36‘45.56 93.19 99.76‘ 2026 53.94 67.42‘ 540 15.82 25.58‘42.03 92.32 99.81
LM (Ouwurs)

35.54 70.77 80.36 | 5.22 15.88 26.13 | 19.64 51.76 71.72|27.82 59.79 7289 | 575 16.36 26.48 | 18.42 49.72 71.00

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

= Redarrow: Initial pose
= Blue arrow: GT pose
= Greenarrow: predicted pose

= Purpose dots: intermediate pose
48
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Visual Cross-View Metric Localization with Dense Uncertainty Estimates

Zimin Xia Olaf Booij Marco Manfredi Julian F. P. Kooij

Intelligent Vehicles Group, Technical University Delft, The Netherlands

TomTom, Amsterdam, The Netherlands
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Code Paper
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Feature extractor SAFA [3] N X N satellite descriptors, g(S) Skip connections
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: w Ground descriptor, f(G)
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SliceMatch: Geometry-guided Aggregation for Cross-View Pose Estimation

Ted Lentsch” Zimin Xia”

Holger Caesar Julian F. P. Kooij

Intelligent Vehicles Group, Delft University of Technology, The Netherlands

"Equal contribution

Poster ID: THU-AM-071
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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://a fxiv.org/a bs/2211.14651
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Task Description CVPR

* Given a satellite image and a precise locatign

* What does it look like down there, as iIf one was
standing right there?
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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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Satellite Parallel Projection

Viewing Ray

— — — — — —
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— — Street-View Equirectangular Projection

Satellite Camera

Street-View Spherical Camera

Street-view Panorama
Coordinate System
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ve

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

determined by the heights of scene objects.
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Single-View View Synthesis with Multiplane Images

Richard Tucker

Noah Snavely

Google Research

richardt@google.com

Abstract

A recent strand of work in view synthesis uses deep learn-
ing to generate multiplane images—a camera-centric, lay-
ered 3D representation—given two or more input images at
known viewpoints. We apply this representation to single-
view view synthesis, a problem which is more challenging but
has potentially much wider application. Our method learns
to predict a multiplane image directly from a single image
input, and we introduce scale-invariant view synthesis for
supervision, enabling us to train on online video. We show
this approach is applicable to several different datasets, that
it additionally generates reasonable depth maps, and that
it learns to fill in content behind the edges of foreground
objects in background layers.

snavely@google.com

B

=i

Single image Multiplane Rendered
input image 1 novel views
Rendered
disparity

Figure 1. Our network generates a multiplane image (MPI) from
a single image input. The MPI can be used to render images from
novel viewpoints, and to generate a disparity map. (Video frames
here and in other figures are used under Creative Commons license
from Youtube user Sona Visual.)
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Satellite to Street-view image Projection (S2SP)

! N Generator

Height Estimation |

. 1
Satellite Image A : / \ Fake Street-View Real Street-View
I f Geometry 1 L,
| Height L Projection J !
) Distribution Y !
1

: )N o
N . [ Perceptual Loss + Discriminator Loss ]
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Intermediate Visualization CVP

(e) Real Street-View Panorama
(Ground Truth)

(d) Generated Street-View
Panorama (Final)

(a) Satellite (b) Height (c) Projected Satellite Image
Image Map (Intermediate)
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(a) Satellite Image (b) Ours w/o Height (Projection) (d) Ground Truth
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Comparison with Other Works CVPRVAER

Satellite Image Pix2Pix [23] XFork [10] Ours Ground Truth
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Pix2Pix [23] XFork [10]

Satellite Image Ground Truth
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