Camera calibration
Triangulation
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Matrix transformations in 2D
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Final perspective projection

Camera extrinsics: where your camera is relative
to the world. Changes if you move the camera

Camera intrinsics:
how your camera
handles pixel.
Changes if you
change your camera

Ximg = PXy



Final perspective projection

Camera parameters

Ximg = PXy



Camera calibration

e Goal: find the parameters of the camera

 Why?
 Tells you where the camera is relative to the
world/particular objects

* Equivalently, tells you where objects are relative to the
camera

e Can allow you to “render” new objects into the scene



Camera calibration




Camera calibration

Ximg = PXy

* Suppose we know that (X,Y,Z) in the world projects

to (x,y) in the image.

* How many equations does this provide?
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Camera calibration

Ximg = PXy
* Suppose we know that (X,Y,Z) in the world projects
to (x,y) in the image.
* How many equations does this provide?
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Camera calibration

Ximg = PXy
* Suppose we know that (X,Y,Z) in the world projects
to (x,y) in the image.
* How many equations does this provide?
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Camera calibration

Ximg = PXy

* Suppose we know that (X,Y,Z) in the world projects
to (x,y) in the image.

* How many equations does this provide?
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Camera calibration

Ximg = PXy
* Suppose we know that (X,Y,Z) in the world projects
to (x,y) in the image.
* How many equations does this provide?

(P31 X 4 P32Y + P33 Z 4 Psy)x = P11 X + ProY + Pi3sZ + Py

(P31 X + P33Y + P33 Z 4 P3y)y = Po1r X + PosY + PosZ + Poy
e 2 equations!

* Are the equations linear in the parameters?
* How many equations do we need?



Camera calibration

(P31 X 4+ P3oY + P33 Z + Pyg)x = P11 X + PoY + PisZ + Py

XZUPgl+YZCP32—|—ZQ?P33—|-ZL’P34—XP11—YPlQ—Zplg—P14:O

* In matrix vector form: Ap =0
* 6 points give 12 equations, 12 variables to solve for
e But can only solve upto scale



Camera calibration

* In matrix vector form: Ap =0

* We want non-trivial solutions

* If pis a solution, ap is a solution too

* Let’s just search for a solution with unit norm

Ap =0
S.t
Ipl| =1

* How do you solve this?



Camera calibration

* In matrix vector form: Ap =0

* We want non-trivial solutions

* If pis a solution, ap is a solution too

* Let’s just search for a solution with unit norm

Ap =0

S.t

pll=1



Camera calibration

* What happens if there are more than 6 points?
 What if there is noise in the point locations?

min || Ap||*
—4p—b—

Pl =1



Camera calibration

* What happens if there are more than 6 points?
 What if there is noise in the point locations?
minp’ A Ap
P

At

Pl =1

* Look at eigenvector of A'A with the smallest
eigenvalue!



Camera calibration

* >=6 points with known 3D coordinates + known
image coordinates

X.CUP31—I—YIP32—|-Z$P33—|—ZCP34—XP11—YPlQ—Zplg—P14:O

* In matrix vector form: want Ap =0

e Resilience to noise:
minp? AT Ap

P
5.t
Ip|| =1
* Look at eigenvector of A'A with the smallest
eigenvalue!



Camera calibration

* We need 6 world points for which we know image
locations

* Would any 6 points work?
 What if all 6 points are the same?

* Need at least 6 non-coplanar points!



Camera calibration




Camera calibration
}—éimg — P)_()w

* How do we get K, R and t from P?
* Need to make some assumptions about K
 What if K is identity?



Camera calibration

Ximg = PXy

* How do we get K, R and t from P?

* Need to make some assumptions about K
 What if K is upper triangular?
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Camera calibration

* How do we get K, R and t from P?
* Need to make some assumptions about K
 What if K is upper triangular?

K=10 s, t

e P=K[R t] ) }
e First 3 x 3 matrix of P is KR

* “RQ” decomposition: decomposes an n x n matrix
into product of upper triangular and rotation
matrix



Camera calibration

* How do we get K, R and t from P?

* Need to make some assumptions about K
* What if K is upper triangular?

*P=KJ[R t]

* First 3 x 3 matrix of P is KR

* “RQ” decomposition: decomposes an n x n matrix
into product of upper triangular and rotation
matrix

e t = K'1P[:,2] € last column of P



Camera calibration and pose
estimation




Triangulation

e Suppose we have two cameras
* Calibrated: parameters known

* And a pair of corresponding pixels

* Find 3D location of point!




Triangulation

e Suppose we have two cameras
* Calibrated: parameters known

* And a pair of corresponding pixels

* Find 3D location of point!
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Triangulation
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Triangulation

%)) = pPLg,

Arp =PUx +POY + PV z 4 plY
A =P X + POY + PR 7+ Py
A=PUX+PUY + PV 7+ P

PPX +PYVY + PR 7+ Pie = PP x + PPy + Pz 4+ P
X Py, — PY) + Y (PR a1 — PY) + Z2(P a1 — PR + (P ey — PY) =0



Triangulation

—"(1) _ P(l)

zmg
X (Py'ar — PY) +Y (P)ey = PR)) + Z(Py) w1 — P)) + (P2 — Ply) = 0
X(Pyyy — P) + Y (P — PY)) + 2(Pys — P) + (Piyvn — P3Y) =0
* 1 image gives 2 equations
* Need 2 images!
* Solve linear equations to get 3D point location



Linear vs non-linear optimization

My = PUX +PYY + PYZ 4+ P
My =PYX + PRY + PV 7+ Py
A= Py X + POY + PR Z + Py

POX + PRy 4+ PY 7z 4+ pll
PXx + PRy 4+ PY 7z 4+ PV

Ir1 =

PYXx +PVy + PV 7z 4 P
PYXx + Py + PV 7z 4 P

Y1 =



Linear vs non-linear optimization

PYX + PYY + P 7 + P}

Ir1 =

P\VX + PL)Y + PR 7 + Py
_PYX+PYY+ Pz 4 Py
T POx £ POy + pU g4 PO
31 32 33 34
1 1 1 1

o PUXAPLY 4 PZ 4 P
PYX + POY + PG 7 + Py
(- Py X + Py)Y + P Z + Py,
PYX 4+ PL)Y + PR 7 4 Py

Reprojection error



Linear vs non-linear optimization

@ PYX +PLY +PLYZ+ P,
L 50) (1) (1) (1)
PP x +PRY + PRz + P
P(l)X +POY + P Z+ P,

G ey ® (1) ®
Py’ X + P3y'Y + P33’ Z + Py

Reprojection error

* Reprojection error is the squared error between the
true image coordinates of a point and the projected
coordinates of hypothesized 3D point

e Actual error we care about

* Minimize total sum of reprojection error across all
images

* Non-linear optimization






