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Multi Sensor Calibration
Overview

» Multiple Sensors In Automotive Applications:
« Camera(s)
 Lidar
 Ultrasonic sensors
* Accelerometer
« and many more..
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Multi Sensor Calibration
Overview

Objective: Find parameters of each sensor
Objective in Talk: Find pose and orientation of each sensor
« Example: Camera Calibration as Multi-Sensor Calibration (meaning
each pixel is a sensor on its own)
» Therefore: A (very) short introduction to camera calibration
* A new view at camera calibration as multi-sensor calibration
» Transfer of results
» Stereo Camera Calibration
« Calibration of a 3D-Sensor wrt Grayvalue Camera
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Camera Calibration: The classic way
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Camera Calibration: The classic way

T oy Optical Center
R
Image Plane
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Second Step: Projection
* Modelled as pinhole projection

« Operation: Division by focal length
 But: Image is upside down
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Camera Calibration: The classic way
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Second Step: Projection

* Project onto (virtual) plane {z=1}

« Conversion to Image Coordinates:
* Shift
« Scale
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Camera Calibration: The classic way

Overall Camera Mapping

C=IlolloT

Camera Calibration:

Input:
1. Set P of points in 3D
2. Observation i, for every p
in P

Task:

Find (Rt,e,f,u,,v,) minimizing
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Camera Calibration: The classic way
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Camera Calibration: The classic way

.| Image Input

‘ Open File| Show File List @ On
| Loadlmagel Start live mode | Save Image | Save Image (only w. points) | End live mode
\Input Device ® FrameGraber:0 O FrameGraber:1 O FireWire:0 O FireWire:1
VideoChannel Q0 ®1 02 QO3

;Shrink factor®@1 Q2 0O3

| Point Finding | Calbration | Callbration (RePro) | Show Resuilts [input/output

Load Points From File @ Off O On

Find All Points | Find Plate

| Determine Hcmographiesl Delete Last Homographyl

Determine Homographies of Filellstl

|
! Clear Homographies

’Point extraction mode ® Haas Q Chessboard
Calplate Width

9
I T
S
Calplate Height

Real distances of points (m) r“0.0 1?

TT?im:ending 12mm_image005.pgm to global file list
Appending 12mm_image006.pgm to global file list
Appending 12mm_image007.pgm to global file list

gpnengmx igm_@maseggg-nsm :0 ziogai ;@ie i@s: Optimization Method ® LEVENBERG-MARQUARDT O NELDER-MEAD O BFGS O GAUSS-NEWTON
ppending mm_Llmage! pgm to globa 1le lis .

Appending 12mm_image010.ngm to global file list Disable Gamma [0 On Force Alpha = Beta [0 On

Appending 12mm_image01l.pgm to global file list Number Of Distortion/Undistortion parameters 00 O1 ®2 O3 04

Appending 12mm_image012.pgm to global file list

Clear Action| QUIT

9.5

Sucessful Calibration: Prototype projected in input image
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Summary: Classic Camera Calibration

Camera is modelled as pinhole camera
Calibration input on point to point base
Sensor (= Imager) not mentioned in model

Let's take a different point of view:

Each pixel is a sensor on its own!
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Camera Calibration As Multi-Sensor Calibration

Camera Pixel As Single Sensor

« Sensor measures intensity of
light
« Together with lens:
* Measuring intensity of a
ray of light

Lens

Photosensitive Area
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Camera Calibration As Multi-Sensor Calibration

Camera Modelled As Multi-Sensor

Lens
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Camera = Grid of Sensors

Parameters:
 Position and Orientation
wrt lens

Constraints:
« Allrays share one point
(optical sensor)
« Sensors are arranged in
fixed grid (perpendicular
to the optical axis)

Camera parameters
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Camera Calibration As Multi-Sensor Calibration

Camera Modelled As Multi-Sensor

Parameters:
« Distanceto Lensf

Lens
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Camera Calibration As Multi-Sensor Calibration

Camera Modelled As Multi-Sensor

Parameters:
« Distanceto Lensf
 Distance between Sensors d
_ Lens
/
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Camera Calibration As Multi-Sensor Calibration

Camera Modelled As Multi-Sensor

Parameters:
 Distance to Lens f
» Distance between Sensors d
* Point of orthogonal
Projection of Lens ¢
> Lens
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Camera Calibration As Multi-Sensor Calibration

Camera Modelled As Multi-Sensor

Parameters:

 Distance to Lens f

* Distance between Sensors d

* Point of orthogonal
Projection of Lens ¢

But: Any f'/d* with f/d‘ = f/d will
deliver the same sensor!

Thus: Not f,d are not free
parameters, but f/d is!
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Camera Calibration As Multi-Sensor Calibration

Camera Modelled As Multi-Sensor

Vo
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Link to classic camera parametrization:

112
Q

(R.1)
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Camera Calibration As Multi-Sensor Calibration

Scene Interpretation
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Camera Calibration As Multi-Sensor Calibration

Scene Interpretation
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Camera Calibration As Multi-Sensor Calibration

Scene Interpretation:
» Each sensor shares an subset of the same interpretation of the scene

e Sensor may not observe the whole scene
» Scene introduces new parameters (e.g. position of the calibration target)

4

y
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Camera Calibration As Multi-Sensor Calibration

Multi-Sensor Calibration:
» Determine parameters
 of the scene

« of the Multi-Sensor-Array \

* such that distance of the g
» interpretation of the observation !
« and the interpretation of the scene
* becomes minimal )
| |
| _I
7 R
ASCI-SCA
/ \_/tp
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Camera Calibration As Multi-Sensor Calibration

Further Topics of Classic Camera Calibration:

(Not covered in this talk:)

« (Radial) Distortion (“fish-eye®)

« Sensor Correlations (e.g. blurring introduced by lens)
 Error Functions

« Initial Solution (Projective Geometry)

» Optimization Techniques
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Applications: Multi-sensor systems

Examples:
« Homogeneous Multi-Sensor-System: Stereo Camera
» Heterogeneous Multi-Sensor-System: 3D Camera to Mono-Camera

In both examples the sensors are related by rotation and translation
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Multi-sensor calibration: Share the same interpretation

Stereo-Camera-Calibration

T

T
|, r
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Left Camera and right
camera observe the same
scene
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Multi-sensor calibration: Share the same interpretation

Stereo-Camera-Calibration

Left Camera:

Determine position of
observed calibration
pattern wrt left camera
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Multi-sensor calibration: Share the same interpretation

Stereo-Camera-Calibration

Right Camera:

Determine position of right
camera wrt observed
calibration pattern
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Multi-sensor calibration: Share the same interpretation

Stereo-Camera-Calibration

Stereo Camera Calibration:

Determine parameters

(RI ’tl’al ’ﬁl’uo,l ’VO,I ! Rr'tr’ar’ﬂﬂuo,r’vo,r)
minimizing

ZHip,l o II ol_IOTI (p)HZ +Hip,r o Ir OHOTr(p)HZ
peP

I, observation of p in left image
I, , observation of p in right image
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Multi-sensor calibration: Share the same interpretation
Stereo-Camera-Calibration
« Scene interpretation by two sensors of same kind

« Calibration: Determine parameters of both sensors such that
the observation matches the interpretation of the model

x.

N

Summer School 4 - 6 July 2012 I nte ra ct |Ve ::

29



Multi-sensor calibration: Share the same interpretation

3D-Camera and 2D-Camera

Summer School 4 - 6 July 2012

» 2D Camera and
* 3D Camera observe
* the same scene

Sensors are related by Rotation
and Translation

@ Output: Image-like distance information (64 x 8-pixel matrix,
42° horizontal, 16° vertical angular resolution)

@ Distance measurements in outdoor environments up to 25m

@ Automotive and safety-applications capable
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Multi-sensor calibration: Share the same interpretation

3D-Camera and 2D-Camera

Scene observed by
grayvalue camera

¥ - sl

Scene observed by 3D-Camera
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Multi-sensor calibration: Share the same interpretation

3D-Camera and 2D-Camera

Canonical scene interpretation of
both sensors differ:

« Light intensity per pixel

* Depth information per pixel

Task:
Find an interpretation of the scene Scene observed by
that applies for both sensors ! grayvalue camera

N el |

Scene observed by 3D-Camera
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Multi-sensor calibration: Share the same interpretation

3D-Camera and 2D-Camera

Shared Scene Interpretation:

Plane (with defined borders) at
fixed position

‘,;";‘;E;/
bk
= SA
=
:i
=
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Multi-sensor calibration: Share the same interpretation

3D-Camera and 2D-Camera

Shared Scene Interpretation:

Points determining borders of
plane

Calibration: Determine Rotation
R and translation t that maps 3D
points on 3D points
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Multi-sensor calibration: Share the same interpretation

3D-Camera and 2D-Camera

Monocular Prototype Reconstruction:

Input:

1. Set P of four points in 3D
(planar)

2. Observation i, for every p in
P

3. Calibrated Camera C

Task:

Determine (R,,t;) minimizing

> [C(Ro-+1) i,

peP
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Multi-sensor calibration: Share the same interpretation

3D-Camera and 2D-Camera

Monocular Prototype Reconstruction:

Result:

(R, t,) = arg min ZHC(Rp +1) — ipH2

(R;1) peP
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Multi-sensor calibration: Share the same interpretation

3D-Camera and 2D-Camera

Result of Object Segmentation
in 3D Camera:

Q,
Q,
Q3
Q,
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Multi-sensor calibration: Share the same interpretation

3D-Camera and 2D-Camera

Relative Position of 2D-Camera to
3D-Camera:

Determine

4
argmin > [RQ, +t— P

(R;1) 1

=i |
Qy
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Multi-sensor calibration: Share the same interpretation

3D-Camera and 2D-Camera

But:

Acquisition of 3D point
information by 3D-Camera is
not reliable!

 Low Resolution

« Noise

« Difficult Feature Extraction in
3D

— Weak Correspondencies!
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Multi-sensor calibration: Share the same interpretation

3D-Camera and 2D-Camera

Shared Scene Interpretation:
More reliable: Plane information

Idea: Represent plane by point
and vector

Calibration: Determine Rotation
R and translation t that maps 3D
plane to 3D plane

Y& Bl sl |
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Multi-sensor calibration: Share the same interpretation

3D-Camera and 2D-Camera

Plane matching:

Input:

* Normal ngg, distance d,, of
plane obtained by 3D-Camera

* Normal n,, distance d,, of
plane obtained by 3D-Camera

Output: (Rgy,t,) minimizing
2

an<Rn30I , n2d>2 + Wy |day +t—dy|

planes

Y& Bl sl |
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Multi-sensor calibration: Share the same interpretation

3D-Camera and 2D-Camera

Plane matching:
Attention:

If one of the weights w, or wy is
zero, the problem looses
uniqueness. In that case we
obtain rather a constraint than an
optimization problem!

an<Rn30I , n2d>2 + W, |dyy +t—d,y |

planes

Y& Bl sl |
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Multi-sensor calibration: Share the same interpretation

3D-Camera and 2D-Camera

Algorithm:

1. Determine initial solution by
point matching (closed form!)

2. Refine solution by plane
matching (non-linear)

: 2 2
arg min an<Rn3d,n2d> + W,y |dyg +t =y
(R.t) lanes
. z
Vi Bl s [
. - .
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Multi-sensor calibration: Share the same interpretation

3D-Camera and 2D-Camera: Result

Application:
Integrated Depth Image

Depth information is supplied
by segmentatlon of 2D image
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Conclusion

« Multi-Sensor Calibration means sharing the same interpretation of the
observed scene
« Shared Interpretation may mean applying a function resulting in an
uncommon interpretation by the sensor
« The shared interpretation may only supply a necessary condition
(constraint)
 Applications: Multi-sensor systems
« Calibration of Two Imaging Sensors (Stereo Camera Calibration)
modelled as multi-sensor arrays
« Calibration of an Imaging Sensor to a 3D-Sensor
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