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143) was used, the linear resolution was improved up to 1/4000 (Macellari, 1983). This number 

was calculated after the smallest distance was defined to be 6.5 ~m, or half the space between 

two adjacent pixels. This corresponded to a linear interval of 0.6 mm at a distance of 5 m. 

Targets that had been used previously were again the same type LEOs (CQX19 Telefunken), 

sequentially fired for easy identi"fication. The maximum sampling frequency for these sensors 

was 9 kHz, which resulted in a 1.1 kHz sampling rate per target when 8 targets per side of the 

subject were tracked. The system consisted of two units for space tracking on either side of 

the subject, i.e. six linear sensors and a separate control unit to activate the markers through 

a frequency modulated (FM) signal transmitted from the main unit to a receiver positioned on 

the back of the subject. The reported results showed an improved level of accuracy with 

maximum errors for the x and z direction (which was the plane parallel to the plane of the 

sensors) of 1.7 mm and for the y direction (which was normal to that plane, or sometimes 

called the image depth) a maximum error of 4.4 mm on the side of the field of view. Lens 

distortion was pointed out as playing a significant role (Macellari, 1983) as a possible reason 

for these errors together with the system non-linearities of utilising a physical origin. 

The same research group presented another example of human motion study based on linear 

sensors a few years later (Bianchi et a/., 1990). Active markers such as IR LEOs were used 

as in the past. In this application 3 cameras were attached to a vertical pole with side cameras 

separated by a distance of 2.1 m and the other camera positioned in the middle, as is shown 

in Figures 2.7 and 2.8. 

Figure 2.7 

Figure 2.8 

19 

Positioning of the camera in the 
stereometric unit used by Bianchi 
etal. (1990). 

Outlook of a single camera from 
the stereometric unit. 
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Sequential identi'flcation of the targets was applied. The resolution was increased to 1/16000 

based on the analogue-to-digital conversion which had been extended to 14 bits. The speed 

of the system was limited to 2.5 kHz, which defined a certain number of markers that could be 

detected at a given sampling rate i.e. from 5 markers at 500 samples per second, up to 50 

markers at 50 samples per second. 

Figure 2.9 Calibration frame with 20 control markers (Bianchi et al., 1990). 

The algorithms to reconstruct the 3 dimensional X,Y,Z coordinates were based on the formulae 

for Direct Linear Transformation (Abdel-Aziz and Karara, 1971) and an additional polynomial 

function was used to model the lens distortion. The system needed initial calibration to 

determine the camera parameters by measuring 20 points in the object space with known 

X,Y,Z coordinates (Figure 2.9). The difference in the calibration step was that instead of a 

pair of equations used for 2 dimensional cameras with 16 parameters, the method used was 

of one equation for each linear sensor with 7 parameters. For this procedure optical axes of 

the superior and inferior cameras were directed to form a convergent angle of 25°, which 

differed from the normal 90° angle considered to be optimal for such tests (Bianchi et al., 

1990). 

Three or more linear sensors can be used to identify a single target in a space although 3 

sensors are not sufficient to identify multiple targets simultaneously (Dainis, 1990). The two 

configurations suggested in the patent by Dainis (1990) represent detectors for measuring 

positions consisting of 3 and 4 linear sensors respectively. In the first example (Figure 2.10), 

sensors are positioned in a single plane orientated at 120° to one another, a so-called "triaxial 

linear sensor camera". 

20 
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Cylindrical lenses 

Figure 2.12 Configuration of the "three dimensional position measurement device" (Dainis, 1990). 

A prototype of a 3-sensor camera system was designed at the University of Virginia with the 

linear sensors set up accordingly as is shown in Figure 2.6. Each linear sensor consisted of 

2048 pixels and was equipped with a cylindrical lens. The outlook of this device is shown in 

Figure 2.13. 

Figure 2.13 Three linear sensor camera system called Triclops, designed at the University of 
Virginia (Owen, 1995). 

This system was capable of detecting single targets in 3D space, or multiple targets, when 

they were fired sequentially. The target control was implemented using a radio link and the 

targets (IR LEOs) were activated over a period of several milliseconds. The linear resolution 

tests produced errors of about 0.25 mm (20 pixels) on the sensors, positioned on the sides, 

and 0.07 mm (6 pixels) on the sensor at the centre. The distortion from the cylindrical lens 

was suggested to be the major cause for these errors. The value of the error, after the 3D 

reconstruction of multiple points in a volume with the following size: X = 600 mm; Y = 600 

mm; Z = 1000 mm; at 1 to 2 m from the system, was found to be about 8 mm in X, 4.5 mm in 

Y and 40 mm in Z direction (Owen, 1995). 

23 
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2.4 Commercial instruments for tracking targets in 3D space 

A commercial company called Northern Digital Inc. presented its product called OPTOTRAK 

at the First World Congress of Biomechanics over ten years ago (Crouch, 1990). It consists 

of a rigid construction with 3 linear sensors mounted on a metal bar 1.1 m long as shown in 

Figure 2.14. The two sensors on the sides were horizontally aligned and pointed slightly 

inwards at 9°. The third sensor was positioned in the middle orthogonally to the other two. The 

optics consisted of a system of anamorphic (cylindrical) lenses that stretched the incident 

light into a line orthogonal to the sensor, providing a field of view of 35 degrees. It was equipped 

with the necessary hardware and software to drive the targets (up to 2561R LEOs), to implement 

the data processing and to provide the interfacing to a host computer. It was claimed by the 

company in the technical specification, that the 2048 element linear CCO sensors could 

apparently provide a resolution higher than 1/200 000, a high sampling rate of 5 kHz and 

could operate at distances from 1 to 8 m (Crouch, 1990). 

Figure 2.14 OPTOTRAK 3D Bar Camera (Crouch, 1990). 

I I II 
a b 

Figure 2.15 (a) Plot of the data showing characteristic barrel lens distortion after number of 
points at the same and different horizontal positions were scanned for calibration. 
(b) Magnified view of the rightmost curves illustrating the difference between 
acquired data and mathematical model. 

24 
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A precise factory calibration determined 19 camera parameters including compensation for 

symmetrical and asymmetrical lens distortion, so it could be used in the field without any prior 

calibration. The distortion was defined for each linear sensor in the following manner: multiple 

positions at one height were measured and then plotted (Figure 2.15a). The magnified curves 

on the extreme right side, together with the mathematical mode, are shown in Figure 2.15b. 

A more recent measuring device the called CODA mpx30, designed for motion analysis, 

was constructed by the company Charnwood Dynamics Ltd (Figure 2.16). It used the same 

arrangement of linear sensors as the system designed at the University of Virginia, but the 

identification of the markers on the sensor was based on a different concept. 

Figure 2.16 CODA mpx30 device from Charnwood Dynamics Ltd for 3D measurements. 

The cylindrical lens was replaced by a 'l1at window with a pseudo-random mask pattern, similar 

to a bar code (Figure 2.17). The light from the marker projected a shadow onto the sensor 

and when it was moved the shadow pattern also changed relative to the marker's position. 

The output signal from the sensor was further cross-correlated with the software model of the 

mask. 

IR LED 

Cross-power 
spectrum 

Linear 

Shadow on 
sensor 

Pseudo-random mask 

Figure 2.17 Light transformation by the mask in front of the linear CCD sensor according to 
CODA scanning technique and the obtained power spectrum of the cross­
correlated signal. 

25 
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Figure 2.18 Active markers used by the CODA mpx30 divice for 3D measurements. 

2.5 The problem of tracking targets 

Target tracking has been the essential task in many procedures related to observing or 

analyzing different kinds of motion. This task has been used to determine the positions of 

stars, to track vessels and aircraft in naval research and space and has various applications 

in the robotic industry (Murray and Basu, 1994), biomechanics (Whittle, 1990; Greaves, 1995) 

and medicine (Maciunas, 1993, 1998). When an object is being tracked in 3D space there 

are two general methods to determine its momentary position. One uses the projections onto 

2 dimensional planes (CCD cameras and video cameras). The first step in this approach is 

to define the trajectory of the object on the image, in other words to carry out 2D tracking. 

After this step the information from all the 2D images has to be transferred into 3D space. 

This procedure is called 2D -.3D tracking (Greaves, 1995). The tracking process applies 

computation of the predicted position of the target using statistical methods whereupon it 

finds the residual error from the actual measured position and the predicted one. Subsequently 

algorithms to minimize this error are used. Another approach for object tracking is based on 

one-dimensional data from different detectors where typical examples can be found in most 

radar applications (Bar-Shalom et al., 1990). This method determines distances and angles 

in relation to the object and updates them at each step of the process. From there the 3D 

position can be determined and the process could be referred to as 1 D·. 3D tracking. 

Similar to the method above, differences and errors are estimated in 3D space from the 

predicted and measured values. 

When focusing on 3D target tracking, the type of sensor used to detect the targets will be of 

primary importance because it determines what type of algorithm should be developed. Most 

video based systems are built up using 2D video cameras. Other systems for long range 

applications use radio signals (radar applications), ultrasound (sonar applications for naval 

research and navigation) or infrared light (at close range and long range as in the application 

of imaging sensors for surveillance). The latter are considered as 1 D sensors, but their image 

space could be mapped in 2D for a more expedient presentation. In the case of video cameras 

27 
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the 1990s, with the advances of the chip manufacturing industry, these sizes were decreased 

to about 5 ].lm. For the typical sensor resolution of about 700 horizontal elements by 500 

vertical elements, the overall size was reduced from a 2/3 inch along the diagonal to 1/2 and 

1/3 inch. High resolution cameras available on the market by this time generally consisted of 

3072 x 2048 pixels (Kodak OCS460) where the chip, with one of the highest resolutions of 

5128 x 5128 was manufactured by OALSA (Shortis and Beyer, 1996). 

Although there is a trend to build more and smaller sensor elements, the meaningful size is 

limited to 2-3 ].lm by the diffraction properties of the lenses. Sensors of 20 000 x 20 000 are 

theoretically feasible to manufacture, and with a pixel size of 5 ].lm, the format will become 

100 x 100 mm. According to Shortis and Beyer (1996), cameras of 12 000 x 9 000 will 

probably still be the upper limit for video cameras and they will certainly be the base for 

photogrammetric applications which do not require a real time response. At present most 

manufacturers on the market are offering CCO chips with sizes from 1024 x 1024 to 4096 x 

4096 (Figure 3.1). Their cost has not changed dramatically in the last few years. Both 

monochrome and colour chips are available as well as CCO and CMOS versions. 

Figure 3.1 Monochrome rectangular CCD sensor from Kodak KAF 16801 E with a resolution of 
4096 x 4096 and physical image size of 36.88 x 36.88 mm. 

When using the last mentioned 20 sensor, the amount of data output reaches 16 NlBytes per 

cycle where 1 Byte represent one pixel value. This sensor in Figure 3.1 operates at a clock 

frequency of 10 MHz which means that 1.7 seconds is the time needed to complete the read 

out of a single frame. As communication in this instance is slow and these type of sensors 

can be applied in the field of digital photography and astronomy, where the speed limitations 

are not of primary importance, but where the spatial resolution is the key factor. At the other 

end of the product range one finds sensors with a small crystal size e.g. 240 x 240 pixels and 

with high speed rates of over 1000 frames per second. 

Compared to these 20 sensors, linear sensors have a significantly lower number of total 
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pixels ranging from 1024 to 8192, with some high resolution devices consisting of up to 15 

000 pixels (Figure 3.2). They are capable of operating at much higher data rates than the 20 

sensors. Typical values of their speed vary from 1000 to more than 20 000 lines per second. 

For example, a sensor with 8192 pixels from DALSA can provide a line rate of 18 kHz, 

reaching an output data flow of 147.5 MBytes/second, if every pixel is represented by 1 Byte. 

This means that with this type of linear sensor the communication line may be unable to 

support this data rate and some data reduction would be necessary prior to sending the data 

Figure 3.2 Colour and monochrome linear sensors from Kodak. Colour linear CCO sensor 
KLI-14403 with 14 403x3 (RGB) pixels, 72 mm long with pixel size 5 x 5 ~m (left) 
and monochrome linear CCO sensor KLI-8811 with 8800 pixels, 61.3 mm long with 
pixel size 7 x 7 ~m (right). 

to the next system module. As long as only points are detected by such a system, and the 

position of each target has been calculated, the output data rate can be reduced to: 

where: 

N = 

= 

Data rate = N x rs 

the number of detected targets per line 

the line rate of the sensor 

[3.1] 

I n this instance the sampling rate of the system will be based on whether the targets are 

identified simultaneously or sequentially. With the first assumption, which is always the case 

with passive (light reflecting) targets, each target will be captured just as many times per 

second as the sensor line rate is: 

Target Sampling Rate = r 
5 

[3.2] 

If targets are activated and identified sequentially, then the sampling rate for each target can 

be given by: 

Target Sampling Rate = [3.3] 
N 
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where Nand rs have the same meanings as in [3.1]. Therefore, it will depend on the 

application requirements whether the value of the Target Sampling Rate will be sufficient to 

describe the kinematics of the motion. In most of the measurements in biomechanics, for 

example, sampling rates of 100 Hz are usually considered acceptable. For some industrial 

applications, however, frequencies up to 500 Hz and higher might be needed. From formula 

[3.3]. where the sampling rate is known, one can calculate theoretically the possible number 

of targets that can be tracked if they are activated sequentially. In the case of simultaneously 

controlled targets, this number will depend on the resolution of the linear sensor, the number 

of pixels activated from a single target, the field of view and the distance from the sensor. 

Here one can mention that one of the advantages of the rectangular sensor to the linear 

sensor is that it can identify a maximum of N2 targets simultaneously at the expense of the 

output data flow, whereas in the same situation the linear sensor can only identify N targets at 

higher speed. 

3.2.2 The combination linear sensor and cylindrical lens 

Using the combination of linear sensor and cylindrical lens to image point targets in space is 

presented on Figure 3.3. 

Figure 3.3 

Linear 
sensor 

Cylindrical 
lens 

Point 

===r~====================~~~s:ource 

Image of a point source through a combination of linear sensor and cylindrical 
lens. 

The lens has optical power along its vertical axis which is also referred to as the "power 

meridian". This type of lens does not have any optical power along the other horizontal axis 

and converts the light from a point source into a straight line parallel to the vertical axis. The 

outgoing light, which forms a line, intersects the sensor further along and activates a group of 

pixels according to the position where it strikes the sensor after being refracted from the lens. 

Figure 3.4 illustrates one example of this effect captured by a rectangular sensor. Changing 

the position of the point source in space will change the position of the refracted light in a 

direction orthogonal to the vertical axis. It will also change the position of the line in Figure 3.4 

in a horizontal direction. This displacement of the line on the image will only relate to the 

particular component of the target's motion vector in 3D, which is parallel to the sensor. 
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Figure 3.4 A line image on a rectangular sensor obtained from a point source passing 
through cylindrical lens. 

3.3 Theoretical considerations of some optical aberrations 

The following section of this chapter will focus on some of the optical effects of a spherical 

lens when used with a rectangular sensor. As the subject of this work is focused mainly on the 

monochromatic detection of targets in the near infrared range, optical aberrations due to the 

chromatic property of light will not be taken into account. Further in the chapter a parallel will 

be drawn between the nature of the distortion from a spherical and a cylindrical lens and 

some supporting measurements will be presented. 

With regard to the projection of images, there are two main considerations to be borne in 

mind when imaging point objects through a lens onto a plane, which is the sensor surface 

itself: firstly, factors affecting position of the projected image and secondly, factors reducing 

the quality of the image. Changes in intensity when using spherical and cylindrical lenses will 

be illustrated at the end of this chapter. From the first group of factors it is believed that lens 

distortion plays the most significant role in the far and close range photogrammetric 

applications. Distortion, as described in optical theory, is one of the terms in the equation 

completing the expression of the so-called Siedel aberrations (Born and Wolf, 1959). Some 

of these terms influence the quality of the image and the focusing, but distortion is the one that 

changes the lateral magnification considerably, thereby affecting the positioning on the 

projected image. 

The next section starts with an explanation of the general lens distortion concepts of a spherical 

lens from the point of view of photogammetry. This is followed by some formulations from the 

geometrical theory of aberrations and derivation of the aberration functions. Later in the chapter 

the focus is on the instrumental techniques which can free a lens from optical aberrations. 
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for x = 130 mm, at a distance of d = 300 mm, ox, = 4.22 mm, oX2 = 2.42 mm, and for a longer 

distance d = 2000 mm, where x = 867 mm, ox, = 27.8 mm, oX
2 
= 15.8 mm respectively. From 

these examples it is seen that using two terms in the power expansion instead of one, reduces 

the error by a factor of two and one has to bear in mind which type of distortion is present to 

adjust the correction accordingly. The earlier measurements from a 19 mm wide cylindrical 

lens revealed that the average distortion over one side of the 25 mm long CCD sensor was 

about 12% . This was compared to the 300 ~m radial distortion on the side of the image 

format of a 10 mm long sensor produced by a 25 mm lens for a conventional video camera, 

which was 6%. Thus the size of the field stop, created by the sensor length, is a significant 

factor which influences the systematic error described in section 3.3.2, as well as the measured 

random error presented in section 3.4. 

3.6 Intensity change when using cylindrical instead of spherical lens 

Another important characteristic when using cylindrical instead of spherical lenses, besides 

the effect of optical aberrations, is the loss of intensity due to the conversion of light. A test to 

detect passive retroreflective targets was performed to find out what change is produced in 

the signal-to-noise ratio when using a different type of lens. For this purpose two passive 

targets were placed about4 m away from the camera and illuminated with a 6 W infrared (IR) 

source consisting of multiple light emitting diodes (LEDs). The test of the intensity from passive 

targets used two different types of lenses (cylindrical and spherical), mounted on a commercial 

video camera JVC TK1270 with a sensor measuring 768x576 pixels and a diagonal of 0.5 

inch. The images were recorded on a videotape and later transformed into a 640x480, 16bit 

grayscale digital format, using a frame grabber Matrox Meteor II. 

First a spherical lens was mounted onto the camera and an image of the targets was captured 

(Figure 3.22a). Then the lens was replaced with a cylindrical one and an image captured 

once again (Figure 3.22b). 

a b 

Figure 3.22 Images from two passive targets captured with the same camera with: (a) spheri­
cal lens; and (b) cylindrical lens. 
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Chapter Four 

Passive versus Active Targets and Data Processing 

This chapter will consider several issues related to the nature of linear sensor signal detection 

and data processing. Firstly, the effect of light conversion from the cylindrical lens on the 

signal will be presented as well as the method of determining the pixel position over the 

sensor. This will be followed by a linear resolution test and some explanations about filtering 

and other signal processing techniques. The next subject will be a comparison between active 

and passive targets, determining their respective use. The final part of the chapter will focus 

on the methods to separate multiple targets from one another and to improve intensity when 

the quality of the signal is poor. 

4.1 A technique for signal acquisition using a cylindrical lens 

Light conversion from a cylindrical lens was initially tested with a rectangular eeD camera 

with 512 x 512 pixels, where an active marker was imaged then digitized by a frame grabber 

and analyzed. The signal was taken from a single cross line from the rectangular image 

shown in Figure 4.1 and plotted. The graphic in Figure 4.2 shows a profile of the marker, 

which was an Infrared Light Emitting Diode (IR LED), where the intensity is plotted versus the 

length of the eeo sensor which is given as the number of pixels. The intensity is represented 

by an 8 bit grey scale, thus providing 256 grey levels. 

Figure 4.1 Image from an IR LED taken with rectangular camera and a cylindrical lens, 
showing the light conversion from a point into a line. 

The signal contains noise due to light reflection from the background and errors due to the 

analogue-to-digital conversion. Filtering is therefore suggested as a necessary step at the 

data processing stage. The picture also shows that with a well focused beam of light, the 

detected marker creates a peak over 20-25 pixels. A linear sensor consisting of a few thousand 

elements will provide very good linear resolution, which is better than the rectangular eeo 
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Figure 4.12 Peak from the passive marker on Figure 4.11 after two consecutive steps of filtering 
and background removal using curve approximation. 

The second experiment, referred to as Test 4.1 in the following discussion, was done with 

multiple passive and active targets in which a different approach to the background removal 

was used. The first objective of the following experiment was to show that multiple passive 

retro-reflective targets can be detected successfully by means of a rectangular CCO camera 

equipped with a cylindrical lens. Another objective was to show the difference in the intensity 

between both types of targets in the detection process. Forthis purpose a strong IR source 

was deSigned consisting of 100 IR LEOs (L0275, GaAs - Siemens), which illuminated a set 

of 22 flat targets, 2 spherical targets and one active (IR LEO of the same type) marker, placed 

2 metres from the camera. Images of these point targets were transformed by the cylindrical 

lens into parallel straight lines. 

In order to compare the input signal, when using active targets, to those from passive targets 

an image of both was captured and analyzed. The above figures illustrate the markers' patterns 

on the image (Figure 4.13) and the steps taken for extracting the peaks from the signal (Figure 

4.14). 

Figure 4.13 Image from one active and eight passive markers and their line profile showing the 
differences in intensity. 
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(1) The raw signal (Figure 4.14a, top) was being filtered to reject the noise from the 

digitization and a threshold was applied (Figure 4.14a, middle, bottom). 

(2) The signal obtained must be separated from the background. This was done by 

isolating the peaks and by linearizing the rest of the signal (FigA.14b, top). The profile 

obtained was superimposed over the initial signal to fill the gaps between peaks and 

filtered again (Figure 4.14b, second and third). Figure 4.14b, (bottom) shows the signal 

after the subtraction of the background has been done. 
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b 

Figure 4.14 Images of multiple passive targets and one active marker, showing: (a) the raw 
signal, the filtered signal and approximated background removal; (b) noise reduc­
tion by reconstructed background removal and peak separation. 
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(3) This output was amplified and a threshold is again applied to remove the low intensity 

noise, leaving only the peaks from the reflected targets. 

(4) The algorithm calculated the positions of the peaks and their centroid values (Georgiev 

etal., 1998). 

Another experiment, referred to as Test 4.2 in the following discussion, was performed only 

with the set of 22 flat targets. The contrast of the line patterns representing the markers was 

satisfactory, although there was a strong reflection from the surrounding environment appearing 

as a high level background on the picture (Figure 4.15a,b) and on the line profile (Figure 

4.16a,b). 

a b 

Figure 4.15 Images of 22 passive targets taken with a rectangular camera with a spherical (a) 
and cylindrical lens (b). 

In a similar fashion to the previous experiment, the following steps were completed: 

(a) Firstly, the raw signal (Figure 4.16a,top) was filtered to smoothen the noise from the 

digitization and a threshold was applied (Figure 4.16a, middle, bottom). The first 

graph (Figure 4.16a, top) shows how the interpolation of the background would look 

like if it was used. 

(b) Secondly, the signal obtained which contained a reflection from the ambient light must 

be separated from the background. This was done in the same way as described in 

the previous test with the steps of the process shown in Figure 4.16b (first, second 

and third graph); 

(c) The next step was to amplify this output (Figure 4.16b,bottom) by multiplication with 

an integer value and then a threshold was applied once again to remove the low intensity 

noise resulting from the background subtraction, leaving only the peaks from the 

re"llected targets. 
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P max = value of the peak maximum. 

Next, depending on which interval the intersection point falls into, the extension segment 

delta is determined for use in completing the peak shape. According to 1),2) or 3) delta is: 

(a) delta = IP(ns+1)-P(n,)1 

(b) delta = max[D'] where [D'] = [d,',d 2' .... dn.,'] 

d,',d
2

' .... d
n
.,' are the differences between each two points on the same side of the 

peak, denoted by prime 

(c) delta = max[D"] where [D"] = [d,",d
2

" .. d
n

. , "] 

d,",d
2

" .... d
n

. , " are the differences between each two points on the opposite side of 

the peak, denoted by double prime 

Subsequently, the extension segment is applied until its length becomes greater than the 

value of the current point, otherwise the length of the segment is set to 1 12 of the last calculated 

delta. The same procedure is repeated for the other side of the peak if there is a non-zero 

valley point. An example of the use of this method on the targets from Figure 4.18 is shown in 

Figure 4.19 and the centroid values of the peaks in pixels are given in Table 4.4 where: 

c 

c1 

c2 

= 
= 

= 

true centroids of the markers 

centroids of each peak calculated after a peak separation by 

crossing the valley points was applied. 

centroids of each peak calculated after a peak separation by 

linear slope extension was applied. 

Figure 4.18 The actual positioning of the targets on the sensor shown in Figure 4.19. 
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Test 4.1 Test 4.2 

Peak Peak Peak 
maximum centroid maximum centroid 

Peak 1 152 151.32 103 104.45 

Peak 2 213 212.94 108 

Peak 3 281 281.11 237 236.81 

Peak 4 302 301 259 258.28 

Peak 5 332 332.20 368 367.67 

Peak 6 359.48 407 407.52 

Peak 7 410 

Peak 8 458 457.31 

Peak 9 501 501.13 
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or 
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mm. x isa 

12 set 
X y Z x y x y Z 

mean 0.57 0.08 0.02 0.16 0.07 0.10 -0.10 0.01 -0.01 
stand.dev. 1.28 0.15 0.08 0.75 0.37 0.57 1.04 0.19 0.09 
abs. mean 0.97 0.13 0.06 0.56 0.28 0.47 0.64 0.12 
abs. stand. dey. 1.01 0.11 0.05 0.52 0.26 0.34 0.83 0.15 0.06 
abs. max. error 3.86 0.34 0.19 1.95 1.07 
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shows the process of convergence of the principal point for all four sensors after completion 

of 30 iteration steps. 
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Figure 5.7 The convergence process of the principal point for sensors 1 through 4 using DLT 
algorithm for calibration and reconstruction of the X,Y,Z coordinates for the 12 points 
from their pixel values generated according to the Perspective Projection Theory 
(Bundle Adjustment Method). 

5.5 A test with measured data points using the SA and DLT Methods 

In addition to Tests 5.1 and 5.2, a separate experiment was performed with a real calibration 

frame constructed for this purpose, which was made of aluminium bars arranged in a pyramidal 

shape, consisting of 19 active (IR LED) targets as shown in Figure 5.8. 

Figure 5.8 Calibration frame consisting of 19 active targets with 3 of them switched on (left) and 
their image on the camera where the light is converted by the cylindrical lens (right). 
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• The calibration was done with two rectangular cameras Sony OFW- V500 with a CCO crystal, 

measuring 640x480 pixels with a diagonal of 0.3 inches, equipped with cylindrical lenses, so 

that only one dimension along the camera was used, similar to the output of a linear sensor. 

Infrared filters were used to improve the signal-to-noise ratio during the data acquisition stage. 

The cameras were positioned at two levels in such a way as to provide four different camera 

positions and orientations as is shown in Figure 5.9. 

XYZ= 
(-291, 1079, -25) 

XYZ= 
(-250,907, -25) 

Right camera (4) 
sensor at -45° 

Right camera (2) 
sensor at 0° 

Laser 
pointer 

Left camera (3) 
sensor at -135° 

Position 2 

Left camera (1) 
sensor at -90° 

Position 1 

XYZ= 
(291, 1079, -25) 

XYZ= 
(250,907, -25) 

Figure 5.9 Camera arrangement used to image the calibration frame from Figure 5.5. Laser in 
the middle is to ensure that the Z direction is orthogonal to the X-V (horizontal-vertical) 
plane and to fix X=O. 

The frame was positioned at two distances: at 3 m from the cameras for the first test, and at 

1 m for the second test. The cameras were aligned using a laser pointer directed to the 

measured space. The optical axes of the lenses and the cameras were then set parallel to 

the laser beam. The camera angles around the vertical axes were corrected by taking images 

of the spot formed from the laser and next the distances to the spot from the sides of each 

image were equalised. After the images of the targets were taken, a calibration, followed by 

reconstruction of their 30 coordinates was done, using OLT algorithm in the same way as in 

the previous tests. Results from these two tests, presented in Appendix G (Test 5.3 and Test 

5.4), were not satisfactory as large errors appeared in all directions proving the instability of 

this algorithm. 

Similar to the procedure done with the data from Test 5.1 which generated the data in Test 

5.2 by solving the inverse problem from the SA Method, the same problem was solved for 

Tests 5.3 and 5.4. The initial data was acquired with real cameras from the targets on the 

calibration frame in Figure 5.8. The generated data was plotted against the measured data 
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to discover their relationship. In Figure 5.10 the points from Test 5.3 are plotted, where the 

distance to the targets was 3 m. The data acquired from Test 5.4 is shown in Figure 5.11, 

6 2 

E 
5 E 

E- 4 E- o 
"0 

"0 2 Q) 

iii 3 ~ ·1 
Q) 

Q) 
c 2 

c: 
Q) ·2 

Q) Ol 
Ol N 

0- ·3 
IT 

0 .. 
2 2.5 3 3.5 1.5 2 2.5 3 

p1 measured (mm) p2 measured (mm) 

12 12 

E E 11 

E 10 ... 
E 
~ 10 

"0 
"0 Q) 

iii 
Q) 

8 "§ 9 
Q) 
c Q) 

Q) c 6 
(J) 6 

Q) 
(J) 

(") ,.. 7 0- 0-

4 6 
3 3.5 4 4.5 5 5.5 3 3.5 4 4.5 5 

p3 measured (mm) p4 measured (mm) 

Figure 5.10 Generated vs measured pixel values from Test 5.3. 
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Figure 5.11 Generated vs measured pixel values from Test 5.4. 
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The power supply voltage needed to produce a motion of the bar equivalent to one full turn 

completed in 2 seconds was used to control the motor. As a detecting system the set up 

displayed in Figure 5.6 in Chapter 5 was used, where four cameras with cylindrical lenses 

captured images of the targets at about 30 frames/second. The camera system was calibrated 

according to the procedure which uses 19 markers from the calibration frame shown in 

Figure 5.5. 
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Figure 6.2 

a 

I~~' 

50 100 150 200 250 300 350 '00 

Pixel number 

b 

Two active targets attached to the horizontal bar captured from a camera with 
cylindrical lens (a) and their line profile taken across the image (b) during the tracking 
process. During rotation these two peaks move laterally along the sensor crossing 
over every half cycle. 
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The rotating targets were recorded on videotape from each of the four cameras. In the 

beginning there was an interval of 10 seconds when targets were stationary, followed by 

another 10 second interval during which the bar with the targets completed a specified number 

of turns. After this cycle it was recorded again during a 10 second interval of the stationary 

targets. The intervals with stationary targets were necessary for the synchronization of time 

during the tracking. The entire motion sequence for each camera contained up to 350 frames 

including a short interval when targets were stationary at the start and at the end. All images 

resembled the one in Figure 6.2a and the line profile taken across the image corresponded 

to the linear sensor reading (Figure 6.2b). In order to obtain only the signal from the target, 

signal processing, including filtering and background removal followed by threshold subtraction, 

was applied to each line profile. Thereafter their centroid values, representing the positions 

on the sensor, were calculated . Two subsets of points, with the positions of the targets on 

each frame, were formed from this data. Where there was a target detected in every frame, 

the total number of points in a subset had to amount to 350. 

The points from the two subsets were plotted on a graph (Figure 6.3) where the pixel positions 

along the sensor were shown on the ordinate and the frame number on the abscissa. 

140 .-______ ~------~------~------~------~------~~------~-------, 

(j) 120 
Q) 
>< 
'0.. -.... o 100 
en 
c 
<D 
en 
<D 
£ 
c 
o 
en 
Q) 
~ 
2 
<D 
£ 
'+-o 
C 
o 

80 

60 

40 

Subset 2 
~"} : 

A· .... 

4' 
.,' 

-"-, 
~'+-

+ ""'-

* -.';'. " 
,. 

., , 
:;': " 

., 
-:Y<-'"·it- ~ * + 

,;,._ -)( .. -i-- _.; 

* ""*" ,'.;.-
___ "\If- * 

:;J Subset 1 ~ 

:~. 'iii 
o 

a... 
20 ....... ~.,......_~.~ 

". 
'.~ .< '" ~~: 

~~:.; 
;~" ~\ -¥: ; ~ 

>:"', 
~: ." ~ 

" 
:~ ,< .: > " , 

" , 

'":--. 

., 
--I- f"" 

,~~-

..:.- , 
-

..... 
...:.:. 

~ 
. 

~. 
. ~ .;..-

* -!' ·i· , ..,.. 

°0~----~5~0~----~1~0~0------7.15~0~----~2~00~----~2~5~0------~30S0~----~3~50~-----4~00 

Number of frames 

Targets in motion 

-~-------. -~----------------------------------------. -~-----

Figure 6.3 

Targets stationary 

Raw data points stored in Subset 1 (plotted in green '*') and Subset 2 (plotted in 
red 'x') represent the positions of Target 1 and Target 2 within each section of the 
sensor along all the 350 frames. 
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a large number of pixels. For this reason a weighted sum is introduced to eliminate the noise 

from the targets by multiplying the integrated sum by the maximum pixel value Pm found within 

the area. 

Ps Pv 

W
t 

= A
tn 

= PmLPi W = N = PmL Pi [6.5] n m 
i=Pr i=pu 

The sums formed by noise, which contain small maximum values, will be eliminated from 

further evaluation, while the sums from the targets are expected to retain or increase their 

values. The effectiveness of this filtering is shown in Figure 6.7 and Figure 6.8 where 3 passive 

targets were captured from one of the four linear sensors for over 250 scans. These 3 targets 

were placed on the same horizontal rotation bar, one at the centre of rotation and the other 

two on the sides at different distances to form two individual circular trajectories. 
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Figure 6.7 Scans of 3 rotating passive targets before weighted data elimination was applied. 

In Figure 6.7 it is seen that this low threshold type of detection leaves large abundance of 

points that could be recognised as "false" data. The approach used in Chapter 4, consisting 

of filtering and background reduction and high level thresholding, which completely removes 

the noise has the disadvantage to discard from the signal target positions characterised by 
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300 

low intensity. This is another reason for detection of missing points at the signal processing 

stage, although the primary cause was pointed out to occur during the data acquisition, 

because of limited angular irradiance of the light emitting diodes and low reflection level of 

the retrorel'lective markers. 

Low level thresholding followed by intergral evaluation of the targets compensates this 

disadvantage providing more complete data sets describing the motion curves, but 

compromises by leaving small quantities of remaining noise. This noisy data will be included 

further in the 1 D tracking process and it will be the proirity for the tracking algorithm to make 

a decision for their elimination. 

6.2.2 A probabilistic model to determine the target state 

As an essential part of the tracking algorithm, the dynarnic model from [6.2] is used for trajectory 

(positions) and velocity estimation. The situation at which the target occupies certain track 

(or its state as it was defined in section 2.5) could be expressed through the conditional 

probability 

P(M(k)) = P(M(k)j+1 = NIM(k)j = K) [6.6] 
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In cases where brain tumours are treated with radiation, the patient often wears a thermoplastic 

mask tightly fitted on the head on which markers are attached to determine the position of the 

mask-head , thereby defining the tumour area within the radiation beam space. Several video 

or eeo cameras observe the markers and provide data to a 3D positioning system which 

calculates the space coordinates of the mask (Rogus et al., 1999). Sirnilar systems are also 

used for the correction of patient movements where retro-rel'lective sticking markers are 

attached directly to the body, to masks or marker holders held by bite blocks. The number of 

markers can vary from several to more than 20, where the minimal number required to define 

a local coordinate system is three. 

Figure 7.3 

Figure 7.4 

A thermoplastic mask for proton therapy with 22 attached retroreflective markers 
to determine the patient head position in 3D. 

Images from a thermoplastic face mask used for radiation therapy to control patient 
immobilisation during the exposure procedure. The three images from left, central 
and right CCD cameras show the markers that could be seen from each camera . 

Figure 7.3 shows one example of a face mask for radiation therapy with 22 markers attached 

and visualized by 3 eeo cameras on Figure 7.4. The large number of markers allows even 

slight movements to be detected by the system and three cameras are used to ensure that 

each marker will be seen from at least two cameras to obtain the data needed for a 3D 

coordinate reconstruction. This system is connected to the radiation system which should 
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other light sources in the operating theatre. The targets attached to the instruments can be 

either Light Emitting Diodes (LEOs) or passive retro-reflective targets that have to be 

illuminated by an IR light beam. LEOs are easily identifiable when pulsed sequentially and 

can be distinguished better from the ambient light. Passive targets, unlike the LEOs, can only 

be detected simultaneously, but they have the advantage offunctioning without wire and can 

pass through standard autoclave sterilization. Figure 7.5 shows an example of a localization 

procedure with a navigating system based on three linear sensors and IR LED markers which 

provides a resolution of 1/5 000 and an accuracy of 0.5 mm in all directions within a volume 

of 1 m3. 

Figure 7.5 A Surgical Navigating System (SNS) including 3D localizer Pixsys FlashPoint from 
Image Guided Technology (Denver, USA) based on 3 linear sensors and IR LEDs 
attached to the localizer. 

The concept of converting the 3D coordinates of the targets in the local and the global 

coordinate system is illustrated in Figure 7.6. First the patient undergoes a CT or MRI scan to 

find the anatomical location of the tumour, which will be operated on. During this scan several 

fiducial markers, detectable from the scanning system, are attached to the patient, so that the 

coordinate system xyz is defined and referred to as the local or sometimes the intrinsic 

coordinate system. The scanning device itself arranges the scans in its own coordinate system 

xsYszs' which provides the Xs and Ys values from the image. The Zs value can be found from the 

thickness of the image slice and the scanning step. 
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The next step is to move the patient into the operating room and to secure the patient in an 

immobile position. A 3D localizer, which closely observes the patient, is also mounted in the 

area and calibrated, so that the global (extrinsic) coordinate system XYZ is now defined. This 

coordinate system may have its origin in the middle of one of the sensors as is shown in 

Figure 7.6. During the operating procedure a pointer or another instrument is introduced into 

the measured space and its tip is directed to each of the markers M1, M
2

, 1V1
3

. The IR LED 

markers on the instrument are measured in 3D and from their positions the position of the 

pointer's tip is calculated. 

pointing localizer 
with IR LED markers 

xyz - local 
coordinate system 

y 

XYZ -global 
coordinate system 

Z 

M1,M 2
,M

3 
- fiducial 

markers 
on the patient 

Y 

Camera system 
with 4 linear CCOs 

x 
-----.... 

Tumour lesion 
Transverse Plane/ 
of the CT (MRI) 

Figure 7.6 

scan 

Tumour localization procedure in 3D space using a space localizer with IR LED's 
and a detecting device with 4 linear sensors. 

When directed to the markers M1, M2 , M3, the pointer is measured from the camera and the 

positions of M1, M2 , M3 are also measured in 3D. From the two unit vectors i and j the coordinate 

system xyz is determined in the following way: 

- ---- - ----

then 

-- --x = i z=k=ixj y = i x k 
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This system is further described in terms of XYZ and its translation and rotation values are 

found. Thus every object with given xyz coordinates can be presented in XYZ coordinates as 

well. All CT or MRI images lying within the xyz system can be used as reference images from 

within XYZ. After the markers M
1

, M
2

, M
3

, are found in the XYZ coordinate system, their 

transformation parameters from xyz into XYZ are calculated and the same is done with the 

centre of the mass or other reference point in the tumour. The coordinate transformation is 

also applied to all the images from the pre-operative study, so they can be presented in the 

XYZ coordinate space. The next procedure entails the definition of the intervention entry point, 

after which an incision is made and the lesion can be accessed. During the procedure of 

approaching the lesion, multiple control points are measured for positioning the instrument 

and establishing the current position of the tumour. This has to be done because the position 

will change once the skull has been opened due to changes in the intracavital pressure. At 

each measurement point, after calculating the position of the instrument tip in 3D, the system 

will call the nearest CT (MRI) scan to show the instrument's relative position superimposed 

onto the image and to compare this to the original position of the tumour before the operation. 

Instrumentation based on linear sensors, for tracking targets in a surgical space vies strongly 

with instrumentation based on rectangular sensors. With proper compensation of the optical 

disadvantages, and by improving the signal to noise ratio of the linear CCD sensors, the 

instrumentation based on linear sensors can offer better spatial resolution and greater 

sampling rate. It can be used very successfully in surgery for tracking instruments and biopsy 

needles and for rendering them visible over hidden and less accessible anatomic structures. 

This, together with the methods of medical imaging (e.g. MRI, CT and US), has created a 

new field called Image Guided Surgery (Maciunas, 1993). An example of the use of such an 

optical instrument is described by Bucholz and Smith (1993) during stereotactic surgery. In 

this procedure they used three linear sensor cameras mounted on a 1 m bar and tracked a 

forceps, marked with two active targets which were light emitting diodes. The tip of the 

instrument was shown on a series of CT scans and was navigated throughout the procedure 

of a tumour resection. The technique allowed surgeons to make smaller incisions by mapping 

the tumour onto the skull and left a minimum of skull openings needed to expose the lesion. 

A research team at the University of Uppsala has used an integrated neuro-navigational 

system, ViewScope (Figure 7.7) from Elekta and Leica, in the field of spinal cord and brain 

surgery. This is a surgical microscope which is combined with a tracking localizer. As the 

tracking device, OPTOTRAK 3000 was incorporated into the system. This facility ensures a 

real-time 2D and 3D image update and a quick 3D image reconstruction with optional 

orthogonal views in the main planes (coronal, sagittal and transverse) as well as oblique 

slices and volumetric visualization. 
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Figure 7.7 ViewScope neuro-navigational system (Elekta, Stockholm, Sweden) consising of 

a surgical microscope from Leica (left) optical tracking localizer OPTOTRAK 
3000 (right) and the image processing and visualization unit (middle). 

There is an extensive discussion on the current state of the use of tracking systems for surgical 

navigation (Barnett et a/., 1998; Maciunas, 1998) pointing out that such systems, based on 

10 and 20 CCD sensors, are playing a substantial role in this field, and are taking precedence 

over the other types such as magnetic and ultrasonic systems. The magnetic systems have 

the advantage of being able to operate without a direct line of view of the measured space, 

but they are sensitive to magnetic fields and metal objects which cause interferences. The 

ultrasonic systems, similar to the optical sensors, require a direct line of view and can be 

influenced by temperature and humidity changes. Most commercial sonic systems for surgical 

navigation have already been converted to optical based technologies. Passive targets for 

digitiser pointing probes are also competitively used in practice, despite their disadvantages 

related to identification and sterilization. There are some reports on the use of ultraviolet (UV) 

light together with fluorescent targets, which absorb the light from the near UV range and re­

radiate it back at visible wavelengths. These targets can also be coded to re-radiate at different 

colours for easier identi'flcation. However, experience has mainly shown that illumination in 

the prescribed UV range causes extreme fatigue to the human eye and might be potentially 

dangerous (Barnett et a/., 1998). Among the most used target tracking systems are 

OPTOTRAK 3D bar camera (Northern Digital, Waterloo, Canada) and Flashpoint 5000 3D 

localizer (Image Guided Technology, Denver, USA). Similarto the design of the Flashpoint 

5000 system, another company Radionics (Burlington, USA) has presented its Optical 

Tracking System (Figure 7.8). It uses three linear sensors mounted on a straight line, one 

vertical in the middle and two horizontal on the sides pointing inwards to the field of view. 
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Figure 7.8 The Optical Tracking System from Radionics (Burlington, USA) showing the 
arrangement of the linear sensors, the pointing probe with IR LEDs and the 3D 
localization on the computer screen. 

A variety of examples could be pointed out where light emitting optical SNS are used in 

different surgical and neuro-surgical applications. Stereotactic frame methods are more often 

replaced by frameless procedures in brain surgery and craniotomy. Recent reports confirm 

the growing number of cases which involve the use of such SNS in operations of vascular 

malformations (Zamoranno et al., 1998); intracranial meningiomas (Barnett and Kaakaji, 

1998); spinal surgery (Kalfas, 1998); and in cases of brain biopsies and related procedures 

the SNS allows for tracking trajectories by means of a LED digitizer (Barnett and Miller, 

1998). Another example is the intra-operative open MRI device, where the optical localizing 

system Pixsys (Image Guided Technology) is integrated directly into the surgical space 

between the two super-conducting magnet tori. It consists of three linear CCO cameras which 

can provide a 3D mapping space in real-time mode and can define volumes and anatomic 

structures (Alexander et a/. , 1998). 

More recently, optical digitizers that are able to track targets in 3D space have become an 

inseparable part of the clinical equipment used in the field of Computer Integrated Surgery 

and Therapy (Lavallee et al., 2000). A list of some of the major benefits includes: less invasive 

surgery; better accuracy and improved reliability and safety; shorter periods of intervention; 

facilitating the procedure for the surgeon; creating the possibility of tele-surgery when ionizing 

radiation is needed; and reduced risk to medical staff. 
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distance 
measured 

distance 
(mm) (mm) 

3.5 1018.3 1018.7 91.0 875.5 860.6 
7.0 1012.8 1012.4 94.5 870.6 854.3 

10.5 1005.4 1006.1 98.0 866.3 848.0 
14.0 1000.2 999.7 101.5 861.2 841.7 
17.5 993.7 993.4 105.0 856.5 835.3 
21.0 986.6 987.1 108.5 852.1 829.0 
24.5 980.3 980.8 112.0 847.5 822.7 
28.0 974.1 974.4 115.5 843.1 816.4 
31.5 967.3 968.1 119.0 838.5 810.0 
35.0 961.3 961.8 122.5 834.2 803.7 
38.5 955.3 955.5 126.0 830.3 797.4 
42.0 949.3 949.2 129.5 825.6 791.1 
45.5 943.8 942.8 133.0 821.5 784.7 
49.0 938.8 936.5 136.5 817.2 778.4 
52.5 932.3 930.2 140.0 812.8 772.1 
56.0 926.9 923.9 143.5 
59.5 921.4 917.5 147.0 804.8 759.5 
63.0 916.2 911.2 150.5 800.8 753.1 
66.5 910.9 904.9 154.0 796.9 746.8 
70.0 905.3 898.6 157.5 793.1 740.5 
73.5 900.3 892.2 161.0 789.2 734.2 
77.0 895.3 885.9 164.5 785.3 727.8 
80.5 890.2 879.6 168.0 781.7 721.5 

885.3 873.3 .5 777.8 71 

1 
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sensor. 

Left side 

distance distance 
measured 

on the 
sensor 

0 0 1 
15 912.20 912.40 15 925.20 910.80 
20 876.90 875.30 20 885.20 873.10 
25 844.00 838.10 25 847.50 835.30 
30 811.10 800.90 30 809.90 797.60 
35 778.10 763.70 35 769.90 759.90 
40 738.10 726.50 40 732.20 722.20 
45 707.50 689.30 45 694.60 684.40 
50 674.60 652.20 50 656.90 646.70 
55 644.00 615.00 55 626.40 609.00 
60 611.10 577.80 60 591.10 571.20 
65 578.10 540.60 65 555.80 533.50 
70 545.20 503.40 70 522.80 495.80 
75 512.20 466.20 75 487.50 458.00 
80 481.60 429.10 80 454.60 420.30 
85 451.10 391.90 85 421.60 382.60 
90 420.50 354.70 90 388.70 344.80 
95 387.50 317.50 95 351.10 307.10 

100 356.90 280.30 100 318.10 269.40 
105 327.50 243.10 105 285.20 231.70 
110 296.90 205.90 110 249.90 193.90 
115 264.00 168.80 115 216.90 156.20 
120 228.70 131.60 120 184.00 118.50 
125 198.10 94.40 125 155.80 80.70 
130 169.90 57.20 130 125.20 0.00 
1 141.60 0.00 

error is 4mm. 
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University of Cape Town

Raw data Filtered data 
5mm median 

n::::3 fc:::: 0.6 fc:::: 0.4 fc:::: 0.6 fc:::: 0.4 
Itroid 
3.40 

5 317 316.32 316 316.28 316 317.43 318 318.38 318 319.29 322 321.50 
10 322 323.43 322 323.09 324 324.39 325 325.32 325 326.23 328 328.12 
15 329 329.98 330 330.03 330 331.36 332 332.29 332 333.21 335 335.06 
20 337 336.99 336 337.03 337 337.99 339 338.95 339 339.54 342 342.32 
25 345 343.50 342 344.16 344 344.93 346 345.92 346 346.81 349 349.04 
30 352 350.83 349 351.21 351 351.91 352 352.89 353 353.80 356 356.01 
35 356 357.82 357 357.99 358 358.89 359 359.55 360 360.44 363 362.95 
40 363 364.84 364 364.90 365 365.56 366 366.52 367 367.42 370 369.93 
45 371 371.61 372 371.65 372 372.55 373 373.53 374 374.41 377 376.95 
50 378 380.17 379 379.96 380 380.86 381 381.84 382 382.42 385 384.95 
55 386 385.31 383 385.62 385 386.42 387 387.39 387 388.32 390 390.51 
60 391 392.41 392 392.78 393 393.44 394 394.37 394 395.27 397 397.48 

..... 65 398 399.38 399 399.19 399 400.40 401 401.01 401 402.23 404 404.16 
70 405 405.96 406 406.09 406 407.29 408 407.92 408 408.77 411 411.08 
75 414 412.81 411 412.71 413 414.31 415 414.94 415 416.19 418 418.09 
80 421 419.81 418 419.73 420 420.90 421 421.90 422 422.76 425 425.05 
85 426 426.65 426 426.58 427 428.25 428 428.89 429 429.77 432 432.04 
90 433 433.95 432 433.57 434 434.80 435 435.80 436 436.69 439 438.93 
95 440 440.88 441 440.61 441 441.80 442 442.78 443 443.35 446 445.89 
100 447 449.08 448 448.81 449 449.43 450 450.49 451 451.35 454 453.97 
105 455 455.85 455 455.51 456 456.36 457 457.45 458 457.98 461 460.92 
110 461 463.08 462 462.56 463 463.75 464 464.42 465 464.97 468 467.58 
115 469 469.43 469 469.39 470 470.35 471 471.06 472 471.57 475 474.53 
120 476 476.38 476 476.36 477 477.02 478 478.06 479 478.59 482 481.53 
125 483 483.41 482 483.36 484 483.97 485 485.03 486 485.56 489 488.50 
130 490 490.33 489 490.33 490 491.24 492 491.92 492 492.47 495 495.10 
135 496 497.21 495 496.88 497 497.85 499 498.89 499 499.42 502 502.41 
140 502 504.19 502 504.19 504 504.79 505 505.82 506 506.35 509 508.99 

1 512 51 .57 512 2.00 512 401.80 

1 from a at5 mm (n - in R 



University of Cape Town

Raw data Filtered data 
5mm FIR n=4 

5 317 316.32 319 318.38 319 318.40 323 321.62 322 321.62 
10 322 323.43 324 325.07 324 325.38 328 328.59 328 328.57 
15 329 329.98 331 332.31 331 332.33 334 335.52 335 335.52 
20 337 336.99 339 338.99 339 338.99 343 342.48 342 342.49 
25 345 343.50 347 346.22 347 346.24 348 349.42 349 349.46 
30 352 350.83 354 353.23 354 352.95 355 356.40 356 356.45 

... 

35 356 357.82 358 359.90 358 359.90 362 363.38 363 363.41 
40 363 364.84 367 366.85 367 366.85 369 370.35 370 370.38 
45 371 371.61 373 373.58 373 373.57 376 377.36 377 377.37 
50 378 380.17 380 381.88 380 381.88 384 385.35 385 385.39 
55 386 385.31 388 387.39 388 387.41 390 390.95 390 390.97 
60 391 392.41 393 394.40 393 394.41 397 397.90 397 397.94 

..... 65 398 399.38 400 401.02 400 401.35 404 404.86 404 404.58 
70 405 405.96 407 407.96 407 407.96 410 411.48 411 411.49 
75 414 412.81 414 415.24 414 415.27 417 418.48 418 418.51 
80 421 419.81 421 421.89 421 421.91 424 425.42 425 425.46 
85 426 426.65 428 428.65 428 429.28 432 432.45 432 432.46 
90 433 433.95 435 435.90 435 435.57 438 439.34 439 439.36 
95 440 440.88 442 442.54 442 442.54 445 446.30 446 446.33 
100 447 449.08 450 450.90 450 450.81 453 454.34 454 454.38 
105 455 455.85 457 457.51 457 457.51 460 461.32 461 461.35 
110 461 463.08 463 464.84 464 464.46 467 468.29 468 468.03 
115 469 469.43 471 471.43 471 471.41 474 474.95 474 474.95 
120 476 476.38 478 478.41 478 478.39 481 481.93 481 481.94 
125 483 483.41 485 485.41 485 485.39 488 488.92 488 488.93 
130 490 490.33 492 492.31 492 492.30 495 495 495.49 
135 496 497.21 498 499.24 498 499.26 502 502.43 502 502.47 
140 502 504.19 505 506.20 505 506.20 508 509.36 509 509.39 

512 511.55 512 511.55 510 293.78 509 299.26 

1 



University of Cape Town

1mm 

mm Pixels Centroid 
309.55 

1 311 310.52 310 310.90 311 311.40 309 310.91 310 311.46 311 311.59 312 312.56 
2 310 312.27 311 312.31 312 312.51 310 312.35 312 312.92 312 312.96 314 313.96 
3 314 313.38 313 313.66 313 313.95 311 313.83 312 314.36 313 314.49 315 315.46 
4 314 315.03 315 315.15 316 315.56 314 314.31 314 315.08 315 315.95 316 316.59 
5 317 316.30 315 316.35 316 317.20 314 316.36 315 316.95 316 317.36 318 318.34 
6 317 317.57 318 317.57 318 318.01 317 317.29 317 318.03 318 318.50 319 319.47 
7 318 319.05 318 318.69 320 319.52 318 318.69 318 319.19 319 320.31 320 321.26 
8 321 320.31 318 320.66 320 320.92 318 320.72 320 321.01 320 321.39 322 322.37 
9 321 322.05 322 321.78 323 322.53 321 320.99 321 321.75 322 322.93 323 323.60 
10 322 323.43 322 323.09 324 323.63 322 323.10 322 323.53 324 324.39 325 325.32 
11 325 324.76 324 324.78 324 325.01 322 324.84 323 325.40 324 325.49 326 326.46 
12 326 326.02 325 326.08 326 326.51 324 326.11 325 326.61 326 327.27 328 328.26 
13 329 327.48 328 327.40 328 327.58 326 327.10 326 327.56 328 328.43 329 329.38 
14 328 328.91 329 328.94 329 329.45 328 329.00 328 329.18 329 329.88 330 330.85 
15 329 329.72 329 330.27 331 330.49 329 329.99 329 330.48 331 331.35 332 332.30 ..... 16 332 331.37 331 331.33 331 331.94 330 331.83 331 332.36 331 332.49 333 333.44 
17 332 333.03 333 332.78 334 333.53 331 332.66 332 333.15 333 334.29 334 334.92 
18 335 334.32 333 334.31 334 334.52 332 334.32 334 334.92 334 335.32 336 336.31 
19 336 335.79 335 335.80 335 336.04 334 335.91 334 336.44 336 336.53 337 337.49 
20 335 337.22 336 337.35 337 337.51 335 337.37 337 337.93 337 337.97 338 339.26 
21 339 338.34 336 338.33 338 338.92 336 338.70 338 338.97 338 339.44 340 340.41 
22 338 340.22 339 340.34 340 340.52 338 339.83 340 340.63 340 340.90 341 341.89 
23 342 341.33 340 341.35 341 341.53 339 341.37 341 341.91 341 342.33 343 343.30 
24 342 342.60 343 342.66 344 343.11 342 342.54 342 343.01 343 343.53 344 344.51 
25 343 344.06 344 343.75 345 344.56 343 343.72 343 344.17 344 345.29 346 345.92 
26 345 345.17 346 345.18 346 345.95 345 345.12 345 345.58 346 346.41 347 347.38 
27 346 346.60 346 346.55 348 347.40 346 346.22 346 346.98 347 347.88 348 348.53 
28 347 347.99 347 347.94 349 348.49 347 347.93 347 348.42 348 349.32 350 350.28 
29 350 349.38 349 349.69 349 349.98 347 349.82 348 350.37 349 350.48 351 351.46 
30 350 350.59 350 350.54 352 351.38 350 350.50 350 351.00 351 351.88 352 352.54 
31 351 351.81 351 352.35 353 352.88 350 352.38 351 352.87 353 353.43 354 354.37 
32 353 353.66 354 353.63 355 354.13 353 353.24 353 353.71 354 354.93 355 355.56 
33 354 355.08 354 354.68 356 355.53 354 354.96 354 355.44 355 356.32 357 357.26 
34 355 356.37 356 356.76 356 357.00 355 356.83 355 357.37 356 357.48 358 358.43 



University of Cape Town

mm Pixels Centroid 

1 311 310.52 313 313.45 316 315.97 313 312.55 313 312.56 317 316.37 316 316.39 
2 310 312.27 314 314.84 317 317.10 315 314.30 314 314.30 318 317.49 317 317.52 
3 314 313.38 316 316.36 319 318.87 316 315.44 316 315.46 319 319.29 319 319.32 
4 314 315.03 317 317.47 320 319.98 316 316.98 316 316.65 319 320.44 320 320.43 
5 317 316.30 318 319.26 321 321.15 319 318.35 319 318.37 322 321.56 322 321.59 
6 317 317.57 320 320.36 323 322.89 319 319.53 319 319.52 322 323.31 323 323.01 
7 318 319.05 321 322.18 324 324.04 320 321.00 320 321.32 324 324.49 324 324.50 
8 321 320.31 322 323.30 325 325.45 323 322.38 323 322.39 326 325.89 326 325.91 
9 321 322.05 324 324.48 327 327.00 323 323.99 323 323.65 327 327.44 327 327.42 
10 322 323.43 325 326.23 328 328.12 324 325.07 324 325.38 328 328.59 328 328.57 
11 325 324.76 327 327.36 330 329.88 327 326.78 327 326.79 330 330.30 330 330.33 
12 326 326.02 328 328.85 331 331.04 328 328.02 328 328.02 332 331.47 331 331.50 
13 329 327.48 329 330.28 332 332.47 329 329.45 329 329.44 332 332.63 333 332.61 
14 328 331 331.43 334 333.97 330 330.91 330 330.91 333 334.37 334 334.39 
15 329 329.72 332 332.87 335 335.09 331 332.05 331 332.07 335 335.55 335.54 ..... 

Q') 16 332 331.37 334 334.36 337 336.54 334 333.44 334 333.46 338 337.00 337 337.01 ..... 
17 332 333.03 335 335.50 338 338.01 334 334.99 334 334.98 337 338.46 338 338.46 
18 335 334.32 336 337.22 339 339.13 337 336.34 337 336.35 340 339.52 339 339.55 
19 336 335.79 338 338.39 341 340.90 338 337.81 338 337.82 340 341.31 341 341.36 
20 335 337.22 339 340.19 342 342.03 340 339.28 340 339.29 343 342.46 342 342.50 
21 339 338.34 340 341.33 344 343.52 341 340.40 341 340.42 344 343.94 344 343.96 
22 338 340.22 342 342.79 345 345.03 340 342.25 342 341.97 344 345.41 345 345.45 
23 342 341.33 343 344.23 346 346.10 344 343.35 343 343.36 346 346.81 346 346.55 
24 342 342.60 345 345.41 348 347.91 344 344.57 344 344.56 347 348.37 348 348.37 
25 343 344.06 346 346.82 349 349.04 345 346.00 345 345.99 349 349.48 349 349.47 
26 345 345.17 347 348.28 350 350.48 347 347.49 347 347.47 350 350.62 350 350.93 
27 346 346.60 349 349.42 352 351.94 348 348.58 348 348.57 351 352.39 352 352.39 
28 347 347.99 350 351.20 353 353.04 349 350.01 349 350.02 353 353.52 353 353.51 
29 350 349.38 352 352.37 355 354.89 352 351.44 352 351.46 354 355.29 355 355.02 
30 350 350.59 353 353.42 356 355.95 352 352.58 352 352.58 356 356.39 356 356.39 
31 351 351.81 354 355.27 357 357.45 353 354.46 353 354.45 357 357.62 357 357.91 
32 353 353.66 356 356.45 359 358.97 355 355.62 355 355.61 358 359.43 359 359.42 
33 354 355.08 357 357.83 360 360.06 356 357.02 356 357.33 360 360.51 360 360.50 
34 355 356.37 359 359.35 362 361.85 357 358.76 357 358.45 361 362.28 362 362.01 



University of Cape Town

Raw data 
0.5mm 

0.5 310 310.94 311 310.94 311 311.43 309 310.33 310 311.45 312 311.92 313 312.91 
1.0 311 311.61 311 311.63 313 312.11 311 311.62 311 312.40 312 312.52 313 313.51 
1.5 311 312.06 311 312.09 312 312.61 311 312.72 311 313.27 313 313.33 314 314.02 
2.0 313 313.26 313 312.93 313 313.44 311 313.31 313 313.86 313 313.92 315 314.91 
2.5 315 313.80 314 313.74 314 313.98 312 313.56 313 314.71 314 314.51 315 315.80 
3.0 314 314.12 315 314.42 315 314.97 313 314.76 313 314.98 316 315.40 316 316.37 
3.5 315 315.40 315 315.03 315 315.54 313 315.03 315 315.89 316 315.96 317 316.96 
4.0 316 315.85 315 315.55 316 316.07 314 316.23 316 316.45 316 316.55 317 317.53 
4.5 315 318.27 316 316.15 316 316.94 315 316.16 . 315 317.27 317 317.09 318 318.10 
5.0 317 316.75 316 316.70 318 317.54 316 317.33 316 317.55 318 317.97 319 319.00 

..... 
fc = 0.6 fc = 0.4 fc = 0.6 fc = 0.4 fc = 0.6 fc = 0.4 

313 313.81 316 316.03 312 312.94 313 312.95 316 316.42 316 316.44 
314 314.06 317 316.93 313 313.56 313 313.55 317 317.01 317 317.34 
314 314.90 317 317.17 313 314.36 314 314.37 317 317.57 318 317.57 
315 315.80 318 318.03 315 315.27 315 315.27 318 318.43 318 318.45 
316 316.37 319 318.91 315 315.53 315 315.53 318 319.30 319 319.34 
316 316.96 319 319.47 316 316.45 316 316.44 320 319.61 320 319.61 
317 317.86 320 320.07 317 317.35 317 317.33 320 320.49 320 320.50 

'" 318 318.41 321 320.94 318 317.85 318 317.52 321 321.34 321 321.36 
319 318.97 322 321.53 318 318.40 318 318.41 322 321.91 322 321.94 
319 319.86 322 322.15 319 319.04 319 319.03 322 322.53 322 322.53 



University of Cape Town

mm Pixels Centroid 
380 379.29 380 380.07 378 379.30 379 380.08 380 380.46 

50.2 379 379.57 380 379.90 380 380.12 379 379.27 379 379.78 380 380.50 381 381.51 
50.3 379 379.94 379 379.67 380 380.17 379 380.25 379 380.45 380 380.84 381 381.85 
50.4 379 380.00 379 379.72 381 380.51 379 379.72 379 380.45 381 380.90 382 381.90 
50.5 380 380.38 380 380.03 380 380.21 380 380.02 380 380.24 380 380.95 382 381.95 
50.6 380 380.41 380 380.37 380 380.25 380 379.75 380 380.26 381 381.32 382 382.01 
50.7 379 378.16 379 380.73 380 380.95 379 380.79 379 381.04 381 381.37 382 382.06 
50.8 380 380.43 380 380.41 380 380.63 380 380.46 380 380.97 381 381.40 382 382.07 
50.9 380 378.57 379 380.43 380 381.26 379 380.78 379 381.32 381 381.45 382 382.13 

Filtered data 

..... 

382 382.39 385 384.93 381 381.54 381 381.54 385 385.33 385 385.35 
382 382.40 385 384.97 381 381.59 381 381.58 385 385.36 385 385.38 
382 382.80 385 385.03 381 381.97 381 381.64 385 385.43 385 385.44 
382 382.84 385 385.07 382 382.35 382 382.33 385 385.49 385 385.50 
383 382.88 385 385.14 382 382.38 382 382.38 385 385.54 385 385.56 
383 382.94 386 385.50 382 382.41 382 382.41 385 386.23 386 385.93 
383 382.93 386 385.52 382 382.43 382 382.42 385 385.90 386 385.93 
383 383.00 386 385.88 382 382.46 382 382.47 386 386.26 386 386.29 
383 383.41 386 385.95 383 382.55 383 382.56 386 386.37 386 386.38 
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