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Data Accessibility

SfM can be used with images from conventional
cameras, such as smartphone cameras or DSLR
cameras

About Structure from Motion (SfM)

Reduced cost
SfM does not require expensive hardware, making it

an economical option for 3D reconstruction

Flexibility
SfM is a very versatile technique that can be applied in different
scenarios, from reconstructing small objects to mapping large

areas, such as landscapes or buildings

Widely available input data

In many cases, images of a location or object are already
available due to the widespread use of cameras on
mobile devices
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Incremental reconstruction capability
With SfM, you can add new images or video frames over time to

enhance or expand the existing 3D reconstruction

Motion applicability
Suitable for moving scenes. This makes it valuable for

applications in autonomous vehicles, drones and mobile robotics
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Presenter Notes
Presentation Notes
Vantagens: 
1. Acessibilidade de dados: SfM pode ser usada com imagens de câmeras convencionais, como câmeras de smartphones ou câmeras DSLR. Isso torna a coleta de dados mais acessível em comparação com técnicas que exigem equipamentos especializados, como scanners 3D. 
2. Custo reduzido: Como mencionado anteriormente, a SfM não requer hardware caro, tornando-a uma opção econômica para a reconstrução 3D, especialmente para projetos de baixo orçamento. 
3. Flexibilidade: A SfM é uma técnica muito versátil que pode ser aplicada em diferentes cenários, desde reconstrução de objetos pequenos até mapeamento de grandes áreas, como paisagens ou edifícios. 
4. Dados de entrada amplamente disponíveis: Em muitos casos, já existem imagens disponíveis de um local ou objeto devido à ampla utilização de câmeras em dispositivos móveis. Isso significa que você pode aproveitar os dados existentes em vez de coletar novos. 
5. Capacidade de reconstrução incremental: Com a SfM, você pode adicionar novas imagens ou quadros de vídeo ao longo do tempo para aprimorar ou expandir a reconstrução 3D existente. Isso é útil para aplicações de monitoramento de longo prazo ou para lidar com áreas que não foram totalmente capturadas inicialmente. 
6. Aplicabilidade em movimento: Como o nome sugere, a SfM é particularmente adequada para cenas em movimento, onde a câmera está em constante mudança de posição ou orientação. Isso a torna valiosa para aplicações em veículos autônomos, drones e robótica móvel.
7. Software disponível: Existem muitos pacotes de software de código aberto e comerciais disponíveis que facilitam a implementação da SfM, tornando-a acessível a um grande número de pesquisadores e engenheiros.


Dependence on visual features
SfM relies heavily on the presence of visual

correspondence points across multiple images

Restrictions of Structure from Motion

Need for image overlap
For accurate 3D reconstruction, captured images
must have significant overlap

Sensitivity to mismatch
Errors in matching points of interest in input images can result in

inaccurate 3D reconstructions. Fixing these errors can be
challenging

Scale limitations
SfM itself cannot determine the scale of the

reconstructed scene (a reference object is needed)

Limitations in reconstructing transparent or
highly reflective objects

Transparent, mirrored, or highly reflective surfaces can be difficult
to reconstruct accurately using SfM, as point correspondences
can be difficult to identify in these materials
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Lack of texture
Flat or uniformly textured surfaces can be difficult to reconstruct

using SfM as they do not provide distinct correspondence points
for triangulation
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Presenter Notes
Presentation Notes
Dependência de recursos visuais: SfM depende fortemente da presença de pontos de correspondência visuais em várias imagens. Se as imagens não contiverem características únicas suficientes, a reconstrução pode ser imprecisa ou impossível.
Limitações em ambientes com pouca luz: Em condições de iluminação insuficiente, SfM pode ter dificuldade em extrair características confiáveis, o que pode resultar em reconstruções de baixa qualidade ou falhas.
Necessidade de sobreposição de imagens: Para uma reconstrução 3D precisa, as imagens capturadas devem ter uma sobreposição significativa. Isso pode ser um problema em cenários onde é difícil obter essa sobreposição, como em ambientes muito grandes ou ao usar drones em altitudes variáveis.
Requer um grande número de imagens: Em geral, SfM requer um grande número de imagens para criar uma reconstrução 3D precisa. Isso pode ser demorado e exigir muito armazenamento de dados.
Sensibilidade a erros de correspondência: Erros na correspondência de pontos de interesse nas imagens de entrada podem resultar em reconstruções 3D imprecisas. Corrigir esses erros pode ser um desafio.
Limitações de escala: SfM muitas vezes tem dificuldade em determinar a escala absoluta da cena reconstruída. Isso significa que, a menos que a escala seja conhecida por meio de outros meios (por exemplo, utilizando uma referência conhecida na cena), a reconstrução pode ser imprecisa em termos de tamanho real.
Processamento intensivo: O processamento de grandes conjuntos de dados de imagem pode ser computacionalmente intensivo e demorado, especialmente ao usar algoritmos de SfM avançados. Isso pode ser um desafio em termos de recursos de hardware e tempo.
Limitações na reconstrução de objetos transparentes ou altamente reflexivos: Superfícies transparentes, espelhadas ou altamente reflexivas podem ser difíceis de reconstruir com precisão usando SfM, pois as correspondências de pontos podem ser difíceis de identificar nesses materiais.
Sensibilidade a movimentos de câmera rápidos: Se a câmera se mover muito rapidamente durante a captura de imagens, a precisão da reconstrução pode ser comprometida, uma vez que os algoritmos de SfM podem não ser capazes de lidar bem com movimentos bruscos.
Falta de textura: Superfícies planas ou com texturas uniformes podem ser difíceis de reconstruir usando SfM, pois não fornecem pontos de correspondência distintos para a triangulação.



- How accurate is SfM reconstruction?
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% Experimental approach
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Presenter Notes
Presentation Notes
For system evaluation, a camera was mounted on a robotic arm (KUKA) in a controlled environment to generate a point cloud of a part. A point cloud of the same part is also generated using a machine with known uncertainty (ZEISS Prisma Ultra coordinate measuring machine). This setup allows for error modeling and analysis of the uncertainty of the designed system.



B Main equipment used in the experiments

= CAD model of = Laser
the KUKA robotic Scanner -
arm, used to plan FARO
the camera
mounting on the
flange
J l \ " Leica
T T-SCAN

= Camera used for mounting:
DFK AFU050-L34 Color
Camera
(resolution: 2592x1944)

= ZEISS Prisma Ultra coordinate
measuring machine

= Camera used for image
capture: Canon D200
(resolution: 3872x1944)
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ﬁ Experiment setup

Metrology laboratory: controlled temperature, vibration, and humidity

Communication via USB

USB Camera
dfkafu050134

Collaborative
KUKA Robot

Standard Object

~ Ethernet | L
l ;

Computer with robot's
path instructions

Anti-vibration table
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Presenter Notes
Presentation Notes
Structure From Motion identifies key points of interest in an image and matches those points to the same points in images taken by the camera from different positions. A single point cloud is constructed by reprojecting the points in space based on camera parameters.



B Implementation: Overall System Diagram

. . ' . Points (features) extraction Obtain the fundamental
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Obtain the essential
matrix (E)

Combine the rotation
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translation vector

Image capture with Reduce reprojection Perform linear Camera pose
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- Implementation: Steps of the Structure
From Motion (SfiV) methodology

Image capture
The image captures were performed using a
camera attached to a robotic arm.

Intrinsic camera parameters
The intrinsic camera parameters were obtained
by identifying patterns in the images.

Feature extraction from images

The features were extracted from each image
using the SIFT algorithm.

Correspondences between descriptors
For each feature acquired in the images,
descriptors were defined and used for
correspondences between the images.

Camera pose recovery
The camera pose was recovered using the essential matrix

and the parameter K (camera matrix), along with the
cv.recoverPose algorithm from OpenCV.

Triangulation

To recover the 3D coordinates, the linear triangulation
method was used.

, 3D METROLOGY INSTITUTO SE NA'

Bilbao 26 — 28 Sept. 2023 3DV » CONFERENCE DE INOVACAO (e



E Implementation: Intrinsic
camera parameters (K)

® Obtain the camera matrix from
the camera.

Found points

" The camera calibration is
performed using this
chessboard as a reference,
allowing us to find points in the
three-dimensional space.
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Presenter Notes
Presentation Notes
To obtain the camera matrix, we use the `cv.calibrateCamera` function from the OpenCV library. This function uses a chessboard as a reference to find points in the real world.

The camera calibration is performed using this chessboard as a reference, allowing us to find points in the three-dimensional space.



Implementation: Correspondences
between descriptors

To find the correspondences between
descriptors, the feature extraction algorithm
called SIFT (Scale-Invariant Feature Transform)
was used. Other algorithms were tested as
well, such as SURF, Shi-Tomasi, and ORB.

The choice to use the SIFT algorithm is due to
its robustness in handling scale and orientation
changes in images.

The correspondences between descriptors are
a crucial step in determining the fundamental
matrix (F), which allows for tracing appropriate
epipolar lines between the images.

Correspondences between descriptors
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THE CAMERA POSE WAS RECOVERED
USING THE ESSENTIAL MATRIX AND THE
PARAMETER K (CAMERA MATRIX),
ALONG WITH THE CV.RECOVERPOSE
ALGORITHM FROM OPENCV.

- Implementation: Camera pose recovery

AFTER OBTAINING THE INITIAL CAMERA
POSE, IT NEEDS TO BE UPDATED FOR
EACH NEW IMAGE. FOR THIS PURPOSE,
THE "'SOLVEPNPRANSAC" FUNCTION IS
USED. THIS FUNCTION IS AIMED AT
ESTIMATING THE 3D POSE OF AN OBJECT
BASED ON ITS PROJECTION IN AN IMAGE.
THE TERM "PNP" STANDS FOR
"PERSPECTIVE-N-POINT," REFERRING TO
THE PROBLEM OF ESTIMATING THE POSE
(POSITION AND ORIENTATION) OF A 3D
OBIJECT BASED ON THE COORDINATES OF
SOME CORRESPONDING POINTS IN A 2D
IMAGE.

Perspective-n-Point

Camera
coordinate
system
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World
coordinate
system
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EPIPOLARLINES

Implementation:

Triangulation

mstiruro SENAI

3D METROLOGY
3DMC onrerencE

Bilbao 26 — 28 Sept. 2023



Presenter Notes
Presentation Notes
To obtain points in 3 dimensions, the linear triangulation method was used. This is a geometric technique to find a 3D position from several known 2D positions. For this purpose, the `cv2.triangulatePoints` function from OpenCV was utilized. It takes as input the projection matrices of the cameras and the coordinates of corresponding points in the images, and it returns the 3D coordinates of the points.



ﬁ Implementation: Bundle _adjustment

u (x)
REPROJECTION V (y) R s " s®
PR I ) 3D point
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Image

[u v w] represents the coordinates of the projected point
in the two-dimensional image space. The parameters fx
and fy correspond to the focal lengths along the x and y

axes, respectively.
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Presenter Notes
Presentation Notes
The `bundle_adjustment` function is responsible for adjusting data packages in a 3D reconstruction pipeline. This step is crucial to improve the quality of the estimated three-dimensional structure by refining the positions of 3D points based on additional available information.
���In this step, the `get_3dpos` function was developed to calculate the reprojection of points in a three-dimensional system. This function is essential for point analysis, and its validation is determined by a predefined threshold. If the reprojection error in the x-axis is greater than 0.5 or if the reprojection error in the y-axis is greater than 1, the point will be considered invalid and thus discarded.



- Reprojection Error Distribution

REPROJECTION ERROR IN THE X-AXIS (mm)
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- Reprojection Error Distribution

Y-axis
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rextualization

1
1
Definition of planes

11 ?

10

9

8
Reference model Marking of measurements

Used planes
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Presenter Notes
Presentation Notes
During the process of obtaining a reference part, precise measurements were taken using the ZEISS Prisma Ultra coordinate measuring machine.


The CAD model of the machined part served as a foundation for subsequent measurements.

Planes were defined for the measurements to be conducted.



E Results: Planes defined for
measurements by the Zeiss Prisma

Ultra machine

Planes defined in Zeiss Prisma Ultra

Touch probe

5
(gianc2
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Presenter Notes
Presentation Notes
The figure displays the interface of the ZEISS Prisma Ultra software, where the planes are defined. In this screen, it's possible to select the region of interest in the point cloud and create virtual planes based on these selected points. These planes can represent flat surfaces or other geometric shapes, depending on the measurement requirements.��Once the planes have been defined, the ZEISS Prisma Ultra software sends the corresponding coordinates to the machine to perform the measurements. This ensures that the measurements are carried out based on the previously defined points of interest, ensuring reliable accuracy and consistency.




- Results: Measurements performed by the SfM
system Captured images

frame_44jpg frame_53.jpg frame_62,jpg frame_71jpg frame_80.jpg frame_29,jpg

- r -
frame 173jpg  frame 188jpg  frame 197jpg

N R

frame_152jpg  frame_161jpg

frame_260,jpg  frame_26
_ N v ne
E : ‘ at? Lt = S

frame_98.jpg frame_107.jpg frame_116,pg frame_125jpg  frame_134jpg frame_143,pg

‘
€]
RS | ; E
o Mz “

frame_206, frame 215 frame_224 frame_233, frame_242, frame_251
iPg irg ipg iPg irg iprg

frame_314jpg  frame 323jpg  frame 332jpg  frame Mljpg  freme 3S0jpg  frame 359ipg

L _

frame 422jpg  frame 431pg frame_467,pg

frame_692.jpg 5
¥
m

frame_530jpg  frame_530jpg  frame 548jpg  frame.557jpg  frame 66jpg  frame_575pg
%

frame 800jpg  frame.| -
- u frame_63Bjpg  frame_647,pg frame_656.jpg frame_665.pg  frame_674jpg frame_683.jpg
5 Bha - - - -

frame 746jpg  frame_755pg frame_764.jpg frame 73jpg  frame 782jpg frame_791.jpg

" — hamejojm _ - “ - -

frame 854jpg  frame 863pg frame_872,jpg frame 881jpg  frame 890jpg frame_899 jpg

EE Il I

frame 962jpg  fame 971jpg  frame 980jpg  frame 980jpg  frome 998jpg  frame_1007jpg

FN EW EW PW Y Py

frame_1070jpg  frame_1078jpg  frame_1088jpg  frame_1087jpg  frame_1106jpg  frame_1115pg

frame_37

frame_476,pa

frame_584.jpg

3DMC3D METROLOGY instituro SENAI

Bilbao 26 — 28 Sept. 2023 CONFERENCE DE INOVACAO L



default point size = 4
[ ]
Resu ItS- SfM default line width = 4

e Sparse point cloud
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Results: OpenMVS

(Open Muttiple View Stereovision)

e Sparse point cloud
e Camera poses
* [mages

¢ Dense point cloud
* Mesh
e Texture
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Presenter Notes
Presentation Notes
Combining the SfM method with the Multi-View Stereo (MVS) method can yield a dense point cloud of the scanned object.
MVS relies on the sparse point cloud generated by SfM, along with camera poses and the images used.



- Results: Definition of planes and measurements

All planes and measurements
conducted

" The least squares approach was Definition of points between the

employed to determine the planes intersections of the planes

among the points, following which

the intersection between the > o] - Do
planes was defined as a point. This R
point was used to measure the

distance between the points.

Distance: 43.117071

Distance: 41.945092 Distance: 41558309

Distance: 40.543059

Distar 2.020394

Distance: 39.956686 .
istance: 41,275019

" The same measurement order

used in Zeiss Prisma Ultra was
applied.

Distance: 39,464294 T
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Measurement Methods in Step Gauge
= SfM = ZEISS PRISMO ULTRA CMM (Reference)

Rl
Results: :
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I Room measurement uncertainty

assessment
Camera used for image Measurements between
capture (Canon D200) sphere
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Room measurement uncertainty assessment
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B Room measurement uncertainty
assessment Measurement Methods in Spheres

m SfM = ZEISS PRISMO ULTRA CMM (Reference)
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Methods for Measuring Distances Between Sphere Centers in the Same Plane
u SfM = Laser Traker LEICA + T-Scan (Reference)

Room

measurement

uncertainty - * * ‘ ' *

Linear Measurements (mm)
g & S B

assessment o9

Distance_2-3_A  Distance_3-1 A  Distance_ 5-6 B  Distance_6-4_ B  Distance_8-9 C  Distance_9-7_C
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I Room measurement uncertainty assessment

Linear Measurements (mm)

Measurement Methods in Step Gauge

= SfM ® ZEISS PRISMO ULTRA CMM (Reference)
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Methods for Measuring Distances Between Sphere Centers in the Same Plane

mSfM = Laser Traker LEICA + T-Scan (Reference)
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Room

measurement
uncertainty
assessment

Deviations (mm)

Measurement Methods with Measurement Uncertainty (U)
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* OBJECT

Advantage of
objects with
many

characteristics
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- Results: Other tests

SfM MVS
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scenery



- Results: Tests - Structure

SfM

CsD METROLOGY INSTITUTO SE NA’

Bilbao 26 — 28 Sept. 2023 3DV ' CONFERENCE DE INOVACAO L



Room wall and
door
measurements
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Room wall and
door
measurements
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B Location of measurements
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I Door measurements res ult

Door height

Door width
uSfM = L - FARO (Refe
u 5fM = Laser scanner - FARO [Reference) aser scanner (Reference)
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