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Abstract



Wood grain orientation is a major deciding factor in grading lumber strength. Having the ability to measure small dierences between wood grain orientation angles would permit specic lumber grading and provide potential material and cost savings to lumber manufacturers. Specular Wood Grain Characterisation, or SWGC, is a non-invasive optical method to completely dene the wood grain direction in lumber. SWGC takes advantage of the patterned structure of wood, which consists largely of tracheids, or hollow cylinders that lay parallel to each other and form along the longitudinal axis of the trunk. Other optical methods, such as the tracheid eect, are highly sensitive to wood grain orientation parallel to the board surface, but fall short of detecting dive angle to levels of accuracy that could not be achieved by simple inspection. SWGC employs a least squares method to t captured images to predetermined basis functions. The grain dive and board angle can then be calculated.
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1



Introduction



Wood is an organic but structured material, behaving in a unique manner when stress is applied in each orthogonal direction. Wooden boards, for example, are typically cut along the length of the tree, as they are designed to bear loads longitudinally. In order to produce reliable and consistent products, lumber manufacturers must be able to accurately measure wood properties such as grain orientation, knot location, rot levels, and wood bre characteristics [1].



Wood



grain orientation is a major factor in board strength as it dictates the direction that loads can be applied. Knots create stress concentrations around their periphery, and further reduce strength by changing the local grain orientation. It then follows that grain orientation identies both strength with respect to load direction and imperfections such as knots. Wood grain orientation can be inferred by knowledge of the tracheid orientation. Wood is largely made of tracheids, which are hollow tube like structures lying parallel to the trunk of the tree [3]. The hollow cavity of the tracheids will be referred to as lumens, and range in diameter from 10 to 25 microns [4], [5].Wood grain orientation is then the orientation of a group of lumens. In this work we will exploit the cylindrical structure of lumens Figure 1: 3D image of wood lumens [2].



to accurately discern grain direction in three dimensions using an optical method.
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1.1



Wood Structure and Strength



The strength of wood is proportional to the direction of the applied stress relative to the lumen direction.



A sample of wood can be



thought of as a group of straws held together by glue, with the hollow structure of each straw representing a lumen.



The structure



will be strongest when a stress is applied at the ends of the straws, or in a direction par-



(a) Strength response curves at various



allel to the straw longitudinal axis.



dive angles (x axis) [1].



Stresses



applied in a traverse direction with bend the straw walls and pull apart the binding material used to hold the straws together.



In



other words, wood is an orthotropic material that reacts to stress dierently in each dimension. Additionally, irregularities such as wood knots create local wood grain asymmetry, resulting in further strength loss [1].



It is im-



(b) Eect of dive angle on com-



perative that an accurate assessment of the



pressive strength. Here dive angle



wood grain orientation be made in order to



is referred to as 'Grain Angle' [6].



judge wood strength. The wood grain direction, which can be



Figure 2: Orthotropic mechanical properties of wood.



indicated by the lumens, is the major factor in grading lumber strength.



At present, wood



is typically graded by visual inspection or by a combination of mechanical stress tests and inspection [7]. Henceforth, it is our intent to design and test an optical probe which can detect wood grain direction in three dimensions with an accuracy that exceeds that of pre-existing optical methods.
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1.2



Lumens and Wood Grain Orientation



When a sample of wood is cut, lumen cross sections are exposed.



There are two an-



gles which characterise the direction of the wood lumen and wood grain with respect to the board surface.



The dive angle species



whether the lumen is pointing in or out of the board surface plane. The board surface angle species the lumen longitudinal direction in the board surface plane. Dive and board surface angle can also be thought of as pitch and yaw, respectively. When a board is cut from



Figure 3: Example of lumens with and without dive [8].



raw lumber there will always be some degree of dive angle as a tree trunk is slightly tapered; the trunk is thickest at the bottom. Typically this dive angle is kept to a minimum, as the strength of the board decreases rapidly with increasing wood grain dive. An increase in dive angle corresponds to a decrease in the transverse shear that a board can safely withstand, thus an accurate measurement of the dive angle is essential to assessing board strength.



Figure 4: Board surface and dive angles,
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Φ



and



δ



respectively.



1.3



Existing Optical Techniques



Lumens are hollow cylinders, and as such will act similar to optical bres under illumination. Incident light will penetrate the lumen structure and reect along the hollow lengths of the lumen. Imperfections in the lumen wall scatter light outwards until the rays reecting inside of the cylinders are extinct. The imperfections are known as pits and range in size from 0.28 to 0.8 microns approximately [4]. This eect results in an ellipse being formed, with a major axis parallel to the board surface angle, and is known as the tracheid eect. The ellipse can be simply captured by a CCD camera or other imaging device for processing.



The tracheid eect is well docu-



mented and is a reliable indicator of board surface angle, but lacks sensitivity to dive angles.



The tracheid eect can be used to esFigure 5: The Tracheid Eect [9].



timate dive angle, but lacks the accuracy to distinguish dive angles at less than 10 degree



resolution [10]. A dive angle greater than 10 degrees is visible by simple inspection, so an alternative approach is required to accurately discern the dive angle when it is not visibly obvious. The tracheid eect forms an image and can be seen if one aims a laser pointer at a wood sample.



Conversely, SWGC does not form an image due to the rays diverging from the illu-



minated area. Henceforth, SWGC has not been well studied aside from patents proposing the implementation of similar techniques [8], [11].



1.4



The SWGC Method



We propose that, given a known incident light source, the resulting reected light from the wood surface will completely dene the wood grain (lumen) direction. The regular structure of the wood surface will specularly reect light in certain directions. The specular rays can then be collected on a projection screen, and through processing with numerical software, the dive and board surface angles can be found. Because we are measuring a reection from many lumens, which present themselves in a similar structure, the expected reection pattern can be modeled analytically. Comparing our expected and measured patterns, we can deduce the wood grain direction. We will be concerned with the accurate measurement of dive angles from zero to ten
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degrees and the complete range of board surface angles. Henceforth, SWGC intends to detect dive angles at sub degree accuracy.
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2



SWGC Method and Implementation



2.1



SWGC Image Collection



When wood lumens are illuminated by a concentrated beam of light, such as a laser, a certain specular reection pattern is expected. This pattern will change with regard to the orientation of the lumens. In order to capture each pattern the reected rays are to be projected onto a surface which is then imaged by a camera. The reected pattern will be collected on a projection screen, referred to as the diuse lter. The eect of a diuse lter can be compared to looking at the back side of a projection screen and observing the image through the screen material. For a diuse lter to be eective it must be absorptive enough to catch the reected rays and then transmit them, permitting a camera to detect an image. The reected light from the wood sample will impinge on the diuse lter and the image formed on the diuse lter surface is reected by a mirror to the camera. The diuse lter



Figure 6:



The laser (L) illuminates the wood



sample (WS). The reected rays impinge on the diuse lter (DF) and the resulting image is re-



and mirror both have holes allowing the laser



ected by a mirror (M) to the camera (C).



to pass through to the wood sample.



2.1.1 Board Surface Angle Images To begin analysing the specular reection pattern, we will assume the lumens do not have a dive angle, or that they lay in the plane of the board surface under inspection. Taking these geometric constrains into consideration, we can propose that the reected rays lay on a plane dened by the board surface angle. If the illumination source is normal to the board surface, then the plane that the reected rays lay on will be orthogonal to the board surface and the lumen longitudinal axis.
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Figure 7: Incident light reects in a plane orthogonal to lumen direction.



Figure 8: Specular rays impinging upon the diuse lter.



The specular ray behaviour can be characterised by rotating a light source around a rigid sample and measuring the reected light intensity at various angles, as done so by McGunnigle [11].



When there is no dive angle, the measured intensity prole has two peaks, 180 degrees



apart from each other. These two peaks manifest themselves as an ellipse like projection when captured by a diuse lter.



rmajor /rminor



Ideally the projection should be an ellipsoid with a very large



ratio indicative of purely specular reection, but diuse light reected from the



wood sample is also projected on the diuse lter. superposition of diuse and specular reected light.



10



The projection on the diuse lter is a



Figure 9: A circle traces the magnitude of the Lambertian rays (left) and superposition of diuse and specular rays (right).
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Figure 10: Circumferential prole of light intensity.



The captured image can be analysed to nd the specular peaks, and thus the board surface angle, by plotting the intensity prole along a circumferential line. The circumferential proles can be plotted in increasing radius, resulting in intensity peaks that ideally occur at the same angular position. The modulation of the prole is greatest at a radius approximately between the centre and edge of the diuse lter. This is due to the ratio between diuse and specular intensities impinging on the diuse lter. Near the centre of the image, diuse light levels are high and the ratio between specular and diuse light is low.



Moving radially outwards, the



diuse intensity decays with the cosine of the angle between the incident and reected ray, increasing the prole modulation [12]. Moving towards the edge of the diuse lter decreases the solid angle per unit area of the diuse lter, decreasing the specular intensity and reducing
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the prole modulation.



2.1.2 Dive Angle Images The presence of a dive angle in the specimen removes the circular symmetry of the projection being measured. Specular rays will form a conical shape about the reecting lumen, pointing away in the direction parallel to the lumen axis.



The specular rays projected on



to the diuse lter will form a hyperbolic image with a vertex that increases with dive angle.



The hyperbolic image corresponds to



the plane of the diuse lter intercepting the conical shape formed by the reected rays.



Figure 11: A dive angle projection showing the vertex



v



and board surface angle



φ.



The vertex, v, of the hyperbola can be related to the dive angle,



δ=



1 2



arctan(v/z)



δ,



if the distance from the diuse lter to the sample, z, is known by



[13].



Figure 12: Resulting specular rays from lumens with a dive angle.
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2.2



Image Processing



2.2.1 Least Squares Board Surface Angle Algorithm To determine the board surface angle, a circumferential intensity prole can be made at any radius within the connes of the diuse lter, which implies a very large data set.



In fact,



we have so much data that our model is over determined. This fact suggests a change in our approach when solving for the board angle.



A least squares method will incorporate all the



given data to nd a best t solution by matching the captured image to a set of basis functions. The basis function represents an image we expect to observe in our measurement. The double peak projection, being circularly symmetrical, points towards using a sinusoid to represent the intensity peaks. Knowing the precise location of one peak species the location of the other due to symmetry, thus the collected image has a period of 180 degrees. A combination of sinusoids with a period matching that of the expected image will form basis functions to be tted by least squares.



M = αA + βB + γC A = Co rk , B = cos(2φ)Co rk , C = sin(2φ)Co rk The least squares method will return the coecients between the captured image



M



α, β, γ,



and each basis function



corresponding to the similarity



A, B, C .



The coecients can be related to the angle of each peak by a tangent function,



arctan(γ/β)/2.



φ =



The calculated angle is then perpendicular to the lumen direction and the



board surface angle is known. Although the coecient



α



is not explicitly involved in the board



surface angle calculation, it is required to prevent negative intensities from the modulating basis functions function



B



A



and



C



which are sinusoids and centred about the origin. In other words, the basis



is a DC oset.
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Figure 13: Three basis images will be compared to the captured images using least squares. The sine and cosine functions are oset such that their lowest intensity is 0 for illustrative purposes.



The radial decay of light intensity impinging on the diuse lter due to Lambertian reection needs to be characterised in order to form basis images. The least squares method for calculating board surface angles requires a relationship describing the radial light intensity gradient. Light intensity trends can be found by proling an image radially, at equal angular displacements. The light intensity proles correlate well with a power relationship in the form of



Co r k ,



which



can then be used to form basis images. The modulation, or double peak behaviour is handled by sinusoids as described in the previous section. In our model we will assume that the diuse and specular portions of the image can be modeled with the same radial power relationship.



2.2.2 Determining Dive Angle by Peak Intensity Proling Increasing the dive angle will change the concavity of the hyperbola pattern and increase the vertex distance from the centre of the diuse lter, thus each dive angle represents a dierent function. A peak light intensity detection algorithm can reconstruct the hyperbolic pattern at
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any angle by recording the peak locations proled along circular contours. The peaks correspond to the brightest points on a circular contour, and thus the outline of the hyperbolic pattern formed on the diuse lter. Two peaks are recorded for each circular contour and the radius and angle that each peak occurs at is stored. A set of points will be formed from the stored data. These points will be tted to a polynomial and the resulting oset, corresponding to the vertex of the hyperbolic pattern, can be measured. All captured images will be analysed to nd the board angle using least squares rst, and then the peak detection algorithm will determine the dive angle.
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3



Experiments



3.1



SWGC Apparatus



The diuse lter material was selected after testing a range of opaque materials.



Notably,



vellum paper was initially used as it is far more homogenous in structure than pulp papers, but it was determined that accessible weights of vellum are not opaque enough. Rigidity was also a concern, thus a polyurethane plastic sheet was found to satisfy both requirements of opacity and stiness.



Figure 14: The wood sample is illuminated by a 633 nm laser diode and the image formed on the diuse lter is captured by a camera (Prosilica EC-750).



The image captured by the camera corresponds to the plane of the diuse lter intercepting the plane that the specular rays lay in. The distance between the diuse lter and specimen is
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rigidly set, constraining changes in the captured image pattern to board surface angle and dive angle variations.



3.2



Captured Images and Least Squares Calibration



3.2.1 Captured Images 2 Degree Dive
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Figure 15: Images captured by the camera from 0 to 10 degrees dive angle.



Above are images captured from pine samples at various dive angles.



A binary template is



applied to remove noise caused by the mirror's hole disguring the centre of each image. As predicted, the images increase in circular asymmetry with increasing dive angle.



3.2.2 Sensitivity to Beam Spot Size Before analysing images, we had to gauge the sensitivity of the wood surface to the area of illumination. Wood lumens vary in diameter from early wood to late wood, and scatter light in the Mie regime, thus a large illumination area is required such that we do not observe unexpected signal variations [14]. The illumination source, a conventional 633 nm laser diode, was cut to dierent beam diameters. For each diameter a set of images was collected. We suspect that early and late wood will have diering specular behaviour based on lumen diameter and microfacet variation [11].
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Figure 16: Variation in specular modulation.



The specular characteristics of each image can be measured by computing the normalised peak height,



h. hpeak,i = Iˆpeak,i



Our expectation is that a large enough beam −3



diameter will result in consistent peak heights for



ment set.



each



image



i



each beam diameter



Hd



a



d



x 10



STDEV of Specular Intensity Peaks vs Illumination Area



measure-



A set of peak heights



{hpeak,i , hpeak,i+1 , ...hpeak,N }



tion of



in



10.5



Hd =



Normalised Peak Intensity Stdev



hpeak,n



11



is recorded for



. The standard devia-



will demonstrate whether the cho-



sen beam diameter yields specular-consistent results.



10



9.5



9



8.5



The results of the beam diameter sensitiv8 1.5



ity test indicate that our minimum beam size



2



2.5 Beam Diameter, mm



3



was sucient in illumination area. Increasing the beam size did not produce more consistent



Figure



17:



Standard



peaks.



images, nonetheless the 2.7 mm beam diameter was chosen in order to increase the reected to ambient light level.
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deviation



of



intensity



3.5



3.2.3 Calibrating Basis Functions As discussed in section 2.2.1, the radial light



Radial Intensity



intensity decay when diuse rays impinge on



0.5 0.4



the diuse lter can be modeled by a radial



0.3



Co rk .



A zero degree dive



Light Intensity



power relationship



sample was analysed by proling light intensities radially at small angular increments. The



0.2



0.1



double peak behaviour can be seen by the upper bound proles which are well separated



60 from the majority of the radial proles.



100 Radius



All



radial proles show a high degree of similar-



140



180



Circumferential Intensity at Equidistant Radii 0.3



ity, suggesting that we may model both the 0.25



images with the same power curve.



Light Intensity



diuse and specular portions of the captured The re-



sulting normalised power curve was found by



0.2 r/R = 0.41 0.15



r/R = 0.53 r/R = 0.65



0.1



averaging the measured radial proles.



r/R = 0.76



0.05 0



I = 0.0766r



100



−1.0962 Figure 18:
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Radial Circumferential proles of



light intensity. Taking circumferential proles of the same captured image results in distinct peaks approximately 180 degrees apart. The peaks are significantly modulated, lending well to the use of a least squares method to converge to a solution. The peaks are not equal in intensity due to the transverse cross section of the lumens that can appear rectangular in shape with rounded corners. Depending on the how the board was cut, the exposed lumen pattern can reect more light to one side than the other [11].



19



3.3



Board Surface Angle Measurements
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φ = arctan(γ/β)/2
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Figure 19: The captured and Least-squares Best-t Image, 0 degrees dive and 147 degrees board surface angle.



After calibrating the basis images to match our observed projection images, the board surface angles are obtained. A stepper motor controlled by Matlab rotates the pine sample and controls the CCD camera. stepper motor.



An image of the diuse lter is taken for every 18 degree rotation of the



Although the experimental mechanism was constructed to avoid imprecision,



there is some degree of uncertainty when placing the pine sample onto the stepper motor platter. This initial oset is resolved by applying a best t line to the data and observing the oset. The oset corresponds to an initial angular inaccuracy incurred by the user. The measured board surface angles have a root mean square error of 1.0 degrees measured from 0 to 342 degrees in 18 degree intervals. If the error of each measurement is analysed, it is apparent that the error is not random. The error pattern behaves sinusoidally with a period of 180 degrees.
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Figure 20: Board surface angle measurements.
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Figure 21: Error at each board surface angle measurement.
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3.4



Dive Angle Measurements



Pine samples were prepared to have dive angles of 0 to 10 degrees, in two degree intervals. There is some uncertainty associated with the preparation of the dive samples, which is dealt with by adjusting the measurements by a best t line. The uncertainty due to preparation of the dive samples can be approximated as



±1.0



degrees. The samples are hand planed for a consistent



surface, and are free of knots.



Detected Peak Locations



6° Dive Image



200 150



50



100 100



0



y = − 0.00029*x2 − 0.02*x − 23



pixels



pixels



50 150



−50



200



−100



250



−150 −200 −200



300 −100



0 pixels



100



200



50



100



150 200 pixels



250



300



Figure 22: Peak detection and matching captured image.



The peak detection algorithm is applied to



Overlayed Peak Points for 20 Measurements



each captured image and points correspond-



200



ing to the hyperbolic pattern are recorded.



150 100



A polynomial function can be tted to the



50 pixels



recorded points, and the vertex of the polynomial is used to calculate the dive angle. A
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Figure 23: Overlaid peaks from measurements taken at equal angular intervals and 6°.



the diuse lter to the sample is known. Additionally, the spacial distance that each pixel



represents is also required. In our case each pixel is approximately 309 microns. The dive angle can be calculated by



δ=



1 2



arctan(v/z)



where



v



is the vertex,
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z



is the distance from the diuse



lter to the sample, and



δ



is the dive angle.



Overlaying the tted polynomial from images collected over 360 degrees board surface angle further illustrates this point.



The radius of the inner circle formed by the envelope of each



superimposed polynomial corresponds to the vertex and thus dive angle.
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Figure 24: Dive angle measurements from 0 to 342 degrees board surface angle.
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Figure 25: Corrected dive angle measurements.



Each dive angle set is tted to the theoretical dive angle by a best t line which compensates for the real dive angle uncertainty associated with sample fabrication. The resulting root mean square uncertainty is then computed.
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Dive Angle Measurements 12
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Figure 26: Dive angle measurements and root mean square error bars.



The board surface angle is computed simultaneously with the dive angle. The error patterns from dive angles greater than zero observe the same sinusoidal trend as the no dive angle case. Error patterns at higher dive angles increase in amplitude, but this is attributed to inaccuracies arising from the increasing circular asymmetry. Notice the dierence between a zero degree dive angle image and a ten degree dive angle image below. degree dive image skews the least squares solution.
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The increased eccentricity of the ten
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Figure 27: Board surface angle error patterns for various dive angles.
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(a) A captured 0 degree dive image.
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(b) A captured 10 degree dive image.



Figure 28: Collected images showing eccentricity that results at high dive angles.
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4 4.1



Conclusion Concluding Remarks



A novel method to characterise wood grain orientation has been developed, demonstrating quantitative board surface and dive angle measurements.



SWGC is a variant of the method



proposed by Soest & Matthews, but incorporates light intensity gathered over a nite area instead of a single circular prole. Therefore SWGC has far more data at it's disposal, resulting in consistent measurements over a wide range of operating modes, as can be seen by comparing the board surface angle error patterns.



The board surface angle error is also comparable in



magnitude to other optical methods such as the tracheid eect, indicating there are no signicant trade os incurred in the SWGC method. The SWGC method is procient in measuring dive angles from 0 to 10 degrees within 1 degree rms error, fullling a need to discern dive angles when they are not readily measurable by simple inspection. Henceforth, SWGC quantitatively measures dive angle as opposed to other optical methods that can only detect dive angle in qualitative terms.



4.2



Future Work



Further investigation into the sinusoidal error pattern of the board surface angle measurements should be considered. Additionally, the increase in board surface angle error at high dive angles could be overcome by employing a shape recognition algorithm instead of a least squares method. The least squares approach in our case is dependent on circular symmetry, thus it is reasonable that the range of dive angle measurements could be increased by applying alternative board surface angle solution schemes, such as boundary proles and log-polar mapping [15, 16]. The large amount of data retrieved by each measurement could determine surface features like roughness, moisture content, and lumen number density.



Additionally, comparing sequential



images of a rigid specimen may indicate the presence of fungus due to speckle variation [17]. The SWGC method illustrates the subtle specular eects of wood intuitively, providing a solid starting point for further development of optical wood probing.
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5 5.1



Appendices Preamble



The appendices following contain raw data which will yield the results shown in gures and graphs in this paper.



All entries have units of degrees.



The best t oset is determined by



taking the mean of the error from the uncorrected measurements.



This mean and the root



mean square error are located at the bottom each table under the appropriate column.



The



rst appendix section is for board surface angles; each row represents an image taken at a certain board surface angle. The last section of the appendices details dive angle calculations. Again each row represents an image at a certain board surface angle, and the values in that row correspond to the measured dive angle. Each section contains six sets of data corresponding to the six dive angles examined.
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5.2



Board Surface Angle Calculation Data 0 Degree Dive Images



Theoretical Position



Measured Position



Best Fit Error



Corrected Measurement



Error



|Error|



0.00



-3.77



-3.77



-1.74



-1.74



1.74



18.00



14.43



-3.57



16.46



-1.54



1.54



36.00



33.06



-2.94



35.08



-0.92



0.92



54.00



51.70



-2.30



53.73



-0.27



0.27



72.00



70.67



-1.33



72.69



0.69



0.69



90.00



89.13



-0.87



91.16



1.16



1.16



108.00



106.77



-1.23



108.80



0.80



0.80



126.00



124.20



-1.80



126.23



0.23



0.23



144.00



141.33



-2.67



143.36



-0.64



0.64



162.00



158.53



-3.47



160.56



-1.44



1.44



180.00



176.72



-3.28



178.74



-1.26



1.26



198.00



195.58



-2.42



197.61



-0.39



0.39



216.00



214.36



-1.64



216.39



0.39



0.39



234.00



233.58



-0.42



235.61



1.61



1.61



252.00



252.11



0.11



254.14



2.14



2.14



270.00



269.71



-0.29



271.74



1.74



1.74



288.00



287.03



-0.97



289.06



1.06



1.06



306.00



304.16



-1.84



306.18



0.18



0.18



324.00



321.39



-2.61



323.42



-0.58



0.58



342.00



338.78



-3.22



340.80



-1.20



1.20



-2.03



30



1.00



2 Degree Dive Images



Theoretical Position



Measured Position



Best Fit Error



Corrected Measurement



Error



|Error|



0.00



9.48



9.48



-0.29



-0.29



0.29



18.00



28.38



10.38



18.61



0.61



0.61



36.00



46.78



10.78



37.02



1.02



1.02



54.00



65.38



11.38



55.61



1.61



1.61



72.00



83.01



11.01



73.24



1.24



1.24



90.00



100.12



10.12



90.36



0.36



0.36



108.00



117.44



9.44



107.68



-0.32



0.32



126.00



134.78



8.78



125.02



-0.98



0.98



144.00



152.45



8.45



142.69



-1.31



1.31



162.00



170.74



8.74



160.98



-1.02



1.02



180.00



189.34



9.34



179.58



-0.42



0.42



198.00



208.01



10.01



198.25



0.25



0.25



216.00



226.68



10.68



216.91



0.91



0.91



234.00



244.60



10.60



234.83



0.83



0.83



252.00



262.43



10.43



252.67



0.67



0.67



270.00



279.94



9.94



270.17



0.17



0.17



288.00



297.30



9.30



287.54



-0.46



0.46



306.00



314.72



8.72



304.95



-1.05



1.05



324.00



332.76



8.76



322.99



-1.01



1.01



342.00



350.96



8.96



341.20



-0.80



0.80



9.77



31



0.77



4 Degree Dive Images



Theoretical Position



Measured Position



Best Fit Error



Corrected Measurement



Error



|Error|



0.00



-1.69



-1.69



-0.36



-0.36



0.36



18.00



16.36



-1.64



17.68



-0.32



0.32



36.00



34.32



-1.68



35.65



-0.35



0.35



54.00



53.04



-0.96



54.37



0.37



0.37



72.00



71.56



-0.44



72.89



0.89



0.89



90.00



89.74



-0.26



91.07



1.07



1.07



108.00



107.27



-0.73



108.59



0.59



0.59



126.00



124.40



-1.60



125.72



-0.28



0.28



144.00



141.67



-2.33



142.99



-1.01



1.01



162.00



159.13



-2.87



160.46



-1.54



1.54



180.00



176.85



-3.15



178.18



-1.82



1.82



198.00



195.03



-2.97



196.35



-1.65



1.65



216.00



213.74



-2.26



215.07



-0.93



0.93



234.00



232.62



-1.38



233.94



-0.06



0.06



252.00



251.82



-0.18



253.14



1.14



1.14



270.00



270.09



0.09



271.42



1.42



1.42



288.00



288.11



0.11



289.43



1.43



1.43



306.00



305.72



-0.28



307.04



1.04



1.04



324.00



323.15



-0.85



324.47



0.47



0.47



342.00



340.58



-1.42



341.91



-0.09



0.09



-1.32



32



0.84



6 Degree Dive Images



Theoretical Position



Measured Position



Best Fit Error



Corrected Measurement



Error



|Error|



0.00



-1.14



-1.14



-1.01



-1.01



1.01



18.00



17.31



-0.69



17.44



-0.56



0.56



36.00



36.20



0.20



36.34



0.34



0.34



54.00



54.61



0.61



54.75



0.75



0.75



72.00



73.23



1.23



73.37



1.37



1.37



90.00



91.30



1.30



91.44



1.44



1.44



108.00



108.68



0.68



108.82



0.82



0.82



126.00



125.80



-0.20



125.94



-0.06



0.06



144.00



142.81



-1.19



142.95



-1.05



1.05



162.00



160.22



-1.78



160.36



-1.64



1.64



180.00



178.45



-1.55



178.59



-1.41



1.41



198.00



197.56



-0.44



197.69



-0.31



0.31



216.00



216.53



0.53



216.67



0.67



0.67



234.00



235.18



1.18



235.31



1.31



1.31



252.00



253.26



1.26



253.39



1.39



1.39



270.00



270.80



0.80



270.94



0.94



0.94



288.00



288.01



0.01



288.14



0.14



0.14



306.00



305.25



-0.75



305.39



-0.61



0.61



324.00



322.74



-1.26



322.88



-1.12



1.12



342.00



340.47



-1.53



340.61



-1.39



1.39



-0.14



33



0.92



8 Degree Dive Images



Theoretical Position



Measured Position



Best Fit Error



Corrected Measurement



Error



|Error|



0.00



-1.02



-1.02



-4.54



-4.54



4.54



18.00



20.73



2.73



17.21



-0.79



0.79



36.00



42.38



6.38



38.86



2.86



2.86



54.00



61.53



7.53



58.01



4.01



4.01



72.00



79.87



7.87



76.35



4.35



4.35



90.00



97.04



7.04



93.52



3.52



3.52



108.00



114.05



6.05



110.53



2.53



2.53



126.00



130.14



4.14



126.62



0.62



0.62



144.00



146.35



2.35



142.83



-1.17



1.17



162.00



162.04



0.04



158.52



-3.48



3.48



180.00



179.98



-0.02



176.46



-3.54



3.54



198.00



200.59



2.59



197.07



-0.93



0.93



216.00



219.97



3.97



216.45



0.45



0.45



234.00



239.32



5.32



235.80



1.80



1.80



252.00



258.40



6.40



254.88



2.88



2.88



270.00



275.51



5.51



271.99



1.99



1.99



288.00



291.35



3.35



287.83



-0.17



0.17



306.00



308.30



2.30



304.78



-1.22



1.22



324.00



323.59



-0.41



320.07



-3.93



3.93



342.00



340.28



-1.72



336.76



-5.24



5.24



3.52



34



2.50



10 Degree Dive Images



Theoretical Position



Measured Position



Best Fit Error



Corrected Measurement



Error



|Error|



0.00



30.90



30.90



-2.46



-2.46



2.46



18.00



54.19



36.19



20.83



2.83



2.83



36.00



75.96



39.96



42.60



6.60



6.60



54.00



96.44



42.44



63.08



9.08



9.08



72.00



114.16



42.16



80.80



8.80



8.80



90.00



132.22



42.22



98.86



8.86



8.86



108.00



149.17



41.17



115.81



7.81



7.81



126.00



164.84



38.84



131.48



5.48



5.48



144.00



184.20



40.20



150.84



6.84



6.84



162.00



207.06



45.06



173.70



11.70



11.70



180.00



224.50



44.50



191.14



11.14



11.14



198.00



245.33



47.33



211.97



13.97



13.97



216.00



256.36



40.36



223.00



7.00



7.00



234.00



262.12



28.12



228.77



-5.23



5.23



252.00



272.13



20.13



238.77



-13.23



13.23



270.00



288.49



18.49



255.13



-14.87



14.87



288.00



302.57



14.57



269.21



-18.79



18.79



306.00



317.97



11.97



284.61



-21.39



21.39



324.00



340.69



16.69



307.33



-16.67



16.67



342.00



367.88



25.88



334.52



-7.48



7.48



33.36



35



10.01



5.3



Dive Angle Calculation Data 0 Degree Dive Images



Measured Dive Angle



Best Fit Error



Corrected Measurement



|Error|



0.32



0.32



-0.02



0.02



0.23



0.23



-0.11



0.11



0.25



0.25



-0.09



0.09



0.44



0.44



0.10



0.10



0.25



0.25



-0.09



0.09



0.39



0.39



0.05



0.05



0.20



0.20



-0.14



0.14



0.21



0.21



-0.13



0.13



0.04



0.04



-0.30



0.30



0.23



0.23



-0.11



0.11



0.55



0.55



0.21



0.21



0.51



0.51



0.17



0.17



0.83



0.83



0.49



0.49



0.51



0.51



0.17



0.17



0.07



0.07



-0.27



0.27



0.51



0.51



0.17



0.17



0.73



0.73



0.39



0.39



0.64



0.64



0.30



0.30



-0.10



-0.10



-0.44



0.44



-0.02



-0.02



-0.36



0.36



0.34



0.21



36



2 Degree Dive Images



Measured Dive Angle



Best Fit Error



Corrected Measurement



|Error|



3.25



1.25



2.37



0.37



3.40



1.40



2.53



0.53



2.94



0.94



2.07



0.07



3.43



1.43



2.56



0.56



2.05



0.05



1.18



0.82



2.56



0.56



1.69



0.31



2.45



0.45



1.58



0.42



2.71



0.71



1.84



0.16



2.39



0.39



1.52



0.48



2.08



0.08



1.21



0.79



3.06



1.06



2.19



0.19



2.90



0.90



2.03



0.03



2.88



0.88



2.01



0.01



2.90



0.90



2.03



0.03



2.78



0.78



1.91



0.09



2.87



0.87



2.00



0.00



3.04



1.04



2.17



0.17



3.21



1.21



2.34



0.34



3.08



1.08



2.21



0.21



3.44



1.44



2.57



0.57



0.87



0.31



37



4 Degree Dive Images



Measured Dive Angle



Best Fit Error



Corrected Measurement



|Error|



2.99



-1.01



3.35



0.65



3.80



-0.20



4.16



0.16



3.32



-0.68



3.68



0.32



3.80



-0.20



4.16



0.16



3.22



-0.78



3.58



0.42



2.88



-1.12



3.24



0.76



3.05



-0.95



3.41



0.59



3.22



-0.78



3.58



0.42



3.51



-0.49



3.87



0.13



3.89



-0.11



4.25



0.25



3.85



-0.15



4.21



0.21



4.17



0.17



4.53



0.53



4.11



0.11



4.47



0.47



3.84



-0.16



4.20



0.20



4.14



0.14



4.50



0.50



3.78



-0.22



4.14



0.14



4.06



0.06



4.42



0.42



3.87



-0.13



4.23



0.23



3.76



-0.24



4.12



0.12



3.52



-0.48



3.88



0.12



-0.36



0.34



38



6 Degree Dive Images



Measured Dive Angle



Best Fit Error



Corrected Measurement



|Error|



5.44



-0.56



6.09



0.09



5.54



-0.46



6.19



0.19



5.36



-0.64



6.00



0.00



5.09



-0.91



5.74



0.26



6.19



0.19



6.84



0.84



5.26



-0.74



5.91



0.09



6.02



0.02



6.66



0.66



5.83



-0.17



6.48



0.48



5.21



-0.79



5.85



0.15



5.02



-0.98



5.67



0.33



4.75



-1.25



5.40



0.60



5.49



-0.51



6.13



0.13



4.90



-1.10



5.55



0.45



5.55



-0.45



6.20



0.20



5.51



-0.49



6.16



0.16



5.35



-0.65



5.99



0.01



4.93



-1.07



5.58



0.42



5.15



-0.85



5.79



0.21



5.00



-1.00



5.64



0.36



5.49



-0.51



6.14



0.14



-0.65



0.29
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8 Degree Dive Images



Measured Dive Angle



Best Fit Error



Corrected Measurement



|Error|



7.64



-0.36



8.14



0.14



7.09



-0.91



7.59



0.41



6.12



-1.88



6.63



1.37



6.75



-1.25



7.25



0.75



8.46



0.46



8.96



0.96



6.65



-1.35



7.15



0.85



10.06



2.06



10.57



2.57



8.57



0.57



9.08



1.08



8.24



0.24



8.75



0.75



8.21



0.21



8.71



0.71



7.44



-0.56



7.94



0.06



6.86



-1.14



7.36



0.64



6.09



-1.91



6.59



1.41



7.49



-0.51



8.00



0.00



6.43



-1.57



6.94



1.06



7.07



-0.93



7.58



0.42



7.35



-0.65



7.85



0.15



8.08



0.08



8.58



0.58



7.54



-0.46



8.04



0.04



7.81



-0.19



8.32



0.32



-0.50



0.71
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10 Degree Dive Images



Measured Dive Angle



Best Fit Error



Corrected Measurement



|Error|



11.32



1.32



9.65



0.35



10.00



0.00



8.34



1.66



9.69



-0.31



8.02



1.98



11.27



1.27



9.60



0.40



10.22



0.22



8.56



1.44



12.32



2.32



10.65



0.65



11.38



1.38



9.71



0.29



10.61



0.61



8.95



1.05



12.14



2.14



10.47



0.47



12.31



2.31



10.65



0.65



12.10



2.10



10.44



0.44



12.98



2.98



11.31



1.31



12.86



2.86



11.20



1.20



12.51



2.51



10.84



0.84



12.79



2.79



11.12



1.12



14.11



4.11



12.44



2.44



10.17



0.17



8.50



1.50



11.11



1.11



9.45



0.55



12.02



2.02



10.35



0.35



11.40



1.40



9.74



0.26



1.66



0.95
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