
Chapter 5 

Implementation of the Design 

. \s described in Chapter 3 the method used to capture gait data is the three 

dimensional measurement system involving two calibrated cameras. Following 

hardware was used. 

1) T\vo Webcams (inbuilt to HP laptop computers) 

2) Checkerboard (For camera calibration) 

3) Subject wearing a black coloured body suit and markers pasted on it at 

predetermined locations where leg joints and bones are located 

4) !\ straight iron rod about 6 feet high used as a reference height 

5) An object for the subject to carry when to help synchronization of two 

cameras. 

I ollov.ing software was used. 

I J Matlab 2008 

2 l Cyberlink Youcam 

1 l Camera calibration toolbox for Matlab 

4) Motion to picture software 

5.1 Data Capture 

S.l.l Preparation of the hardware and the subject for data capture 

\s the most of the movements of the leg takes place in the sagittal plane the data to be 

c<~ptured were also in sagittal plane. The two laptop computers having Webcam were 

placed parallel to the waking platform so that the axes of we beams are also parallel to 

L'<!ch other similar to Fig 5.1. Lighting to the walking platform was adjusted so that 

the markers placed on the subject are clearly visible through the Webcam. Positioning 

11!' the two laptops and the subject was done, enabling for both Webcams to capture 

!'ull height of the leg in one cycle of the subject's leg motion. 
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Fig 5.1: Data capture setup 

.:;,1.2 Taking snap shots of the checkerboard 

Two Laptops 
with Webcam 
placed inline 

I 

t 'hcckerboard was placed at ditierent orientations in front of the two Webcams and 

'nap shots were taken at the same time from both cameras. These images were used to 

'md out parameters of the camera system. Fig 5.2 shows two images taken of the 

, hcckerboard simultaneously. 

Fig 5.2: An image taken for camera calibration 

.:;,1.3 Taking snap shots of the straight iron rod 

i hrough the camera calibration and stereo triangulation 30 spatial coordinates can be 

iLTi \ cd or a point under vision by both cameras. Unit of this 3 0 spatial coordinates is 
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pi:-.:els. To convert the 3D coordinates into metric units an iron rod with markers 

placed on it was used. The steel iron rod was placed on the walking path within the 

\ JC\\ span of the two cameras and images were taken from both cameras 

~mmltaneously as shown in Fig 5.3. 

l 

l 
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Fig 5.3: Image olmarked iron rod 

5.1 A Recording of subject walking 

.. 

\Vhen the subject is walking the clips were captured by the two Webcams 

simultaneously. These clips were later converted to images using motion to picture 

software like in Fig 5.4. For the synchronization purpose the subject was given an 

ubjcct hanging from a string to drop before he starts walking. After the clips were 

cunvcrted to images corresponding two images of a given moment could be identified 

starting !'rom the image indicating the hand held object falling. 

Fig 5. 4: Subject walking 
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S.2 Data Analysis 

I he data obtained from the data capture are, 

I) Images taken from both cameras at a time keeping the checkerboard at 

diff'crent positions- for camera calibration 

2) Images of iron rod with markers on it taken from both cameras at a time -to 

calibrate the 3D space in which the subject was allowed to walk 

3) Clips taken from two cameras of the walking subject - these clips were 

converted to synchronized image sets (dual) with 20mS sampling rate by using 

a motion to picture software (freeware). - These are the raw data to be 

analysed. 

I rom the above data it was required to get the 3D coordinates of each marker placed 

,,n the leg ofthe subject with respect to a reference coordinate frame. 

S.2.1 Individual camera calibration 

I )i ITerent types of camera calibration software have been developed by personnel 

imolved in research activities in this field [17], [18], [19], [21]. 

( 'amera calibration toolbox is used for this purpose in Matlab. Toolbox is freely 

downloadable from http:/\\_\\\\ .l_i:-;_illl]_._l:~lit~ch._L:d1t 

The cameras were calibrated using the images of the planer checkerboard taken at 

d i rrcrent orientations. After corner extraction and calibration the individual camera 

parameters were saved in Matlab. Fig 5.5 shows all the images taken from one camera 

lor calibration. 
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rU 1) and fc(2) are the focal distances (a unique value in mm) expressed in units of 

horizontal and vertical pixels. Both components of the vector fc are usually very 

-;imilar. 
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Fig 5. 5: Calibration images using Mat lab toolbox for camera calibration 

I he coefficient alpha_ c encodes the angle between the x and y sensor axes. 

I 11 addition to computing estimates for intrinsic parameters, .fc, cc and alpha c. the 

toolbox also returns estimates of the uncertainties on those parameters [ 16j. 

5.2.2 Stereo camera calibration 

. \fter individual camera calibration results were saved in Matlab, stereo calibration of 

the two camera system was performed. 

Results of the stereo camera calibration are the intrinsic parameters of the left and 

right cameras and Rotation vector (om) and Translation vector (T) [16]. Given below 

arc the results arrived at after stereo calibration. 
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I ollov\ing codes were generated after calibrating individual cameras and after running 

:-;terco camera calibration in Matlab. 

I ntr·insic parameters of left camera: 

I neal l.cngth: 

Principal point: 

fc_left = [ 702.09311 703.44209] ± [ 22.01057 22.55728] 

cc_left = [ 354.47879 265.99827] ± [ 15.46725 10.58995 J 

\kn\: alpha_c __ lcft =I 0.00000 J ± [ 0.00000 ] =>angle of pixel axes= 90.00000 ± 0.0 deg 

Distortion: kc_left = [ -0.19545 0.52156 0.00098 0.00045 0.00000] ± [ 0.04643 

0.16253 0.00353 0.00667 0.00000 l 

Intrinsic parameters of right camera: 

lucal Length: 

l'rincipal point: 

fc _right= [ 71 1.62122 700.62694 ] ± [ 34.3 1793 34.063 19 l 

cc_right = 1263.47144 238.14992] ± [ 21.17618 13.85938] 

'-ike\\: alpha_ c _right= [ 0.00000 l ± [ 0.00000 ] => angle of pixel axes= 90.00000 ± 0.0 deg 

Distortion: kc _right= [ 0.03456 -0.18577 0.00441 -0.02036 0.00000 ] ± [ 0.06859 

0.13 765 0.00453 0.01325 0.00000] 

Extdnsic parameters (position of right camera wrt left camera): 

Rotation vector: Olll = [ 0.00333 0.08814 -0.00716 ] 

I ranslation vector: T = [ 470.68302 1.62464 66.34908] 

5.3 Results after Calibrating the System 

II 
I 

I 
I Matlab I Vector Description l Value ,, 

Symbol Size I ll 

\Intrinsic Parameters 

I Left Camera 

Focal 
expressed in units of hirizontal 

fc 2x1 length 
pixels 702.09 

in pixels expressed in units of vertical 
pixels 703.44 

2x1 
Principal horizontal direction 354.47 

cc 
point vertical direction 265.98 

anpha_c Scalar 
Skew angle between x and y pixel 
coefficient axes 0 

-0.1954 

0.52156 

Kc 5xl 
Distortion 

radial and tangential distortions 0.00098 coefficient 
0.00045 

0 
-

I 
I 
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'Table 5.1: Intrinsic parameters of left camera 

1! Matlab I Vector [ Description Value 
II Symbol I Size I 

\i lntrim"ic Parameters I 
I[ Right Camera I 
I 

I II Focal 
expressed in units of hirizontal 

11 fc 2 x I length 
pixels \ 711.62 

: I in pixels 1 expressed in units of vertical I 

j j ..., 

1 
Principal 

pixels 700.62 

horizontal direction 263.4 7 
cc \ ~ x point vertical direction 238,14 -· 

I Skew 1 angle between x and y pixel I 
anpha c Scalar ffi , 

0 __ -

1 

I coe tctent 1 axes 
0.03456 , I 

I 
I 

i I I -0.18577 i 

Kc 5xl 
I Distortion 

radial and tangential distortions 0.00441 
I f'f, 
1 coe tctent 
I 

-0.02036 

I 0 

Extrinsic Parameters (e.osition o[rig_lzt camera wrt le{j camera2 

I 

! I 
'I 0.00333 

0111 3xl 
I Rotation I expressed in units of hirizontal 

0.08814 Vector pixels 
-0.00716 I 

470.68 

T 3xl 
Translation 

horizontal direction 1.6246 

I 
Vector 

66.3490 
- - - - -·--·-

Tahle 5. 2: Intrinsic parameters of right camera and extrinsic parameters 

5.4 Stereo Triangulation 

l'o find out the 30 spatial coordinates of the marks first it was required to identify the 

image coordinates of individual mark in pixels. Pixel coordinates are defined such 

that [0:0] is the centre of the upper left pixel of the image. Pixel coordinates of each 

mark was identified by clicking on the mark after opening the image in Matlab. 

To get the 30 spatial coordinates of point in pixel coordinates, stereo triangulation 

\\as used in Matlab. 
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l·ullowing codes were generated in Matlab as description of the stereo triangulation 

I unction. ---

I XL.XR] 

'tereo triangulation(xL.xR.om, T.fc left.cc left,kc left,alpha _ c _left.fc _right.cc _right,kc right.alpha_ c 

ll.!!ht). 

I unction that computes the position of a set on N points given the left and right image projections. 

lhe cameras are assumed to be calibrated, intrinsically. and extrinsically. 

Input: 

xL: 2xN matrix ofpixel coordinates in the left image 

xR: 2xN matrix of pixel coordinates in the right image 

om. T: rotation vector and translation vector between right and Jell cameras (output of stereo 

ci!libration) 

rc _left.cc _left, ... : intrinsic parameters of the left camera (output of stereo calibration) 

fc right.cc _right....: intrinsic parameters of the right camera (output of stereo calibration) 

(Jutput: 

XL: 3xN matrix of coordinates of the points in the left camera reference ti·ame 

XR: 3xN matrix of coordinates of the points in the right camera reference frame 

From the tabulated data of 2D pixel coordinated, 3D spatial coordinates were obtained 

by performing stereo triangulation. Similarly this was performed for the images of 

iron rod to calibrate the 3D space in which the subject was allowed to walk. 
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