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class classname < *%
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class Box
{
public:
double length; // & T HIKE
double breadth; // & T %
double height; // &FMmE

/] J R R B
double get(void);
void set( double len, double bre, double hei );

s

/1 AR EUE X
double Box::get(void)

{
return length * breadth * height;
}
void Box::set( double len, double bre, double hei)
{
length = len; breadth = bre; height = hei;
}
int main( )
{
Box Box1; // A Box1, My Box
Box Box3; // 7 FH Box3, %N Box
double volume = 0.0; // FT1FfkikR
// box 1 ¥k
Box1l.height = 5.0;
Box1.length = 6.0;
Boxl.breadth = 7.0;
// box 1 HI{RFL
volume = Box1l.height * Boxl.length * Box1.breadth;
cout << "Box1 [MfAFH: " << volume <<endl;
// box 3 Vfik
Box3.set(16.0, 8.0, 12.9);
volume = Box3.get();
cout << "Box3 MIfAFH: " << volume <<endl;
return 0;
}

o X public FE T RMRAVLREN. ERNSIFAER, AHRREENIMEEER IR,
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ERLRATLEEN A public, private 8 protected, ERIAER FEENA private,

RAMNERERE TSRS, EIBR—MRXSRATER. KATHREE R —MUSAR
BREL, ERIPRATEIEAIRISRETERA.

EIIERE, B—FMTARERE, SEENRET, BERE—XPZAIZRINISK
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C++ 1B BB SERSTIFETEEANEURRSRET (public. protected, private) . E{IEEME, KEBETABRR
(private) . fRIFAUR (protected) FIAHRLR (public) AR, ENABRT, ERFENMIFFEIEEEFARR.
fign:

class Box

{
public:
double getVolume(void) { return length * breadth * height; }
private:
double length; // K&
double breadth; // i
double height; // m=/E
¥

A& length, breadth # height #2EFABRY (private) . XEKE T 1REEH Box KHIEMRRIGA, TABERIE
FHEfERhR, XELMEEN—F5 .

ATEEPRIRREMAER (B, BFPRIEMESBEENR) | AEXLERRRIER public XEFHITAA.
FFETEMXAE public TRRFFRNAY3E Eal R EN AT LAAE P pr e LA RIR £ (9.

B—EENAB KRR, SREETATS, NMEHETIERME. BERMER R sEtI IR 0
SIS

#include <iostream>
using namespace std;
class Adder

{
public:
/] K& R
Adder(int i = @) { total = i; }
/1 RPAMAEE
void addNum(int number) { total += number; }
/1 RPAMEE R
int getTotal() { return total; }; private:
/1 X Hh R
int total;
¥

int main( )

{
Adder a;

a.addNum(10);
a.addNum(20);
a.addNum(30);
cout << "Total " << a.getTotal() <<endl; return 0;

o EREHEAEMN, FHRERF, AB/KAR addNum ] getTotal 2XF9MUEL, BPEEAETIILUEGSER
2, FABRA total XN, ARPASETHRE, HEXREEEETIEFmE.
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o BERIFBAMIER —PIKEN 1R, XEBLIEMGEHF— P NAEFREESS. XM, BRI TER
RIBTIREFNIR B HUTRERATIUR.

o HBIE—NERY, BAREENHRSHAEUIERRFARRE, RFEEFENEWE T — 1 BB RED
a, ﬁﬁ\aﬁﬂ’ﬂéﬁﬁtgﬁ, ?ﬁ@ﬂ'\]%ﬁﬂbifﬁﬂi%o class derived-class: access-specifier base-class



Hreh, i581EmF access-specifier & public, protected 5§ private EEFHHI—, base-class 2 ZBIENITHIEAN
RAVEFR. ARKBEFRHIENEIHRT access-specifier, MERIAS private.

o BWHRMRET isa XK. HlaN, WIFWIRNY, WEMI, Eit, BRI, FF.

#include <iostream>
using namespace std;

/1 HEZE

class Shape

{
public:
void setWidth(int w) { width = w; }
void setHeight(int h) { height = h; }

protected:
int width;
int height;
¥
/] RS
class Rectangle: public Shape
{
public:
int getArea() { return (width * height); }
¥
int main(void)
{
Rectangle Rect;
Rect.setWidth(5);
Rect.setHeight(7);
/1 o G T A
cout << "Total area: " << Rect.getArea() << endl; return 0;
}

C++ BE

o STERFENSEMESTS. JBXZEFERREN, FEEXZAZBEBINAKEKNT, HeARIEE.
o C++ SEERERAMREEN, SRERRRBATIRIEERAITRRIRIRE.
o THEMISEHIH, E3E Shape #WIREAFNE, WTFATR:



#include <iostream>
using namespace std;
class Shape

{
protected:
int width, height;
public:
Shape( int a=0, int b=0) { width = a; height = b; }
int area() { cout << "Parent class area :" <<endl; return @; }
s
class Rectangle: public Shape
{
public:
Rectangle( int a=0, int b=@):Shape(a, b) { }
int area () { cout << "Rectangle class area :" <<endl; return (width * height); }
¥
class Triangle: public Shape
{
public: Triangle( int a=0, int b=0):Shape(a, b) { }
int area () { cout << "Triangle class area :" <<endl; return (width * height / 2); }
s

/7 FEFFHI R

int main( )

{
Shape *shape;
Rectangle rec(10,7);
Triangle tri(10,5);

/1 FEREFEIEI bk

shape = &rec;

/7 VR IR SR TR bR 2
area shape->area();

/] AfE =SB Rk
shape = &tri;

/1 VR = AT SR HAH e AL

area shape->area();

return 0;

it

Parent class area :
Parent class area :

SEERRHRRER, HRRE area() FIRIFHRENELPIIRE, XHEFMBNBSSE, BEHSHHE - R
BREREFTRIUESF 7. BRIRXBEFRARHE, E9 area) BEIEEFRmIFNEMCERET 7.

{BIE, ERAIGTEFBEIEER, 7E Shape 287, area() RYSEBHRIME XS virtual, W TFF7R:

class Shape
{
protected:
int width, height;
public:
Shape( int a=0, int b=0) { width = a; height = b; }
virtual int area() { cout << "Parent class area :" <<endl; return 0; }

3
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Rectangle class area :
Triangle class area :

o LAY, HFESEMRIEHNANS, MARTHIZEE, Rt BT tri f0 rec RANIRATMUTFIETE shape &, AL
LVEHEEH] area() R,

o BNFHEBE—NREY area() BPIISLH. XFESEHN—RERS.

o BTSSR, MABSIMAENZE, BHEE—NEHEEEARLHMNRE, RENSHEZETLIEER.

o EEFEH EEEXPFERXET virtual FIHNRE. TREXEFEFENERPENHEREET, SERMFEAF
ERSHEERIZRE. BIVEENEEERPEERILURERE RIS EEREREBIRE, X
FRANSHEE, SEHIE.



Multi-view 3D Reconstruction
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When they take a picture:
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In a real world

cam cam
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Camera Coordinate System
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World Coor. 2 Camera Coor.
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Other Intrinsic Camera Parameters

* Principle point offset

— especially when images are cropped (Internet)

* Skew
YERY YRS
K=¢ 0 / 04 — K=2 0 f p, !
g0 0 1y 50 0 14

* Radial distortion (due to optics of the lens)

2 _ 2 _ 2 2
e = (x| =2ty

x'= 1+ kr’ +k,r')x




f 0 0
White-board Exercise - 0 £ 0

(D: (D> (D> (D> (D~
COCNCNCN

| brought a normal compact digital camera.
| took a picture at resolution 640x480 pixels.
What is the possible value of the focal length f?

Canon

Focal Length
5.0 (W) - 0.0 (T) mm (35Smm film equivalent: 28 (W) - 224 (T) mm)

Digital Z
4xg Bhe full-frame 35mm = width 36 mm heightp4 mm
http://en.wikipedia.org/wiki/Angle of fiew

Focusing Range
Normal: 2.0 in. (Scm) - infinity (W), 3.3 ft. (1m) - infirity (T)

Auto: 0.4 in. (1cm) - infinity (W), 3.3 ft. (1m) - infinity (T)
Macro: 0.4 in. - 1.6 ft. (1-50cm) (W)
Autofocus System “' cafesiy

http://g00.gl/ENaw4

TTL Autofocus




Wait: How to get the focal length?

e Auto-calibration

Self-Calibration and Metric Reconstruction in spite of Varying and Unknown
Internal Camera Parameters, M Pollefeys, R Koch and L Van Gool, 1998.
http://mit.edu/jxiao/Public/software/autocalibrate/autocalibration lin.m

e Grid Search to look for the solution with minimal

reprojection error
for f=min_f:max_f
do everything, then obtain reprojection error after bundle adjustment

* Optimize for this value in bundle adjustment

e Camera Calibration (with checkerboard)
http://www.vision.caltech.edu/bouguetj/calib _doc/

* EXIF of JPEG file recorded from digital camera

Read the code of Bundler to understand how to convert EXIF into focal length value
http://phototour.cs.washington.edu/bundler/




* When people take three pictures with same
camera setting: x, = KER, |t §X

x, =K¢R, \tzgx

X; = KéRs ‘tsﬂX




* When people take three pictures with same
camera setting:

Point 1 Point 2 Point 3

Image 1| x; = KéR1 ‘tlﬁXl X = KéR1 ‘QEIXZ
Image 2| x;=KER,[t,§X" x;=KER,|t,}X* x;=KER,|t,iX°
Image 3| x.=KER, ‘tgt‘le x; =KfR, ‘t3HX3

Same Camera Same Setting = Same K
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-~ Triangulation

Image 1

Image 2



Steps

Images =2 Points: Structure from Motion

Points = More points: Multiple View Stereo
Points = Meshes: Model Fitting
4+ Meshes > Models: Texture Mapping

— Images =2 Models: Image-based Modeling




Steps

Images =2 Points: Structure from Motion

Points = More points: Multiple View Stereo

Points = Meshes: Model Fitting
4+ Meshes > Models: Texture Mapping

— Images =2 Models: Image-based Modeling




Steps

Images =2 Points: Structure from Motion
Points = More points: Multiple View Stereo

Points = Meshes: Model Fitting

4+ Meshes > Models: Texture Mapping

— Images =2 Models: Image-based Modeling




+

Steps

Images =2 Points: Structure from Motion
Points = More points: Multiple View Stereo
Points = Meshes: Model Fitting

Meshes =2 Models: Texture Mapping

Images =2 Models: Image-based Modeling




+

Finished!

Images = Points:
Points = More points:
Points = Meshes:
Meshes = Models:

Structure from Motion
Multiple View Stereo
Model Fitting

Texture Mapping

Images =2 Models:

Image-based Modeling




Steps

Images =2 Points: Structure from Motion

Points = More points: Multiple View Stereo
Points = Meshes: Model Fitting
4+ Meshes > Models: Texture Mapping

— Images =2 Models: Image-based Modeling
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Structure From Motion

Structure = 3D Point Cloud of the Scene

Motion = Camera Location and Orientation

SFM = Get the Point Cloud from Moving Cameras
Structure and Motion: Joint Problems to Solve




| |
Structure from Motion (SFM) Multi-view Stereo (MVS)



Pipeline
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Two-view Reconstruction

keypoints

s
ety
:

fundamental essential . .
match — , — . =>[R]|t] = triangulation — -
matrix matrix

keypoints /




Keypoints Detection

o

keypoints N &
fundamental_) essential Lo

match— ) _
matrix matrix

—>[R|t] = triangulation —».

keypoints 7

=



Descriptor for each point

“ 7

SIFT
descriptor

\

o

SIFT
descriptor
% lm-> keypoints
fundamental
gl match —» _
;1 matrix
keypoints

essential
matrix

—>[R|t] = triangulation —».




Same for the other images

“ 7

SIFT
descriptor

~ s

SIFT
descriptor
% lm-> keypoints
fundamental
gl match —» _
;1 matrix
keypoints

i

s . e

~ 7

SIFT
descriptor

“ s

SIFT
descriptor

essential

~% > [R|t] = triangulation —».
matrix ;
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keypoints



x, = KER, \tlgx
x, =KER, |t2E|X

Fundamental Matrix

S0 X, <X,

% | My —
TS x,Fx, =0

Image 1




Estimating Fundamental Matrix

* Given a correspondence
X, > X,
* The basic incidence relation is ‘
é fil
g o
§ S
s Ja
XfFXz — O <:> [xlxz’x1y21le’lxz’J’Lyz’J’l’xz’yz’l](? S22
s s
2 Jar
e f32

Need 8 points A
P & Ja

ce oo oNsosononososoNn oo o

o



Estimating Fundamental Matrix

XlTFXZ = ( for 8 point correspondences:

1 1 _2 2 3 3 4 4 _5 5 6 6 7 7 8 8
X, € X5, X; X5, X; X, X; O X, X, X5, X, X, X, 6 Xo, X; X,

@@> (D> (D> (D> (D> (D> (D> (D> (D> (D> (D> (D> (D> (D~

1.1
XX,
2.2
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3.3
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44
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Direct Linear Transformation (DLT)



Algebraic Error vs. Geometric Error

* Algebraic Error
min|Af]
* Geometric Error (better) unit: pixel
2 i s ) j 7T/ )
mlnad(xl,FXZ) +d(x2,F xl)

J

Solved by (non-linear) least square solver (e.g. Ceres)



RANSAC to Estimate Fundamental Matrix

* For many times
— Pick 8 points
— Compute a solution for K using these 8 points

— Count number of inliers

* Pick the one with the largest number of inliers



Fundamental Matrix = Essential Matrix

Image 1

x,Fx, =0

E=KFK,

X, = KéRl ‘QHX
x, =KER, |t2§X



Essential Matrix = ER|tp

SN I —
/ \ XlFXZ - O

\ E=KFK,

Image 1




Essential Matrix = ER|tp

Result 9.19. For a given essential matrix
E = Udiag(11,0) V",

and the first camera matrix P, =gI|0j, there are four
possible choices for the second camera matrix P.:

P, =fUWV’ [+u,}

P, =§UWV'|-u,} €0 -1 0!
, \ =61 0 0y
P, =§UW'V' [+u,j W_é 0 0 1§

P, =fUW'V’|-u}

Page 259 of the bible (Multiple View Geometry, 2" Ed)



Four Possible Solutions

(@ (b)

(©) (d)

Fig. 9.12. The four possible solutions for calibrated reconstruction from E. Between the left and
right sides there is a baseline reversal. Between the top and bottom rows camera B rotates 180° about
the baseline. Note, only in (a) is the reconstructed point in front of both cameras.

Page 260 of the bible (Multiple View Geometry, 2" Ed)



In front of the camera?

e Camera Extr|n5|c ER [tH

éx U eX eX ol X u 0 éx, U
&y i U_p%y 0o préy U prg
e)/cam U world U+t <:> e world U (;e cam U :_ 9 cam l;l_
memH gzworldg gz lldH 86 cam ﬂ gzcamg
* Camera Center
éX LU €0l éXdeu éou ex
" e u e _
Y, ;=e0; W) C=¢,,, 1=R730j-R"t=-R"t
€ZmH €0H €Z o B @09
* View Direction
éou éou 39 EOU
6 0 6.0 8.4 T _ AT T 7.\ _ N
04-&0; :> QR 204 Rt: (C )_(R(3,.) —Rt)—(—R t)_R(3,.)
eLd €of 619 0

Camera Coordinate System World Coordinate System



In front of the camera?

A point X
Direction from camera center to point X-C

Angle Between Two Vectors

-2n u 1 n 2n

AxB=|A||B|cosg

Angle BetweenX -Cand View Direction
Just need to test

(X-C)*R(3:)" >07?



Pick the Solution

With maximal number of points in front of both cameras.

A i

A B A

=

(@) M)

© @

Fig. 9.12. The four possible solutions for calibrated reconstruction from E. Between the left and
right sides there is a baseline reversal. Between the top and bottom rows camera B rotates 180° about
the baseline. Note, only in (a) is the reconstructed point in front of both cameras.

Page 260 of the bible (Multiple View Geometry, 2" Ed)



0g

3
0
2+ 0.5
1= 1
-1.%
[ |
! 7 —T T,
* 1 o -1 P




Merge Two Point Cloud

.
PR

Ty

o

fpes
.
. o
‘. »
.
c P % R
RS Y
< e “‘0-’
[ s .
o N

72—

14

—_—
2 1 o

+

PN
% ’ - -
vty eXECy ¥ ',. 2 -
o0 SRR 2
Sle B
-t e -
_ Sl L5
- *
‘] i "4\ﬂ g Fas
\ A
0
i =<5
L I 1.5
O T I | — 1T _ T -2
2 1.5 : LA ] A 45 2

There can be only one R, [t {



N TN T

!
(Y ¥4 0.E
3~ e
o
2 9.5
= 1
-1.8
D S — |
o ‘ —T T,
* 1 [ -1 =

+ *
* “
L 9
by
*
*, . Wik
-
* ”
- +
‘“
*
., *
*
‘0
.
00’
L *a
e F o,
S £
+ -
-
* 0‘ ‘
*

See From a Different An;gle



Bundle Adjustment
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Rethinking the SFM problem

* |nput: Observed 2D image position

* Qutput: X3 X3
Unknown Camera Parameters (with some guess)
BR, [t.H,ER, [t,H ER; |t
Unknown Point 3D coordinate (with some guess)
X! X X3...



Bundle Adjustment

A valid solution R, [t.}.ER,[t,H.ER;[t.H and X', X2 X5, -
must let

- x; =KER [t X'  x =KER,[t,§X°
Re-projection - x;=KER,|t,fX' x5 =KER,[t,}X* x;=KER,|t,}X’
x; = KER, |t 4X x; = KER, [t fX°

Observation | 1 =2 =3




Bundle Adjustment

A valid solution R, [t.}.ER,[t,H.ER;[t.H and X', X2 X5, -
must let the Re-projection close to the

Observation, i.e. to minimize the reprojection
error

min QA (%! - KER, tl.E]Xf)2

Lo




Camera

Bundle Adjustment

A valid solution R, [t.}.ER,[t,H.ER;[t.H and X', X2 X5, -

must let the Re-projection close to the
Observation, i.e. to minimize the reprojection
error

t §X/ )2

. O O =i 18
mina a|x; - KeR,
Lo

obrserwak Lon watrix
0.5
1
L&
2
2.5
3
3.5
a0 40 B & Loa 10 140 1e0 180

Points



Camera

SIFT Matching

obiserwation wairix

Points




Solving This Optimization Problem

* Theory:
The Levenberg—Marquardt algorithm

http://en.wikipedia.org/wiki/Levenberg-Marquardt algorithm

* Practice:
The Ceres-Solver from Google

http://code.google.com/p/ceres-solver/




Non-linear Least Square Cuboid Reconstruction

A\

XZ- Observation:

Pixel location of the 7 (or 6) corners
Parameters to be estimated:

Cuboid: Height h x Widthw x 1
Camera: Intrinsic K and Extrinsic R, t

minQx, - K(RX, + t)H2

Xi , N
@ v n b h -h -h -h -hY
e u

//3/ X=gw w -w -w w W -w -w |

gl—ll -1 1 -1 1 —18
http://mit.edu/jxiao/Public/software/fitCuboid/




Parameterizing Rotation Matrix

2D Rotation

Y g x: H:g cos(q) -sin(q) Hg X H
8 Y g sin(g)  cos(q) Hé Y4
b R’ =R, detR=1
N




3D Rotation

Yaw, pitch and roll are &, b, ¢
c1 0 0 s = of
R, (Q):(:g 0 cos(g) -sin(q) ‘

£ 0 sin(g) cos(q)

cos(g) 0 sin(g)
0 1 0

-sin(g) 0 cos(q)

»
S
L

cos(g) -sin(g) O

sin(g) cos(g) O
0 0 1

(D: (D> (D> (D> (D~ (D: (D> (D> (D> (D~

R.(9)

[ b ¥ e N et N et N e [ ¥ en{ N et N et NN e [ el et et N«

http://en.wikipedia.org/wiki/Rotation matrix




3D Rotation

Axis-angle representation Quaternions

] HBQQ aeqoo
q-= 8V8m82 COSSZM

Avoid Gimbal Lock!

Triplet Representation v@g (3 dof)€& Not over-parameterized

Rodrigues' rotation formula
k,, =kcosg+(v™ K)sing+v(vxk)(1-cosg)

http://en.wikipedia.org/wiki/Axis-angle representation
http://en.wikipedia.org/wiki/Quaternions and spatial rotation
http://en.wikipedia.org/wiki/Rodrigues%27 rotation formula




Matlab Symbolic Operation

How to derive complicated equations
(after passing math classes)?

syms h, w, K, alpha, beta, gamma, tx, ty, tz

X =[h; w; f];

Y=[.]*X

Z=K*Y,

x=172(1:2,:) ./ Z([3,3],:);

ccode(x,’file’/x.cpp’); % < matlab will generate C code for x

http://www.mathworks.com/help/symbolic/sym.html
http://mit.edu/jxiao/Public/software/fitCuboid/fitCuboid/derive4cuboid.m




Camera

Ceres for Bundle Adjustment

A valid solution R, [t.}.ER,[t,H.ER;[t.H and X', X2 X5, -

must let the Re-projection close to the
Observation, i.e. to minimize the reprojection
error

t §X’ )2
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minaalx;/ - KgR,
i
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struct AlignmentError2D {
AlignmentError2D(doublex observed_in): observed(observed_in)
template < ™ baZD_CC
bool operator()( T*x camera_extrinsic,
Tx point,
T* residuals) {
T pl3];

ceres: :AngleAxisRotatePoint(camera_extrinsic, point, p); RX

pl98] += camera_extrinsic[3];

pli] += camera_extrinsic[4]; RX + t — éR‘tBX

pl2] += camera_extrinsic[5];

(T(0.0)<=pl2]){
(p[2]1<EPS){
pl2] = EPS;

To avoid divide by O

(p[2]1>—EPS){
pl2] = -EPS;

T(fx) * ple]l / pl2] + T(px); — YR \
T(fy) * pl1] / pl2] + T(py); X - KgR‘tHX

residuals[¢] = p[@] - T(observed[@]); ~
residuals[i1] = p[i] - T(observed[i]); X—X

crue;
}

doublex observed;

}




Initialization Matters

~1 =2
X X
* Input: Observed 2D image position =1 - <
2 2 2
* Output: % %

Unknown Camera Parameters (with some guess)
BR, [t,6,ER, [t,HER; [t.f

Unknown Point 3D coordinate (with some guess)

g X, X% X5, ?
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Multiple View Stereo

State-of-the-art:

PMVS: http://grail.cs.washington.edu/software/pmvs/

Accurate, Dense, and Robust Multi-View Stereopsis, Y Furukawa and J Ponce, 2007.
Benchmark:

http://vision.middlebury.edu/mview/

A Comparison and Evaluation of Multi-View Stereo Reconstruction Algorithms.

SM Seitz, B Curless, J Diebel, D Scharstein, R Szeliski. 2006.
Baseline:

Multi-view stereo revisited. M Goesele, B Curless, SM Seitz. 2006.




[1] Learning Two-view Stereo Matching, J Xiao, J Chen, DY Yeung, and L Quan, 2008.
[2] Accurate, Dense, and Robust Multi-View Stereopsis, Y Furukawa and J Ponce, 2007.
[3] Multi-view stereo revisited. M Goesele, B Curless, SM Seitz. 2006.

[4] Robust Dense Matching Using Local and Global Geometric Constraints, M Lhuillier & L
Quan, 2000.

In another context:
[5] PatchMatch: A Randomized Correspondence Algorithm for Structural Image Editing,
C Barnes, E Shechtman, A Finkelstein, and DB Goldman, 2009.



Simplest Matching Propagation

We are going to learn a very simple algorithm
that is implemented in the SFMedu program.




DESCFiptOrI ZNCC (Zero-mean Normalized Cross-Correlation)

Invariant to linear radiometric changes
More conservative than others such as sum of absolute or square differences in uniform regions
More tolerant in textured areas where noise might be important

é.(](xl +i) - T(Xl)) (](Xz +i) - T(Xz))
ZNCC(x,,X,) = ——

J (10, +i) - T(x)) A(1(x, +1) - T (x,))’

i




Seed for propagation




Matching Propagation (propagate.m)

Maintain a priority queue Q

Initialize: Put all seeds into Q with their ZNCC
values as scores

For each iteration:

— Pop the match with best ZNCC score from Q

— Add new potential matches in their immediate
spatial neighborhood into Q

Safety: handle uniqueness, and propagate
only on matchable area



Matchable Area

the area with maximal gradience > threshold




Result (denseMath/run.m)







Colorize the Point Cloud
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