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1 Revision History
Revision | Date Name Comment
01 2-10-10 R. Colbrunn Created
02 2-12-10 R. Colbrunn Updated to reflect version 1.2. Added ability to display
residuals. Added auto-population of calibration device
list.
1.3 5-12-12 R. Colbrunn Updated to reflect version 1.3. Made cross platform
compatible (mac, unix). Fixed new bug with Matlab
2011 when opening files with 'versn' parameter.

2 Purpose

This document outlines how to use the Motion Analyst 3D camera coefficients
calibration software package (MotionAnalyst3D cal). It is built upon KineMat (written
by Christoph Reinschmidt and Ton van den Bogert) which is a set of MATLAB function
files written for the analysis of three-dimensional kinematics. KineMat is a SDK
intended for intermediate to experienced MATLAB users. Motion Analyst provides a
more user friendly GUI and automated functionality to employ the 3D Reconstruction
capabilities of KineMat. Motion Analyst 3D _cal is a software package that takes images
from 2 cameras of a device with known marker locations and computes the DLT camera
coefficients necessary for 3D reconstruction from 2D images.
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3 Using the Program
3.1Getting Started

This software is used to define 2D marker locations in two still images and then apply the
known 3D coordinates of these points to calibrate how the cameras are oriented in space
relative to each other. This calibration matrix is referred to as the coefficients matrix and
is based on the DLT algorithm. The program has 4 main areas: Image Control, System
Configuration, Marker Locations, and Program Control.

!

<Student Version> : MotionAnalyst3D_cal

% 3D Motion Analyst Camera Calibrator

Compuling cosfiicients of cameras for 20 {0 30 conversion. .

— Systemn Configuration

Marker| x | Mumber of Markers
s L
2 a0
J 79 Mumber of Cameras
5 &0 o !
E 82 Calibration Device
7183 448 v |Cy|ndrA_AIIF'nts V|

| Camil cal image! :—| Device Units: mm

[ Browse. . l

Refine Marker Locations

Marker| x | y |
1 74 4R2
270 406 e G eyg g5 Save Load
3 67 320 ' . ’ :
4 B5 217
5 B5 114 Calibrate
B &7
7177 4B

Carmera 1 Camera 2

‘ Cam2 cal imagel
057835 057071

’7N0rm of Residuals (pixels)—

l Help l

l Browse. ..

The program can be used to select an image of a known calibration device from camera 1
and then an image of the same device at the same time (or when the device is in the same
location) from camera 2. It applies the calibration matrix associated with that particular
device from the drop down list and computes the coefficients matrix to be used in Motion
Analyst 3D.
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3.2Ilmage Control

Start by pressing the browse button to select the calibration images from the first and
second camera. It is important that the user is consistent in the definition of which cam-
era is the first one and which one is the second.

). <Student Version> : MotionAnalyst3D_cal

. 3D Motion Analyst Camera Calibrator

l Compuiing coeficients of carmeras for 20 to 30 conversion.

— System Configuration

Marker | x Y Mumber of Markers

m——

Murnber of Cameras

Calibration Device

CylndrA_AllPnts v|

Device Units: mm

Select Image...
Browse. ..

Refine Marker Locations

Save ‘ ‘ Load

Calibrate

Morm of Residuals (pixels)—

4/ Select Image. . = (Camera 1 Camera 2

\[\ Browse. .. ’ — ]
elp

This will load the image file and display the path to the file. The file name will be dis-
played and if the user holds the mouse over the file name the entire path to the file will
appear.
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3.3Marker Locations

Once the images are loaded, type in the number of markers to track in the System Config-
uration area. This will expand the table to show the x, y coordinates for all the markers.
M8l Click on the Marker number in
3D Motion Analyst Camera Calibrator | the table and a prompt, along
with cross-hairs will appear to
direct you to click on the image

) <Student Version> : MotionAnalyst3D_cal |_ ‘

l Computing coefficiants of cameras for 20 fo 30 conversion..

— System Configuration

Mumber of Markers b

EEE where that particular markc?r
e e will be located. The x, y pixel
values for this marker will
Calibration Device

show up in the table. Repeat
P for all markers. This first step
does not require a great deal of
Heie Mo seatare accuracy as the Refine Marker
Locations button provides the
Lo flexibility necessary for finding
the exact center of the markers.

Cam1 calimagel =

Marker| x | vy |
74 4B2 A
70 406 -
B7 320
B5 217

Save

R = I L R S TUR N
m
il
=

Calibrate

Cam2 cal imagel =

Help

) <Student Version> :

MotionAnalyst3D_cal

— Systermn Configuration

Marker| x | Number of Markers
S L
2 80
3 79 Mumhber of Cameras
o= 2 Calibration Devi
I e - ‘g -y .54 o7 23 alibration Device
7183 448 v Cylndr&_AlIPnts v
Caml cal image! = ¢ : . Dievice Linits: mm
Refine Marker Locations
rl x | v |
1 74 462 A [ 1
270 406 - l Save ‘ Load ‘
3 B7 320
4 B5 27
5 65 114 Calibrate
B B7 2
1T 4B v ;
Morm of Residuals {pixels)—
Cam? cal imagel = Camera 1 Camera 2
= 0.57535 0.57071
|

[ Help l

By clicking on the Refine Marker Locations button the control point selection toolbox
will open and show both images side by side along with zoomed versions of each image
on top. This tool can be used to finely place each marker location. Once defined, simply
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close the window and the new points will be updated in the images and table of Motion
Analyst 3D _cal.

<Student Versi : Control Point Se i

File Edit View Tools window Help
e @ a6
Input Detail: Image 1 [200%  %|[TLock ratio |200% v/ Bass Detail. Imags2

e L § = &
[

The step defined above are one way to define the points. Another way is to use the auto-
matic numbering functionality of the control point selection tool. In that case, don’t enter
the number of markers before hitting Refine. Simply load the images, hit Refine and then
start by dragging the first marker from the upper left corner (0,0) to the desired location
on the image. Then click (starting with left image first) on the next marker location.

This will create point 2. Next, click on the same marker on the right image. It will also
name this image point 2 as well. Repeat for all markers and they will automatically be
named appropriately. In addition, the control point selection tool can predict where the
marker will be in the right image based on where you click on the left image. To turn this
on go to Tools... Add Points Predict Matches. This means you only have to click on the
left image to corresponding markers in the right. A word of caution is that each point in
the right image will still need adjusted and predicted points will not be saved, so you
must move each predicted point to the actual location.

3.4System Configuration

The System Configuration section of the screen has 3 parameters.

Number of Markers — Number of markers the program is expecting to have correspond-
ing 3D coordinates for. There is a color selector to allow modification of the color so the
markers can be as visible as possible.
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Number of Cameras — Currently this field is uneditable and the program is currently de-
signed to only handle 2 cameras. See the limitations section for more details.

Calibration Device — This drop down list contains the calibration device that was imaged.
By choosing the item on this list it will automatically load the appropriate calibration file.
By selection ‘Custom’ it allows the user to choose the file for the custom device. See

File section for the format required for this file.
Calibration Device

Cylndrd_AllPnts v

Cylndrd_AllPnts
E Device (3 pnts)
Custam

This file will also contain the units the calibration data is in. This value is displayed for
reference.

3.5Program Control

The Program Control section consists of 3 buttons; Load, Save, and Calibrate. The mark-
er locations and output for a given coefficients computation are stored in what is referred
to as a coefficients.mat file. The .mat file is a Matlab proprietary binary format with all
the data organized in a way that future manipulation in the Motion Analyst 3D can be
easily completed. This file can be uniquely named, but will always end with ‘_coeffi-
cients.mat’. See File section for more details.

By clicking on save and load this coefficients file can be manually stored and loaded.

Note: Clicking on load will not load the actual images stored in the file. This was done
so that the same number of markers of similar locations can be quickly loaded on differ-
ent images. If the Calibrate button has not been pressed the Save button will store empty
values for the coefficients matrix.

By pressing the Calibrate button the user will be prompted to create a coefficients file and
then the computation will be performed and the file will be written. At the same time the
norm of residuals will be displayed and written to the file.

Imagine that if the marker pixel selection values for one or more markers relative to the
others had some larger deviation than expected, there would be a disagreement that could
be due to the pixel selection, incorrect marker labeling, lens distortion, poor calibration
values etc. This is the type of error that produces what is referred to as residue or resid-
uals. Checking the norm of the residuals vector from the camera coefficients calculation
is a useful was to determine if the point selection was well done, if the coefficients are
generally correct, if the wrong images or calibration device were accidentally grabbed, or
many other reasons that could influence the accuracy of the calculation. In short, there
are 4 degrees of information fed into the algorithm (x and y from each camera) and only
3 degrees out (X, y, z). The reduction in the degrees of freedom requires some optimiza-
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tion process and the residuals are a measure of how much disagreement between the re-
dundant degrees of freedom there was. Check the Norm of Residuals values to look for
outliers that could be the result of errors in the calculation. If the values generally look
low, sub-pixel, it is a good assumption that the reconstruction is well done. Likewise, if
one camera produces a larger residual than the other it is a clue to investigate the pixel se-
lection values. For example, note that in the figure in section 3.1 where the markers are
well placed, the residuals are roughly 'z a pixel. In the figure below where only 1 marker
was intentionally misplaced (#6) in camera 2 the Norm of Residuals stayed the same in

camera 1, but increased to 16 pixels in camera 2.

)

2 <Student Version> : MotionAnalyst3D_cal

l Computing cosfficients of cameras for 20 to 30 conversion. .

Marker| x | vy |
82 448 A CWag
80 33 = - '

3 79 22 g g » fB .

4 79 164 2 i . -

6§ 80 B3 :

Eo82 =3 *3 T . | g

7183 MB v

| Carml cal imagel

’ Browse... ]

Marker| x | y |

174 462 A
700406 -

3 67 30

4 BE 217

5 B8 114 4 *10

B 227 82

7

177 461 v
*3 L] @5 *21 *27

| Carn2 cal imagel %| |

’ Browse... ]

© 3D Motion Analyst Camera Calibrator

— System Configuration

Mumber of Markers

s |m

Mumber of Cameras

Calibration Device

|CylndrA_AllPnts v|

Device Units: mm

Refine Marker Locations

Save ‘ Load

Calibrate

Camera 1 Camera 2
0.57838 16.0732

’7 Morm of Residuals (pixels)—

[ Help ]
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4 Files
4.1 Calibration File

The calibration file for a particular device (always named ‘device cal.mat’) is to be
placed in the same root directory that the Motion Analyst program suite is running from.
The file should always be named ‘device_cal.mat” where device matches the string (case
sensitive) found in the drop down list. When the device is selected from the list the pro-
gram will automatically look for this file and load it into memory. If a custom device is
to be used, select Custom from the drop down list and choose any file. The calibration
file is in a Matlab proprietary binary format with all the data organized in a way that ma-
nipulation in Motion Analyst can be easily completed. The three values contained in this
file are ‘CalFileHeader’, ‘calpoints’ and ‘units’. The CalFileHeader is a cell array and for
information only. It is not used in any Motion Analyst programs. The calpoints are a
matrix of x, y, and z locations for each marker. The example below is for a device with
36 markers.

H calpow:ts <36x3 dzouble> - Urits < 132 chars=

i 4 o 0 1

2 5.9493 -7.1642 -0.033% i

3 16,0786 -11.0295 -0.0663

4 260266, -10.9717 -0.1140

5 35.1852 -7.1375 -0.0587

=3 42,0783 0 -0.12258

7/-5.315%..[ -0.0030] -9.9441 CalFleHeader <4x2 cell>

g £.9501 -7.12768) -10.0235

9 16.0795 -10.9932 -10.0565 1 2
10 coOgell 09808 10051 1 [Date/Time' |'10-Feb-2010 14:17:10'
11 351403  -7.099% -10.0853 - - . :

12 420782 00092 -10.1128 2 |'Created By Elmer Fuidd
13|-6.4801e...| -0.0182| -13.9341 3 |'Calbration Device' |'CyindrA_AlIPnts'
14 5,950 -A0907) -19.9682 [ . 1

15 16,0799 -109564 -20,0009 4 Mumber of Points 3%

16| 259522 -10.8972 -20.0430
17 35.0954|  -7.0523 -200799
18|  41.9885 00752 -20,1040
19|2,3284e-04 00184 -29.9242

20 £.9505 -7.0993 -29.9551 1 1 1 1 1
2S5 20 5%t To provide that Motion Analyst is flexible yet efficient for

22 zs9831 108606 300391 many users the calibration device drop down list is automatic-
23] 350963 -7.0257] -30.0701 . . .
24 41894 oaus -ao024z  ally updated so that every time Motion Analyst 3D _cal is

25|1. 164 2e-04 0.0092 -39.9142 . . . .
% comm oo eesas  opened it will search the Matlab current directory for all calib-

27| 180841 -10.7918 -40.027% 1 . ¢ . 5 .
S arears -0u9 —oowes — Tation device files (denoted by the ‘device_cal.mat’ file naming

28 30533 -68%s 400612 convention). If the user wants to add a new device to the list,
30 41,9454 0.1952] -40.0851 . . .
318.7604¢-17|-5.5511e..,| -49.9041 simply add it to the proper folder where all the other Motion
32 5.9532 -6,9809 -49.9357

33 16,0856 -10.7052 -49.9722 Analyst files are located.

34 258952 -10.5938) -50.0209

35 34,9636 -6.8121] -50.0525

36 41.8547 0.2338 -50.07&1
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4.2 Coefficients File

The Coefficients file is in a Matlab proprietary binary format with all the data organized
in a way that manipulation in Motion Analyst can be easily completed. The six values
contained in this file are ‘CoefFileHeader’, ‘CoefMatrix’, ‘Table Cam1’, ‘Table Cam?2’,
and ‘units’. The example below is for a device with 36 markers. Note the 11 DLT coef-
ficients in ‘CoefMatrix’. It contains one column for each camera.

HH coefatrix <11x2 doubles
1 2 3
CoefFleHeader <8x2 cell> 1 0.2181
2 0,3838 0.5334
1 2 3| -10.0938 -10.2507
1 |'Drate/Time' '12-Feb-2010 19:37:45' 4 824889 74.6008
2 'Mumber of Markers' = g -9.8560) -10,3087
3 'Mumber of Cameras' 2 & 27726 -1.5526
4 |'Calibration Device' 'Cylndra_AlPnts' 7 0.1120 0.1350
5 'Calbration Image 1' 'ChDocuments and SetingstcolbrurDeskopiMotio.. 5| 448.7592 4620806
& 'Calibraton Image 2' 'CiDocuments and SettingsicolbrurDesk topiMotio... 9 4.0490e-04| -2.9188=.., urits <12 char >
7 'Morm of Residuals - Cam 1' ['0.57838" 10 0.001s 00017 1
8 'Morm of Residuals - Cam 2' '0.57071 1158.59922-05/1. 136 1e-04 1
-~ 17
[0 Table_Cam1 <36x3 doubles FH Table_Camz <36x3 doublex
1 2 E] 1 z 3
1 B2 448 |1 74 462
> 2 20 363 2 2 70 408,
3 3 73 2 E] 3 £7 320
4 4 73 164 |4 4 5 217
5 s 20 a3 5 5 5 114
3 3 52 13 |s 3 £7 )
7 7 183 443 7 7 177 451
5 g 183 ¥z |8 5 174 408,
9 9 182 %1 |9 9 173 319
10 10 181 163 |10 10 171 218
11 11 181 8z |11 11 170 113
12 12 181 EEI E¥ 12 172 8
13 13 285 447 |13 13 280 450
14 14 285 EI 14 279 405
15 15 254 61 |15 15 278 318
18 16 254 161 |16 15 277 214
17 17 283 81 |17 17 276 111
15 18 281 32 |8 18 276 27
19 19 3% 448] |19 19 E=E 450
20 20 387 #®l |20 20 =2 405
21 21 387 60 |21 21 =2 317
22 22 385 161 |22 22 E=E 213
23 23 384 80 |23 23 E=E 110
24 24 8|1 31 |e4 24 0 25
25 25 457 496 |eg 25 456 459
28 E 493 #®l |26 E3 488 404
27 27 493 259 |27 27 459 317
28 28 498 160 |28 8 488 212
29 29 494 79 |29 ) 487 108
30 0 480 31 |a0 30 454 24
31 31 558 446] |31 31 e 455
32 a2 531 0 |3z 32 a2 403
33 EE! 532 259 |33 33 5ad 318
34 3 559 159 |34 34 5ad 211
35 as 585 78 |35 35 a2 108
% I 580 0 |3 E3 e 23

5 Future Work

5.1 Known Bugs

Error handling is limited and can be enhanced to improve functionality. For example, the
files selected and loaded must be in the expected format to work.
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All efforts were made to be able to handle images of many sizes and formats. However,
not all possibilities were accounted for and sometimes if the image does match an expec-
ted way to handle it the plots will display as a white graphs with labeled axes. The work
around is to modify the image format or size to achieve the correct behavior.

Any error messages generated by the KineMat software will show up in the workspace
and should be double checked if the program appears to hang up.

This is not necessarily a bug, but a reality when working with a Matlab GUI is that the
current directory of the Matlab session needs to be directed to where the Motion Analyst
files are located. If they are not, then when the user tries to click on any button the pro-
gram will not respond until the current directory is returned to the correct location.

5.2Limitations

Motion Analyst 3D cal is a software package that takes images from 2 cameras of a
device with known marker locations and computes the DLT camera coefficients
necessary for 3D reconstruction from 2D images. KineMat can use more than 2 cameras,
but this first version of Motion Analyst is limited to 2 cameras. Since our immediate
need did not require functionality of more than two cameras it was not advantageous to
make the code more flexible for multiples cameras. However, since this is open source,
feel free to modify the code to suit your needs. It should also be mentioned that Motion
Analyst only captures a subset of the KineMat functionality. There are many additional
functions in KineMat that could be employed to enhance the value of Motion Analyst.
Another known limitation is that there is no compensation for lens distortion. The

3D cal program could add this functionality in the future. Algorithms for this are known
and can be found in Biomechanics of the Musculo-skeletal System (Wiley 3™ edition) by
Benno M. Nigg and Walter Herzog. This is also where the DLT algorithms can be found.

Motion Analyst has not been tested on all versions of Matlab Software. It must be run on
Matlab revision 2008b or higher. It also requires the Image Processing toolbox.
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