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ABSTRACT

All camera lenses contain optical aberrations essalt of the design and manufacturing processess laberrations cause distortion
of the resulting image captured on film or a sensdhis distortion is inherent in all lenses beeaokthe shape required to project the
image onto film or a sensor, the materials thatenak the lens, and the configuration of lensesctoexe varying focal lengths and

other photographic effects. The distortion assediatith lenses can cause errors to be introduceshywhotogrammetric techniques
are used to analyze photographs of accidents stendstermine position, scale, length and otheratdtaristics of evidence in a

photograph. This paper evaluates how lens distoitem affect images, and how photogrammetricallpsueng a distorted image

can result in measurement errors. Lens distortiomfa variety of cameras is analyzed, and the aténeffect that this distortion has

on the image is evaluated, with a discussion orotlezall difference this distortion would causenteasuring evidence in an image,
such as tire mark distances and curvature. Wageroécting this distortion are also addressed.

INTRODUCTION

Accident reconstruction relies on physical evidetiz isvisible in photographs such as tire marks, gougeksyar rest positions of
vehicle. Photogrammetric methods such as photbgragctification and camera matching are usednayae photographs, and
these methods can determine the size, shape, aitbp®f objects in the photograph. However, thesthods rely on the quality of
the image being analyzed to accurately measurepiawd what is in the photograph. And since all aarlenses contain some
aberrations or imperfections, due to the physibakacteristics of the lens, photographic imagesatomistortion resulting from lens
aberrations. In short, these aberrations can #taffocation of the image on the pixel matrix. d&hce shift the position, size and
shape of the geometry the pixels represent. As@travhen measuring a distorted image, the shzpe and position of an object of
interest may be misrepresented. This paper exansioe® of the aberrations that are common in catesmses, specifically, the
aberrations that would cause errors in photogramenaalysis. The distortions for 35 different caekens types were analyzed, the
affect this distortion has on the digital imageisalyzed, and the ultimate effect that this digtartan have on measurements relied
upon in accident reconstruction methodologies asduated. Ways of correcting this distortion argoatliscussed, since commonly
available software exists that can remove diffetgoes of distortion.

BACKGROUND

Imperfections in the design and manufacturing pseee of camera lenses inherently cause distontidhei image captured by the
sensors or by film of the camera [1]. As light élected, focused, and transformed through the $#nture, the final collection of
this light on a sensor plate or film sheet is dist to some degree. Figure 1 below is a simplgrdia showing light being collected
by the optical system in a camera lens, and thzglion of that light on to a recording surfacetsas film, or digital sensor.
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sensor lens

Figure 1

As light passes through the lens of the camerayatimns from the lens design and manufacturing Gause various effects on the
light that result in a distorted image. While tiésan unavoidable aspect of lens design, certaisele can be optimized to reduce
certain types of distortion. However, there isradeoff, in that reducing distortion in some wayaynincrease other types of
distortion. As this study shows, two cameras @& s§ame make, model and focal length will have tiaesdistortion, though
changing focal length or changing the camera makeraodel with result in different distortion patier The degree to which the
design and manufacturing processes affect thetimegumage differs not only between each of the wofactured lenses, but also
differs for the same lens with varying focal lerg{R]. For instance, a wide angle focal length bawe a different distortion effect
than the same lens with a telephoto focal lengtimé& of the types of distortion that can occur idelspherical aberrations, coma,
and chromatic distortion. These imperfections dftee resulting image quality, clarity, and colbut the distortion types that would
most affect the accuracy in obtaining distancesedisions, and the shapes of objects seen in pamagometrical distortions.

The two most common geometrical distortions, arsd éhe types that most affect measurement throbgtogrammetry processes
such as camera matching are pincushion and bastettibns. Figure 2 below uses a grid to simplysilrate the concept of these two
types of distortion. The grid on the left shows #féect of barrel distortion, and the grid on thght shows the effect of pin
cushioning for an orthogonal grid.

BARREL DISTORTION PINCUSHION DISTORTION

Figure 2 — Barrel and Pin Cushion Distortions

Barrel distortion, as shown on the left, is a leffect which causes the image to be expanded arralshape from its center [2]. This
effect is typically associated with wide angle foemgths, and the effect of this type of distamtie that lines that are actually straight
appear bent in the image. The image on the rightvstpin cushioning, which is a lens effect thatsesmuimages to be pinched at their
center. Like barrel distortion, the effect is thiakes that, in reality, are straight appear benthia distorted image (but, bent in the
opposite direction from barrel distortion). Pin kig distortion is typically associated with telepd focal lengths. However, in the
study of lenses in this paper, the distortion ghedocal lengths was characterized as a mixtutmtf barrel and pin cushioning. The
effect is a type of wavy distortion of a straightel, and appeared when a lens was between a typidal angle and zoom focal
length, as if the wavy distortion resulted whenfibeal length would transition between a wide aadm lens. Barrel and pin cushion
distortion, unlike other distortions which may affeolor or clarity, affect the position of pixels the image, and hence affect the
geometry represented in the image. Since photogedmgmrocesses analyze the location of objecthérimage, these two distortion
effects are most relevant to accident reconstroctitethods that determine distances, geometry amitigpts of objects in
photographs through photogrammetric processes.ibaieg distortion, which is caused by variationsthie assembly of the lens
elements can also cause a geometric distortiorialmésalignment of the optical axis, however, ttasdition is not evaluated in this
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paper. In addition, it should be noted that a catdd camera and lens may not yield the same ti@iaresults as published in this
paper.

TESTING PROCEDURE

In order to assess the distortion for the 35 cam#rat were chosen for this study, an image witliistortion was compared to a
distorted version of the same image. An image veseiated in the computer to insure it has no distgrand contains a symmetrical
grid whose lines are perfectly horizontal or veatid his image was distorted in the same way amadégns would distort an image if
photographed in the real world. In other words,idaalized, undistorted image was first created BDamodeling program using
rectilinear, orthographic cameras created in thagm@mm. Because the camera was computer genematedad manufactured, the
camera does not have any lelistortion and an image was rendered from the camiemw in the same way a real life camera takes a
photograph, but without any distortion. This images then be digitally distorted according to chaastics of any specific lens [3].
Knowing the distortion of a specific camera was madssible since there is published data that mattieally describes the lens
distortion for hundreds of common camera lenseg Trfathematical description can be applied to &alignage, and the results of
the distortion characteristics quantified in teraishow an image shifts on the pixel matrix. Sinbe tlistortion can be described
mathematically, having the actual camera is noteseary. Another benefit of digitally assessing adtgin is that detailed
measurements of the distortion can be taken whamg uomputer modeling to create idealized and distbimages. This is also
useful since a simulated environment for assesdistgrtion makes it possible to test how lens di&io would ultimately affect the
measurement of an object in the image, such detigth and shape of a tire mark. This testing ptace relies on distortion data that
was collected, measured, and published indeperydeyibther authors or manufacturers. This dataprasided mathematically, and
likewise the procedure estimates lenses distotliomugh a mathematical process.

CREATING AN UNDISTORTED IMAGE

Most 3D software packages allow creation of 3D eminents as well as 3D cameras with propertiedainuo a real-world camera.
These 3D cameras have field of view propertiesambe rendered out at any given resolution. Afheameras do not contain a
physically manufactured lens, there is no lensodisin on the rendered images. For purposes optger, Autodesk’s 3D Max 2010
was used to generate an idealized 3D environmertaiting a perfectly horizontal and vertical gr8648 x 2736s the number of
pixels in the normalized camera sensor matrix @efifor the analysis in this paper. An image ofdhd environment was rendered
from a 3D camera view using a 28mm field of vievithvdimensions (3648 x 2736) and proportions (4@)sistent with a common 8
megapixel, real-world camera. (Figure 3)

3D Environment / Camera Rendered 8MP Undistorted Grid

Figure 3 — Computer model of the idealized grid

This idealized image was then be distorted accgrdin coefficients that mathematically describe kes distortion. There are
multiple programs available that use databasesistbrtion coefficients to automatically correct ftans distortion. Three such
examples, Epaperpress Ptlens [4], Hugin [5] andb&dBhotoshop CS5, use the information stored immge's exif data [6] to
lookup the distortion coefficients from an intermalexternal database. These distortion coeffisiané published for many camera
types by the manufacturer, or are calculated indegetly and then published for use in correctingtadtion. Distortion programs
rely on these coefficients to remove lens distorfiom images as the effects of lens distortiory\fawm camera to camera, and for
this study the same coefficients were then useatitblens distortion to an idealized image. Thealattfect of this distortion in the
resulting image was then measured by determiniagligtance pixels moved as result of this distartio

Distortion correction relies on a polynomial fumetj below, that modifies the distance a pixel anfrthe center of the image. This
distortion correction only corrects for radial gidton and does not correct for any of the otheesyof distortion that can be present
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in a photograph, it also assumes the distortionniéorm for any pixel with the same radius from tbenter of the image. The
distortion coefficients appear in the equation:

y = ax’ +Hx® +cx® +dx (1)

Where vy is radius of the distorted pixel, x is thdius of the undistorted pixel. The coefficientba and c determine the distortion of
the pixel. All radius values are normalized whereatue of 1 is equal to ¥z the size of the shorsédt of the image. While the
coefficientsa, b, andc all perform similar modifications to the imagegyhdiffer in that each one has a greater effectliffierent
areas of the image. Coefficiemfprimarily affects the edges of the imagaffects the inside, artdlaffects the image as a whole. The
d coefficient is related to the other coefficietitsough the equation below.

d=1- (a+b+¢) @)

This equation controls the scale of the correctedge and is used to maintain the overall size ef résulting image. Image
adjustment programs, such as Photoshop CS5 evdairtalistortion correction plug-ins where values & b, candd can be
manually entered, and through an iterative proajsisted till the desired distortion correctiomchieved.

For this study, the database for the distortionefach of the cameras was publically available These coefficients were applied to
the idealized image, and the measurement of thert@ created by this mathematical function wasasured, and the results
reported in Appendix A.

MANUALLY ASSESSING LENS DISTORTION COEFFICIENTS IN A CAMERA

Not every manufactured camera has distortion ageffts that are publically available. For these @a®, there is a method described
here for manually determining the coefficients. Wofograph of a grid on a wall can be used to deteriwhat the distortion is for a
specified camera and focal length. Figure 4 shdwessetup needed for manually assessing the dstarti an image. The grid is
mounted on the wall, parallel to the camera sotti@wertical and horizontal lines will be captupatallel to the digital image. When
a photograph is taken with a digital camera, infation about that occurrence is embedded in theadlifiie. Information such as the
make and model of the camera, the exposure seftgigp and other camera settings, even the tirdedate the photo is taken. This
metadata is referred to as EXIF data (exchangeatalge file format) and represents a type of “fingent” for the photograph taken
[8]. The camera’s make and model, and the focaittefor the camera can be obtained from the EXIifa,dand used in the image
editing programs to complete the manual assessofieligtortion. There can be differences in the nahfocal length recorded in the
EXIF data compared the actual focal length usednwtaking the photo and these differences could W@y camera to camera.
Therefore there will be some uncertainty in deteing the focal length/correction coefficients focamera if the specific camera
used to take the photos is not available. After pinoto is taken and imported into the image p<ingsprogram, in this case
Photoshop CS4, distortion correction plug-ins aeduthat allow the user to manually input the digin coefficients until the desired
effect is achieved. For the case of the grid imagefficients can, through an iterative processnpat in to the distortion parameters
until the vertical and horizontal lines match thedaid grid lines, as shown in Figure 5.

I
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Figure 4 — Setup for photographing a grid
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Figure 5 — Manually assessing the grid

The effect of distortion essentially bends vertiaald horizontal lines, so assessing when an imagebken manually corrected
requires looking at lines that are on the grid. yTekould eventually appear parallel through theattee process. Once the desired
effect has been achieved, the coefficients thauaeel to get the image corrected can then be sté/bdn correcting distortion, as

discussed in the conclusion, distortion coefficsenibtained through this process are helpful in réngpdistortion in images through

other programs.

In order to choose cameras for this study, thereevgeveral criteria each camera needed to meetder dor the analysis to be
performed. First, the camera had to have a varitddal length. This criteria was needed to deteenfiow a change in the focal
length (from a wide angle to a zoom for instancelld change the degree and type of distortion matefl in the photograph. To
determine what focal length range would be appadgrior this study, thousands of digital photogsagatken by police officers at the
scene of an accident were analyzed. The authdrth&lthe focal lengths and camera types usedbgepwould be a good gauge for
the types of photographs often provided to accideabnstruction companies that might undergo phatogetric analysis. Police
photos are typically taken close to the time ofaanident, and can represent some of the best piaptag of the physical evidence.
Through this analysis of police photographs, thegeafor the focal lengths most common was 30mm Gmré. This range
encompasses the vast majority of all images andesepts a good range for most cameras and leresearthaffordable and easily
available. Second, the cameras needed to be readillable, and not too rare. Commonly availablé popular cameras would make
a much better representation of the images thahtniéke photographs used in accident reconstruclibe third criterion was that
each camera needed to have published distortidifiaierts. A complete list of all the cameras apeafications has been included
in Appendix B.

SAMPLE PROCEDURE

To see how this process worked, a sample of asgedtortion for one camera has been providedvheldis same process was
performed on all the cameras, and presented ingkesection “Results of Study”.

The general process for assessing distortion sngaper follows this methodology:

1) Create aidealized digital image, with grid marldnigat can be measured

2) Use the distortion coefficients from each camerdistort the idealized image. This creates a distbimage for each camera
model

3) Compare the distorted image to the idealized iniag@as created from, and measure the change in jpigation for known
pixels

4) Create an idealized flat scene with a grid and riggk, viewed in perspective. Create a distortedgenof this idealized
scene, and determine how the location and shapheedire mark, as created from the image beingdist, would change its
measured length, or curvature when analyzed phaxtagetrically.

As described before, the idealized image was aldatthe computer environment and renderings oRthieby 15” grid were created

at the resolution chosen (3648 x 2736) for thisgpafo each camera being analyzed has its ownizddalindistorted grid that was
used in the comparison. A rendering of the idedliged, prior to being distorted, is shown in Fig@:.
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A grid was used since the distortion effects fromhbbarreling and pin cushioning could both be ss=g. In addition, because the
grid proportions were all the same, the distor@ffects can be assessed over the entire imageettien distortion can be more
localized in some areas of the image. As desctigtalw, the image was then distorted according éadiktortion coefficients for that
specific camera lens, then the distortion of thHd gras quantified by measuring the resulting shiifthe grid relative to the idealized
image the distorted image was made from. The psoses repeated for each camera lens, but for tamgbe below, a Nikon 8400
WC-E75 was evaluated. The Exif data for the Nikd@@WC-E75 shown in this example is listed beloviFigure 7 along with the

Figure 6 - Rendering of the idealized image, 20"X4sid

distortion coefficients which were obtained frormBama Tools.

With the idealized undistorted image created, thefficients defining the distortion for this cameavare used to distort the idealized
image. A comparison of both these images is shomiigure 8. The coefficients obtained were thenliaggo the image to distort it
in the same manner that the image would be distafie were photographed in the real world. Thistdrted image is shown on the
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Figure 7 — Exif data and Distortion Coefficients




right, and while visually the distortion may not &y apparent, upon closer examination distortian be visible, particularly in the
corners of the image.

Figure 8 — Visual Effect of Distortion

Since both images can be overlaid digitally, theatmn of the grid points in each image can be amagh, and the change in the
distance, in pixels, for each image can be measiiteid measurement is the effective distortion djfied in pixels. The image was

broken into 336 separate regions. Sixteen rowslogdatumns of pixels areas were analyzed. Measurtsnfieneach region obtained

to understand how the distortion changes over tiieeeimage. Radial distortion is dependent onxelgi distance from the center of
the image, therefore the effect of the distort®thie same for each quadrant. For the sample insdge®, a matrix of the difference
in how points on the grid moved as a result of lgissortion is listed in a matrix below in Figure ®reen represents pixels with the
least amount of shifting, while red representspixels that shifted the most.

86 | 66 [ -49 [ 35 | 23 | -4 [ 7 | 3 |4 |0 0o | 1| 3|7 [-14] 2335|496 |8

88 | 68 [ 51 | -36 | 25 | 15 -9 -4 -2 -1 0 -1 2 -4 -9 -5 | 25 | 36 | 51 | -68 | -88

93 | 73| 55|40 | 28|19 f-12| 7| 4| 22| 2|47 |-122|-19|-28(-40]=s55]|-73[-93

99 [ -79 | 61 | 46 | -34 | -24 | -16 | -11 -7 -6 5 -6 -7 A1 | <26 | -24 [ 34 | 46 | 61 | -79 | 99

<107 | 87 | 69 | 54 | 41 [ 31 | 23 | a7 | 43 [ -1 | 0 | 1 43 | 17 | 23 | 31 | -1 | 54 | -69 [ 87 |-107

118 | 98 | 80 | 64 | 51 [ 40 | 32 | 25 | 21 | -19 | 18 | 9 [ -1 | 25 | 32 [ 40 | 51 | 64 | -80 [ -98 | -118

ﬂ-in Aan | 93| 77 | 63 52 | 43| 36 | 32 29| 28| 29 32| 36 | 43| -52 (63| 77 | 93 [-am |31

145 | 125 | 107 | 92 | 78 [ 66 | 57 | 50 | -45 | 42 | 41 | 42 [ 45 | s0 | 57 | -66 [ -78 | 92 | -107 [ -125 | -145

16}

Figure 9 - Matrix of the Values of the pixel shiffue to distortion
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RESULTS OF STUDY

The figures below show plots of the measured distor The Y axis represents the linear distancéxal nas shifted relative to the
camera sensor, and the X axis shows the distaecgixhbl is from the center of the camera sensatabces are in pixels based of a
10 MP (3648 x 2736 pixel) image. Five differentddocal lengths that range from 28mm to 50mm, atata of 69 cameras were all
analyzed in this study. This criterion was usebdable to gain a broad range of how distortiofedifamong different cameras, how
the focal length affects the type and magnitudéhefdistortion, and how the distortion may be défe depending on the region of
the image itself.

Several interesting patterns emerge from thesehgrdgirst, the center of the image contains thetlamount of distortion, and as
distortion is measured away from the center thedien increases. In other words a straight liruld demonstrate no distortion, so
the curved lines show distortion more prevalentfénther away from the center that region is. Tihepe in these graphs also visually
demonstrates the type of distortion. Barrel digtartwhich in a sense expands the image, showgixieés moving closer to the center
when distorted, and hence the graphs that curvendavd are barrel distortions. In contrast as thevelbecomes more convex, it
demonstrates the pixels pinched at the center,haikicalled pin cushioning. In short, barrelingigibited more by the focal lengths
that are wide angle, while pin cushioning is exieithiby zoom focal lengths.
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Figure 10 —Graphs of distortion of varying focal lengths (eélmeras)

To see how the average distortion for each foaajtle compares, the graph in Figure 11 shows a#lflemgths together. A best fit
curve was used for each focal length, to obtaimwarage distortion. Each average has been repeeskate in a different color to
illustrate how distortion differs based on the 1deagth used.

Figure 11 —Graph of average distortion of the focal lengthisdll cameras

The graph in Figure 11 represents the averagertiisidor each specific focal length. An averageathf35 cameras for each focal
length was plotted, and then represented with therdocal lengths to get a generalized idea of Fasal length affects the amount
of lens distortion in the image. The wide angleafolength of 28mm, showed the most distortion, #md distortion was most
prevalent in the edges of the image. This may geifgtant since many investigator photos, or politetos that are later used in
photogrammetric process of accident reconstructéoa, often taken with wide angle focal lengths. Wide angle affords the
documentation of a wide field of view, allowing meoinformation to be obtained in one photographidegbhotographs often use
wide angle focal lengths to benefit from this larfeld of view. Using a wider field of view is piaularly useful, for instance, when
photographing objects up close such as damagevehiele. Focal lengths around 50mm tended to coriteé least amount of lens
distortion, though it was around this focal lengtiat many camera lenses began changing from bdigtrtion to pin cushion
distortion.
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EFFECT OF LENS DISTORTION IN REAL-WORLD MEASURMENTS

To evaluate how lens distortion might ultimatelayla role in accident reconstruction methods, aalided scene was created that
has a tire mark on a flat surface. This tire markepresentative of a yaw mark consistent withginlay accident. It has known
dimensions, curvature, length etc since it is a mater generated in a scaled computer environmers. dlso “photographed” or
rendered with an idealized computer camera so there distortion in the rendered image. While dealized scene may differ from
actual scene since it does not include featurds asicoadway pitch, roadway elevation and curvatheeaffect of lens distortion can
still be assessed.

Below, in Figure 12 is an idealized scene, witha foad, and a tire mark representative of a yaavkncommonly found on a
roadway involving an accident. On the right sidehaf image is the same tire mark and flat roadwad/\gewed from above. It is in
this view from above that measurements can be cardpa the location of the tire mark in its undiséal form and its distorted form.
Figure 12 shows on the left the idealized flat meay and tire mark rendered in the computer, antherright is the same roadway
and mark but viewed from above.

Figure 12 —Computer generated idealized tire mark

Using a Canon SLR EF 28-300mm f/3.5-5, which isidyf common digital SLR camera, the idealize images distorted according
to the distortion coefficients obtained from the Pdnhs Database. These coefficients are quantifietbllows” A= .013512, B= -

.044163, and C=.0.0. Shown in Figure 13 below,his tomparison of the results, viewed from abovehef tire mark in the

undistorted form, and the tire mark in the distdierm. The undistorted form of the tire mark ibéted and shown in black, with the
distorted mark shown in blue. The radius of the tirark from the undistorted image is 94.83’, whfile radius measured for the tire
mark after being distorted is 73.75". This is aret@i change in the curvature of 21.08'. Regardle#show this data is used, the
difference in shape, position, and measuremeriteofite mark can make a difference when using acticeconstruction methods. As
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an example, the critical speed formula was appliedemonstrate how a difference in the measurewifetite tire mark can make a
difference in the ending results of the accideabnstruction analysis.

Figure 13 —Comparison of tire marks from distorted and urwligtd images

The undistorted image yielded a circle with a radifi 94.83’ inches while the uncorrected imagedgdl a radius of 73.75’ inches.
To illustrate how the different measurements olet@ifirom uncorrected and corrected images can a#fespeed analysis; the
following critical speed formula was used [9]:

V., =,gxf xR ®3)

Whereg is gravity,f is the tire frictional coefficient anR is the radius of the path of the leading frorg.tiA typical tire frictional
coefficient of .75, for dry asphalt, was used iis #nalysis. The difference in radius yielded altdifference in the speed calculation
from 47.8 mph to 42.2 mph, a total difference @mph simply from the affects of lens distortion.dadition to creating differences
in speed analysis through critical speed formyta®togrammetric measurements of corrected imagesisa create differences in
where the location of the point of impact is, oe fwints of rest for a vehicle. The length of & tinark and its location to other
evidence can also be off, adding to potential erimiaccident reconstruction analysis.

CONCLUSIONS

The graphs shown in Figures 10 represent the adtstdrtion measured for each camera, and thougte stameras exhibit more
distortion than other the general pattern of dtitaris still present. The pattern also shows thistiortion is more apparent the farther
away from the center of the image. What makes gédbvidifference than what camera is used howevéhngifocal length at which the
image is taken. This is exhibited most clearly igufe 11, where averages for all the cameras areiqed for each specific focal
length measured. It is clear from these plots h&0 mm lens has the least distortion, and asdte fength decreases or increases
from a 50mm lens there is also an increase in iisto The amount of distortion in an image is dlguaot visually evident because
the distortion is continues across the image. thisrreason, correcting distortion may not be ndede all practices in analyzing
photographs, where precise location, scale or nmeasnts are not required. Objects that are straighe real world, such as a sign
pole, may appear curved in an image, offering tablé reference for distortion, but without suctreterence, it may be difficult to
visually recognize the distortion. However, wheis tlistortion is assessed for its impact on measents needed to perform accident
reconstruction calculations, the importance of ecting distortion becomes clear. One of the reasbas distortion may affect
measurements of evidence such as tire marks ligkeirprinciples that define perspective. Objectt #re farther away appear
smaller. Objects diminish according to inverse sguaws. This makes a tire mark which continuesettede in the distance of a
photograph, susceptible to the affects of a dirhinig perspective As a result the parts of the vk that are farther away are
represented with fewer pixels. Since fewer pixedfiret the object, even small changes in the sliiftixels can affect an overall
measurement or curvature for the tire mark. Phtatkan more parallel to the surface one is photdurgphas even more effect from
distortion than a photo taken more perpendiculahéosurface, such as satellite images, or aehniatiographs from aircraft. For this
reason, photographs taken from above, and that oftee of a top view than a perspective may haveimal effects from lens
distortion when performing photogrammetric measwets. However, photographs taken at eye levelicpdatly photos taken with
focal lengths that are wide angle or zoom, and rsasteptible to the effects of lens distortion $thdae corrected prior to any
photogrammetric analysis. Fortunately, some ofrtioee widely used image editing tools such as Pholp<S 5 package now have
built in lens correction modules that can be usgdebtering distortion coefficients (obtained mamwals described above, or
downloaded from sites listed in the references pldalish these coefficients). In addition, severapular photogrammetry software
programs such as Photomodeler also have toolsf@saing and correcting lens distortion.
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The analysis presented in this paper demonstrdtas @liminating distortion from an image improvdse taccuracy of the
photogrammetric methods. Further studies relatedthier sources of photogrammetric measurement arooid be useful to help
understand all errors associated with photogramogtocesses, but this is beyond the scope ofthidy. In the study reported here,
each camera exhibited a different amount of geameistortion and as Appendix A shows, the erraardes even depending on the
region that the distortion was measured. Hencéofathat influence the final measurements inclilgelocation of the point being
measured, the camera type used, and the focahlengt
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APPENDIX A (DISTORTION DISTANCE, PER CAMERA, PER FO CAL LENGTH)
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APPENDIX B (CORRECTION COEFFICIENT DATABASE)

#
[
!
!
" # $%!&
) "#
) "&
$
) . $&/ -0/1( 2/(.! 34

".0 556--1-/55(((1- 5555555
"65 55-7'22/552'01. 5555555
"66 55-(27-/556..16 5555555

"'5  555((66 /5 55-0." 5555555
"'( 555'-27 5556650 5555555

"( 5555555 5551076 5555555
".- 5555555 555015 5555555
"06 5555555 555.66. 5555555

— e S N N e

"-5

) ", $&62/05 6134
"62 55-(671/5572-' 5555555
"60 55-252-/55'22". 5555555
"'5  55-"2-/55-5(- 5555555
"'2  555(7/55-("75 5555555
"1 555-'1/5550026 5555555
"2' 5555555 55556" 5555555
"21 5555555 555-(-5 5555555
"(( 5555555 555'711 5555555
".2 5555555 555(010 5555555

— N S

"5
) ", $&621-5( 2134
" 62 55-06.' /5527622 5555555
" 61 55-5101/55622(2 5555555
" *( 5550-(6 /5557077 5555555
" (5 5556(56 555215' 5555555
" 05 5555555 5557.1( 5555555
" 11 5555555 555101- 5555555
“.5( 5555555 5557(71 5555555

—

"5
) ", $&61-5( '()2(134
) " 61 55-"5(/5570'5 5555555
) "( 555(.2'/55-600- 5555555
) " (5 5555555 555001- 5555555

Page 48 of 54

http://epaperpress.com/ptlens/

"61 5551512 /5550206 5555555

"22 5555555 55516.7 5555555

"01 5555555 555057( 5555555
"1( 5555555 5550611 5555555




) " 05 5555555 55-5112 5555555
) "-5( 5555555 55--027 5555555

"5
) ", $&61'55 '(/(.!34
) " 61 55-(-6/5522-" 5555555
) "( 5551122 /55-00'5 5555555
) " 25 5555555 55516.- 5555555
) " .5 5555555 55-657' 5555555
) " 05 5555555 55-6(-. 5555555
) "-5( 5555555 55575.( 5555555
) "-( 5555555 5551-7. 5555555
) "655 5555555 555000 5555555
) "'55 5555555 5551-00 5555555

"5
) ", $&61-( '((.! 34

) "61 55-(50/5526'52 5555555

) "'( 5557-./5565.62 5555555

) "2- 5555555 5552'7 5555555

) "( 5555555 5551-(0 5555555

) ".5 5555555 5551121 5555555
) "05 5555555 55570-7 5555555
) "1( 5555555 5557-7. 5555555

) "-55 5555555 5551(0. 5555555
) "0 5555555 55-570 5555555

) "-( 5555555 55-5(2. 5555555

' 8 7555
"221

)y
) " .6 5566227 /55(2115 5555555
) " 06 55-27'6/55'.22 5555555
) " 1-555."0/55-10.0 5555555
) " 7' 555(6.6/55-2.55 5555555
) "-51 555(.07 /5 5---1. 5555555
) "-61 5552076 /5552.05 5555555
) "-05 5555555 5552.0( 5555555
) "6-. 5555555 555'65" 5555555
) "26. 5555555 5556616 5555555
) ".05 5555555 555'1(7 5555555

) " -0 61/2$%#9

) "-0 55506. /5562(25 5555555
) "65 555.26-/556-(. 5555555

) "62 5551127/556'12' 5555555
) "61 5555555 /5552-(1 5555555
) "'( 5555555 /55560-( 5555555

) " -0/05 61/2(# 4
0 55-7511 /5521172 5555555
7 55-57'1/555(. 5555555

) "
) -

) "6' 55-5.'5/556.02. 5555555

) "6( 555-100/555(.0 5555555
) "'5 /555-122 555'7"- 5555555

) "25 /555605( 5551-5. 5555555
) "(" 5555555 555'(26 5555555
)

"05 5555555 5551(1 5555555

) " UGB 61$%#
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" -1 55--'../55'2'61 5555555

" 6- 555.-26 /5 5-025- 5555555

" 62 5552155/55-'(17 5555555

" 61 5555555 5555555 5555555
" '( 5555555 5556572 5555555
" 2' 5555555 5556101 5555555
" (5 5555555 555'56- 5555555

—

"
) U I

" -1 5566--5/55(52.6 5555555

" 6' 55-.(.(/556050 5555555
"'5 55--267/55-"(7 5555555
"'l 5555555 55-6'1. 5555555

" (- 5555555 55-'6.6 5555555
.0 5555555 55--0(1 5555555

" 10 5555555 55--551 5555555
"-57 5555555 55--2(5 5555555
"-6( 5555555 5557501 5555555

)
)
)
)
)
)
)
)
)

) " -1/655 (l.'#,

) " -1 5560(6-/55.622 5555555

) " 66 55-.-(2/556715. 5555555

) " 6. 55-2162/556(.17 5555555

) "'2 55--26-/55--02' 5555555

) " 2. 5555555 55-2"1 5555555

) " 01 5555555 5557.6- 5555555

) "-( 5555555 55-6(7- 5555555

) "655 5555555 5 5---" 5555555
"5

) " 61/05 61$%#9

) " 61 55-(515/55'.22. 5555555

) "5 55-615/5567(.5 5555555

) "'2 555-7.2/555'52 5555555

) " 25 555.61/5557(71 5555555

) " 2( 5552200 /555'(22 5555555

) " (5 5555555 555.(7( 5555555

) " .5 5555555 5550155 5555555

) " 05 5555555 5551.(. 5555555

" (
) " -1/655 (lL'% # !l #

) " -1 55-.25/5526-(0 5555555

) " 61 55-5.01/55-.026 5555555
) " ( 5557((1/55511. 5555555

) " (5 5555555 55---70 5555555
) " 06 5555555 55-5((6 5555555
) "-56 5555555 5550-.. 5555555
) "-( 5555555 555056. 5555555
) "-(5 5555555 555.001 5555555
) "655 5555555 555.5-. 5555555

"5
)y " 610( 61% #

) " 61 55-2.75/55'2002 5555555
) "'5 55-622-/556.770 5555555

) " ( 55577(1/55-1(00 5555555

) " (5 5555555 555(26- 5555555
) " .5 5555555 5550(65 5555555
) " 0( 5555555 5550%6- 5555555
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"5
) " 6B 61 #1&

) " 61 556571'/55(2027 5555555
) "'6 55-15-(/552610- 5555555
) " 55-5725/556'(65 5555555
) "'7 55-577'/55-.2- 5555555

) " 22 555027'/5550.5. 5555555
) ".' 55560(0 555.77( 5555555
) " 0( 5555555 55-6.( 5555555
) " 7' 5555555 55--(2. 5555555
) "-5( 5555555 55-6-21 5555555

" 11255
e g

) " .- 5555555/55-2761 5555555
) " 05 5555555/55--'0 5555555

) " 1- 5555555/5557-" 5555555

) "-55 5555555 /5 55.--( 5555555
) "-6' 5555555 /5552522 5555555
) "-(6 5555555 /555-66. 5555555
) "6-. 5555555 5555555 5555555

' . 1255
wig
" I$0(
) "50(
) "5
" .- 55-(55/55(0.27 5555555
" 0( 5557027 /5 5'705. 5555555
" 7' 5555555 /55-21(7 5555555
" - ( 5555555 /5 5--507 5 555555
"-26 5555555 /55501-0 5555555
" -0 ( 5555555 /5 55(76' 5555555
"6-. 5555555 /555'..0 5555555

~

—

) "< -0f( 61$#P&

) " -0 555(555 /5565555 5555555
) " 65 5555555 /555((55 5555555
) " 62 5555555 /555-555 5555555
) " 61 5555555 5555(55 5555555
) "*( 5555555 5556(55 5555555

) "< -0/(( 619 $#1& *&J #%

) " -0 5555555/555262 5555555
) " -7 5555555 /555(.05 5555555
) " 66 5555555/5555-21 5555555
) " 6. 5555555 5552206 5555555
) "5 5555555 555(.(0 5555555
) "'l 5555555 555061 5555555
) " (( 5555555 555(-2' 5555555

" (

Y "< AU (2 (# $HI&*&

) " -1 555(71- /5562111 5555555
) " 6- 555(52(/55-7(60 5555555
) " 6 555-267 /5557175 5555555
) " 6. 5555555 /555(575 5555555
) "5 5555555/555070 5555555
) " 5555555/55562'0 5555555
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)

— O — — —

)

— N S S

"
n (U9 $H*& #%
"1 555257/557-61 5555555
" 65 5552655 /55-1.6( 5555555
" 62 555--27/5551.(0 5555555
" 61 5555555/5 5552 5555555
" . 5555555 /555'..2 5555555
" ‘(5555555 /5 556'0- 5555555
" 2( 5555555 /5 55-.(( 5555555
" (( 5555555 /555-552 5555555

" (

"< 2105 (/2 (9 $HI& & #%
" -1 556'7.7/55.555- 5555555
" 66 55-.12(/551617 5555555
" 62 555(.2/5566570 5555555
" 60 555.16'/55-6('7 5555555
"'~ 555.6'1/5557'-( 5555555
"2 55522 /555252 5555555
"'l 55557.7 555-7'( 5555555
" 22 /555562. 5552-5( 5555555
" (5 55557(1 5556600 5555555
" (( /5555202 555(0.0 5555555
" .6 /5555(2. 555(062 5555555
" 05 5555526 555.'51 5555555

" (

"< 1655 (.9 $#I& & = #%
" -1 55-0(71/5527(.7 5555555

" 65 55-'12./55.612 5555555

" 6. 55-210./556'5'7 5555555
"2 5551.7/55506(1 5555555
"'l 5555555 55-6'561 5555555
" 22 5555555 55-6.(- 5555555
" (. 5555555 55-522 5555555

" .( 5555555 55--". 5555555

" 16 5555555 5557-0- 5555555
"_5( 5555555 55-5557 5555555
"-'5 5555555 555011' 5555555
"-05 5555555 555.215 5555555
"655 5555555 555(6'0 5555555

"5

"< B2/A( (12 (9 $#I& &)
" 62 556'7'7/55.-2.6 5555555
"' 55-'171/55-1'1( 5555555
" (6 5550-(5/5555(76 5555555
" 05 5550.7 5550002 5555555
" 1( 5552-6 5551755 5555555

1515

e
" 0- 55--16/55"'5-7 5555555
" 12 5550"2/55-06-. 5555555
"-50 555-610 5552067 5555555
"--7 555.-(0/555(.1 5555555
"-(1 555-650 555'66- 5555555
"65. 555'61. 555-2.. 5555555
"60- 555205-/555(..6 5555555
"'-7 /555(.'5 55-0.5- 5555555
"'(. 55-'51-/55-2107 5555555

" (55
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"212
)y

) " (0 5555555/55520'. /556(.'6

) " 0' 5555555/555-26'/55'6770

) " 1. 5555555/552'157 55.07'7

) "-55 5555555/55-5(1. 55557-7

) "--1 5555555/5550610 5556166
) "-61 5555555/5550(7 /5 5-2-50

) "-'2 5555555/55-(26. 5565655

) "-2( 5555555/55--'(6 556-1.

) "-(1 5555555/5555-11 /5 5-5(27

) "-17 5555555/5557657 55-"62

) "652 5555555 5555555 5555555
) "667 5555555 5555555 5555555

"65
Y "s #2020 (.
) "-25 55-(1.(/552(12. 5555555
) "-15 5555555 /55-6-" 5555555
) "6(5 5555555 /55501(6 5555555
) "'(5 5555555 /55561(5 5555555
) "2(5 5555555 /555-6" 5555555

"65
) "> #0202 61/ (
) "-25 55-7'6(/5 525572 5 555555
) "-75 55-5'0-/55-00'6 5555555
) "6(5 5556660 /555-0'1 5555555
) "'(5 5555555 5555555 5555555
) " (25 5555555 /555--50 5555555

"2

) " ?-42( 25 H@$#*

) " -. 55-62-/55(720 5555555

) " -1 5557761/55677'5 5555555

) " 65 555(002/55-.2-5 5555555

) " 6 55552(/55(-57 5555555

) " 6. 5555555 5555-70 5555555

) " 67 5555555 5556.0 5555555

) "'2 5555555 555'(5( 5555555

) " 25 5555555 555'611 5555555

) " 2( 5555555 555.66 5555555
?

) I VI (G ([

) " -1 5552(7'/556-551 5555555

) " 6- 5550-5/55-2.6( 5555555

) " 62 5555555 /5552-.. 5555555

) " " 5555555 5555(61 5555555

) " (( 5555555 555%-( 5555555

"1

) " -2' 55.521/5526(-5 5555555

) " -21 55-76'/55.652 5555555

) " -.5 55500./55-7.77 5555555

) " -01 555.-57/55-6.(2 5555555

) " -70 5550075 /55-2(65 5555555
) " 666 555.2./55570.7 5555555

) " 6.6 5555555 555'(.5 5555555
) " 610 5555555 555720 5555555
) " '6' 5555555 5551(6 5555555

) " (2 5555555 555((. 5555555
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"7 ( 5555555 555'-'( 5555555

" 271 5555555 5556(-' 5555555
" (0 5555555 5555(-5 5555555
0- ( 5555555 5555555 5555555

— — — —

161

wign
y "
) " 0- 55-157(/5521-.6 5555555
) "1- 55-2-'6/55'6762 5555555
) " 10 /5555..5/55562'1 5555555
) "-5./5552-.0 5551156 5555555
) "-66 555-'../555-2" 5555555
) "-2' 55551.7 5555.06 5555555
) "-0( /55-56.5 55-7'(- 5555555
) "65( 555621./555-.1( 5555555
) "6(( 55-.02./5561.66 5555555
) "67'/555110' 55-7.07 5555555
) ""2 /5555225 5557(2 5555555
) "250 55-5526/55-202 5555555
) "(-5 /555(01. 55-1116 5555555
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