
Structure from Motion Pipeline 

Where Am I (camera)? 
Where are they (points)? 



Input Images 



Initial Pair Images 



1. Pairwise Image Feature Matching 
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1. Pairwise Image Feature Matching 
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# of unknowns: 8 
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1. Pairwise Image Feature Matching 
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8 Point Algorithm 

• Construct 8x9 matrix A. 
• Solving linear homogeneous equations via SVD: 

 
 

• Applying rank constraint, i.e.,                   . 
 
 
 
 

A = UDV T
:x = V,8 where 

F = xreshape( ,3,3): constructing matrix from vector. 

(F)rank = 2

F  = UDV� T
rank2 D� D:    with the last element zero. where 

F  =rank2 U D� VT F = U VTD
SVD cleanup 



2. Outlier Rejection via RANSAC 

 

x2x1 Random sampling 
Model building 
Thresholding 
Inlier counting 
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2. Outlier Rejection via RANSAC 

 

x2x1 Random sampling 
Model building 
Thresholding 
Inlier counting 
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2. Outlier Rejection via RANSAC 

 

x2x1

Fx1

Random sampling 
Model building 
Thresholding 
Inlier counting 
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2. Outlier Rejection via RANSAC 

 

x2x1

Fx1

Random sampling 
Model building 
Thresholding 
Inlier counting 
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2. Outlier Rejection via RANSAC 

 

Fx1

Random sampling 
Model building 
Thresholding 
Inlier counting 

 x FxT
2 1 0

# of inliers: 253 



3. Essential Matrix Computation 

x2x1

 x K EK xT -T -1
2 1 0

 x FxT
2 1 0 K FK = ET



4. Relative Transform from Essential Matrix 
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4. Relative Transform from Essential Matrix 
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Correct configuration resolved via 
point triangulation 



5. Point Triangulation 
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Initial Pair Images 



Adding New Image 



6. New Camera Registration 
Perspective-n-point 

,R C

New image 

,R Cnew new



6. New Camera Registration 
Perspective-n-point 

New image 

,R Cnew new

u u

u u

u u u u

u

u

u

ª º ª º ª º�ª º ª º ª º ª º« » « » « »« » « » « » « »  �  « » « » « »« » « » « » « »« » « » « »« » « » « » « »�¬ ¼ ¬ ¼ ¬ ¼ ¬ ¼ ¬ ¼« » « »¬ ¼ ¬ ¼
ª �
«

�«

�¬

X X 0 0

X X 0 X 0

X 0 0 X

0

PP P
P P P
P

X X

X 0

P

0

P

X

X X

� �

� � �

� �

� �

� �

� �

u u v
v v u

v u

v

u

v u

T
1 4 1 4

T
1 4

T
11 1

T
2 2 2

T
3 3

1 4

T
1 4 1 4

T T
1 4

T T
1 4

T

3

T
1 4

0 1

1 0

1 1 0

º ª º
» « »  » « »

« » « »¬ ¼« »¼

P
P 0
P

T
1
T

2
T

3

3x12 matrix 



7. Bundle Adjustment 

New image 

,R Cnew new

SIFT detection 

Reprojection 
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J =
Camera Point 

Pt 1 

Pt 2 

Pt 3 

Pt 4 

Camera 1 

Camera 2 Camera 3 

� � � �'  �x J J J b f(x)
-1T T

Main computational bottle neck 
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Camera 1 Camera 2 Camera 3 Pt 1 Pt 2 Pt 3 Pt 4 

Pt 1 

Pt 2 

Pt 3 

Pt 4 

Camera 1 

Camera 2 Camera 3 

� � � �'  �x J J J b f(x)
-1T T

Main computational bottle neck 



J =
Camera Point 

Pt 1 

Pt 2 

Pt 3 

Pt 4 

Camera 1 

Camera 2 Camera 3 

� � � �'  �x J J J b f(x)
-1T T

Main computational bottle neck 



J J =T
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7. Bundle Adjustment 

Before bundle adjustment 



7. Bundle Adjustment 

After bundle adjustment 













Structure from Motion Project 





INPUT 



OUTPUT 



Comparison with VisualSfM 

http://ccwu.me/vsfm/ 
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Knowns  
Measurements 
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Knowns  
Intrinsic Parameter 
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Knowns  
Matching Across Images 
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Knowns  
Matching Across Images 
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Knowns  
Matching Across Images 

matching1.txt 

Matching data: 
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Knowns  
Matching File Format 

matching1.txt 
nFeatures: 2002 

Number of feature points in image1  

1!



Knowns  
Matching File Format 
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nFeatures: 2002 
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Number of feature points in image1  
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Number of matches across images  



Knowns  
Matching File Format 

matching1.txt 
nFeatures: 2002 
3 137 128 105 454.740000 392.370000 2 308.570000 500.320000 4 447.580000 479.360000  
 

Number of feature points in image1  
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RGB values 
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Knowns  
Matching File Format 
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nFeatures: 2002 
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Number of feature points in image1  
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Knowns  
Matching File Format 

matching1.txt 
nFeatures: 2002 
3 137 128 105 454.740000 392.370000 2 308.570000 500.320000 4 447.580000 479.360000 
3 229 212 202 634.560000 276.740000 2 520.960000 383.180000 3 672.890000 372.240000 
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Matching File Format 
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nFeatures: 2002 
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3 183 158 140 804.630000 467.750000 2 717.520000 576.130000 4 978.600000 539.230000  
2 241 225 215 797.950000 242.530000 2 693.880000 356.820000  
2 58 40 37 754.440000 573.210000 2 684.400000 699.970000  
3 229 212 202 634.560000 276.740000 2 520.960000 383.180000 3 672.890000 372.240000  
2 142 135 129 960.800000 262.520000 2 836.090000 375.660000  
4 172 203 238 466.340000 202.980000 2 321.130000 304.500000 3 465.910000 315.030000 4 437.970000 292.91   
2 227 212 205 627.700000 169.440000 2 508.360000 278.100000  
2 227 212 205 627.700000 169.440000 2 508.360000 278.100000  
3 238 222 206 538.520000 455.990000 2 410.690000 572.820000 3 560.580000 567.890000  
3 71 52 41 863.520000 414.110000 2 776.100000 520.160000 4 1047.040000 469.630000  
  
  
 



Knowns  
Matching Across Images 

matching1.txt 

Matching data: 
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Knowns  
Matching Across Images 

matching1.txt, matching2.txt 

Matching data: 
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Knowns  
Matching Across Images 

matching1.txt, matching2.txt, matching3.txt  
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Knowns  
Matching Across Images 

matching1.txt, matching2.txt, matching3.txt,  
matching4.txt 

Matching data: 
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Knowns  
Matching Across Images 

matching1.txt, matching2.txt, matching3.txt,  
matching4.txt, matching5.txt 

Matching data: 

1!

2!

3!

4!

5!

2!

3!

4!

5!

6!

> @

> @

O

u

ª º
ª º« »
« »« » ¬ ¼« »¬ ¼

ª º
« »
¬ ¼

ª º
« »
¬ ¼

X
R

X
= P

=

= I

tK

K
X

R -C

u
v

3 3

1
1

1

1



Additional Data 
image0000001.bmp – image0000006.bmp 

Images are useful to debug your result: 
To project 3D points to an image to see alignment with the image. 
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Structure from Motion Pipeline 



Structure from Motion Pipeline 



Structure from Motion Pipeline 

Matches filtered by a fundamental matrix 



Structure from Motion Pipeline 
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Structure from Motion Pipeline 

Matches filtered by a fundamental matrix 



Structure from Motion Pipeline 

1! 2! x FxT
2 1 0



Structure from Motion Pipeline 

1! 2!E = K FKT

An essential matrix must have (1,1,0) singular values. 
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Structure from Motion Pipeline 

Given an essential matrix, there are 4 camera pose configurations. 
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Structure from Motion Pipeline 
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Structure from Motion Pipeline 

� �� tr X CT
3 0
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Structure from Motion Pipeline 
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Reprojection error minimization 



Structure from Motion Pipeline 

Use MATLAB built-in function such as 



Given the reconstructed camera poses and points from the first two images, 
register a new image in the same coordinate system.  

Structure from Motion Pipeline 

u u(0 ,I )3 3 3 3

(t ,R )2 2

(t ,R )3 3



Structure from Motion Pipeline 
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Structure from Motion Pipeline 

f(  R, t  )   =   b

6 parameters: R(3), t(3) 

Nonlinear least squares 

Quaternion parameterization to enforce SO(3) 
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Structure from Motion Pipeline 

Use MATLAB built-in function such as 



Structure from Motion Pipeline 

Triangulate new 3D points that were not reconstructed yet.  

u u(0 ,I )3 3 3 3

(t ,R )2 2

(t ,R )3 3

Newly added points 



Structure from Motion Pipeline 

V =

Vij = 1 if the j th point is visible from the i th image 
Vij = 0 otherwise 

im
ag

e 

point 
Get a visibility matrix to indicate that a point is visible from images.  

i 

j 



Structure from Motion Pipeline 

Refine camera poses and 3D points by minimizing reprojection error: 

Large scale optimization (6 images and 1000 3D points) 
Number of unknowns: 6x7+1000x3 = 3042 
Number of equations: 2x(nonzeros in V) 

f(  x  )   =   b



Sparse Bundle Adjustment Package 

http://users.ics.forth.gr/~lourakis/sba/ 



SBA Wrapper 
function [cP, X] = sba_wrapper(measurements, cP, X, K) 
 
r0 = [];    cams = [];  pts2D = []; 
spmask=sparse([], [], [], 1, nFrames); 
 
% Concatenate all camera poses into cams vector 
cam 
% Concatenate all 2D measurements into pts2D 
pts2D 
% Set 3D points 
pts3D = X; 
 
% Calibration parameters 
cal = [K(1,1) K(1,2), K(1,3), K(2,2), K(2,3)]; 
 
opts=[1E-1, 0, 0, 1E-5, 0.0]; 
p0=[Mat2Vec(cams)' Mat2Vec(pts3D)']; 
 
[ret, p, info]=sba(nFeatures, 0, nFrames, 1, spmask, p0, 7, 3, pts2D, 2, 'projection', 1e+2, 1, opts, 'motstr', r0, cal); 
 
% Retrieve paramters 
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Function to fill 

cam 

pts3D 

pts2D 



Reprojection 
function m = projection(j, i, rt, xyz, r0, a) 
 
K = [a(1) a(2) a(3); 0 a(4) a(5); 0 0 1]; 
%% Code to fill 
% Build P matrix from rt 
% rt is 7 dimensional vector-the first three are camera center and the rest are quaternion 
 
%% Get xyzX = xyz'; 
 
%% Code to fill 
% Project the 3D point to the camera to produce (u,v) 
% Return reprojection 
 
m(1) = u; 
m(2) = v; 
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rt 

xyz 

u,v 



Structure from Motion Pipeline 



Tips 

• Start early. 
• Play with VisualSfM or Sparse Bundle Adjustment package. 
• Debug by visualizing points and images in 3D. 
• Debug by projecting 3D points to an image. 
• Change the initial pair of images if the first and second 

images do not work for you. 
• Change the order of camera registration if the sequential 

order of images does not work for you. 
 



Desired Result 
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