Introduction

Tomographic imaging is a method of reconstructmgges from their projections. While
tomography is most frequently used in diagnostidigiee, it can also be used to capture
images. While a conventional digital camera useareay of sensor elements to measure the
brightness of each pixel, a tomographic digitalgera(or tomoscope) measures the brightnesses
of multiple sections, or slices, of the target #meh reconstructs an image using that data.
Purpose

The aim of the project, Digital Telescope Utiligifomography (DTUT), was to develop
a tomoscope as described above and test its atalitmage simple shapes and figures from a
distance.
Background and Rationale

The mathematics behind tomography originated feopaper by Radon in 1917 on how
to reconstruct a function from its projections. &gdtomography has many applications, such as
medical diagnosis, the mapping of underground mess imaging in the field of non-
destructive materials testing, and generating tbneensional models using electron microscopy
(Kak and Skaney, 1988). By far, the most commorliegipn of tomography is in medicine,
where it can be used to create models of interrgdrns without performing a dissection. It is
used in CAT (computed axial tomography) scans, NiRagnetic resonance imaging), PET
(positron emission tomography), and ultrasonograjatiiki, 2004).

While all of these use different forms of datawsdgion, they use the same tomographic
reconstruction techniques. The two most commongduschniques are filtered back projection
(FBP) and iterative reconstruction (IR) (Wiki, 2004BP uses the data to re-project each

projection back onto the image, whereas IR repgdtsction that makes the image look better.



Both methods are a compromise between image qaeldycomputation time. Neither is perfect,
but both can produce photographic quality images.

While tomography may be impractical for persorfadtographic uses, it may be feasible
for applications in fields such as astronomy.
Science Literature Used

In general, tomography refers to the collectiotechniques used to reconstruct an image
from a collection of projections (see Figure 1he Appendix) (Kak and Skaney, 1988). While
projections refer to the integral of a functioraaliven angle, the term is often used to describe a
broad range of information derived from emittedrggenteracting with a target (Kak and

Skaney, 1988). Kak and Skaney's Principles of Cderjaed Tomographic Imagingas used

by project members as a basis of the engineeridgraathematics, providing insight in design
and algebra; although project work was similar,litbek mostly provided background. Many

different types of physical phenomena have bedizediin tomography, such as visible light,
microwaves, x-rays, nuclear magnetic resonanceubirasound (Wiki, 2004).

Fundamentally, one source of inspiration for DTWds the process of “Computed Axial
Tomography” (CAT). Each scan was created througéries of two-dimensional back
projections taken around the object at multiplelesagCAT uses the Fourier slice theorem, also
known as the central project theorem. Basically,ttieorem proves that the Fourier transform,
which was the breakdown of a function into sinuspwdas also identical to the normal central
slice plane to the object (Hoffman). The image ddbkn be calculated from the projections.
Although the project looked at Fourier's method BB& as a guide, the techniques used were
different.

Another method that the team analyzed for theggtoyas X-ray crystallography. In X-

ray crystallography, an image was constructed ffglioes” of the actual object. X-rays are



directed at crystals (because crystals amplifyalition) and the diffraction patterns are
recorded and used to calculate the image (Rup@ Fblrier transform is again utilized to create
the image from the intensities of the diffractioH®wever, as mentioned, the team decided to
forgo the conversion of the method to code and usstdad the alternative method detailed.

M ethodology

The tomoscope consisted of a mechanical compormehtaasoftware component. The
mechanical component collected data while the soBwcomponent reconstructed an image
from the data. Through the course of two montremyrdata samples and pictures, four of which
used the final methodology and are displayed inAppendix, were collected. They were all
performed at night, approximately one to two hoafter sunset outside. The images produced
were thirty two by thirty two pixels and had 258ars in grayscale.

The Mechanical Components of the Tomoscope

The function of the mechanical component of theadscope was to collect data that
indicated the brightnesses of different sliceshs target. It consisted of three parts: a target
which was going to be imaged, a spool unit whicld fiee light sensor, and a rotating disk which
limited the view to a single slice.

The targets consisted of large pieces of cardbwérdvarious shapes and figures cut out
of them. The holes were covered with sketching papediffuse the light. The target being
sampled was then mounted between two hurdles defetnn front of a car. The car headlights
illuminated the shapes and figures from behindatang a target to be imaged.

The spool unit functioned to allow the sensoreégobsitioned correctly. The spool was a
ten inch radius cable spool with holes drilled s &xtreme of the radius to mount the sensor

(see Figure 2). The spool rested on a mount whiad suspended by platform which could be



moved up and down. The spool was arranged so hiatdnter was at the same height as the
target and the sensor was pointed towards it.

The sensor consisted of a PVC pipe painted blaitk & electronic sensing element
attached to one end. This made the sensor's fieletw limited so that some of the background
light could not be detected. The sensor elemento@asected to a circuit board which recorded
its output onto a memory card.

The spool was rotated to put the the sensor attywene different positions. The sensor
was kept at each position for approximately thsgconds so that many samples of each slice
could be averaged to reduce noise. The rotatiriglidmsted the sensors view to a single slice at a
time.

The rotating disk consisted of two semicirculaegais of foam board with a gap in
between, spun by a stepper motor (see Figure Badttwo hundred steps per revolution and
rotated at a rate of two revolutions per seconce $tepper motor sent a signal to the circuit
board identifying every time it took a step so tthet angle of the slice for each sample could be
later calculated. The disk was placed in betweersgiool unit and the target, approximately ten
feet from the spool unit.

The result of these combined parts was that tmsoseelement would record many
samples of the brightnesses of each of the 38@drelift slices at each position (see Figure 4).
The Software Components of DTUT

The components are listed in the order that tha deeds through them and was
processed to create the final image. Once the mexdigart of data collection was completed,
the raw data was processed. The “raw data proCessatrolled the data recording on the circuit
board through a PIC processor. “Data analyzer” waen implemented to package the

information outputted from the “raw data processmto data structure easily accessed by



subsequent programs. The analyzer outputted theaga@ brightness of each slice in each
position. The “center of brightness locator” idéetl the position of the target. Next, “slice
reconstruction” was employed, which processed thgtipn of the target and the brightness of
each slice. The output of “slice reconstruction”svthe portion of each pixel covered by each
slice, then followed by the brightness of that esli€MatrixSolve” and “Iterative Gradient
Method Image Generator” processed the output afé'skconstruction” and produced an image,
using an algebraic reconstruction method whichtécethe data as a system of linear equations.
Both methods of image reconstruction utilized anacpssed the system of linear equations in
different ways. Ultimately, the raw data, provideg the mechanical data collection, was
processed into an algebraic system of linear egumtand solved for the best solution of the
system.
Raw Data Processor

A program on the PIC processor in the circuitrythe mechanical component recorded
the raw data file. For each data sample, the @lgained sixteen bits. The sixteen bits contained
the outputs of the light sensor, the motor driagd the "good data" switch. The output from the
light sensor was simply the amount of light hittitige sensor element. The motor driver data
indicated when the stepper motor took a step. duteut of the "good data" switch simply
indicated whether the switch was pressed at the tifthat sample, which identified the sample
as valid or invalid. Invalid data was data collectehen the sensor was being moved from one
position to the next. Valid data was data that g@sag be used in the calculations.
Data Analyzer

The function of the data analyzer was to processraw data so that it could easily

accessed by other programs. It read in a raw datarfd outputted a processed data file.



The analyzer averaged the brightness data for aagle within each valid position. It
used the output data from the motor to calculateehvangle each brightness data corresponded
to. It used the output data from the switch toidgtish different positions and identify valid
data.

Center of Brightness L ocater

The function of the center program was to alloes tiser to visually identify the position
of the target in each position and insert this thi data file. It was necessary to know the angle
of the target in each position in order to recardtian image. The position of the target was
approximated by having the user identify the cenfethe brightness curve for each position.
The center program read in a processed data fileatputted another processed data file.

The program displayed the averaged brightnessfdatach position on the screen. The
user then moved a cursor to select where the cehtBe bump in the data corresponding to the
target was. At this stage, the user could also @hoo delete data which looked inconsistent.
Slice Reconstruction

In order to translate the data acquired to theakgos needed to perform the
aforementioned matrix operations, it was necedsanave an intermediate program to  create
the equations. This intermediate program involvieel determination of the fraction of each
pixel, the weight, covered by any slice. The weight a given slice, multiplied by their
brightnesses add up to the brightness of the stimeexample, an image cut at 45 degrees would
have largely zeros for areas cut on the fringes) amly the pixels on the center diagonal having
large fractions, but all set equal to a relatiiahge brightness:

0*py + 0*pe... 23/81*@ogt11/81R10...0*P1024= 89

where p was the brightness of the nth pixel.



The matrix program took in all the equations getaetand used them in its calculations
to create the image.

The program read in the brightness of the sliceaah angle in that the slit that sweeps
over increments of 360/1902. It used this data Withgiven position of the image to determine
the area covered by the slit of each individuakpiXhe method used was an approximation-
each pixel was represented by eighty one dots.pfbgram checked to see how many dots are
contained within the two lines of the slit, recarglithe number out of eighty one as the area
covered.

To visualize this method, consider Figure 4 indbpendix.

The resulting data, the amount of each pixel caveaad the brightness of the
corresponding slice were outputted into a file.r&xéous information such as slices where no
pixel was enclosed, was removed from the file.

Matrix Solve

The MatrixSolve program was written to accomplidie tlast phase of the data
manipulation—using the output of the Slicer progitansolve for the optimal value of brightness
for each of the 1024 pixels.

The core of this final program involved the leagtrares solution method of linear
algebra whereby a matrix equation A*x=b that possdso solution was transformed into the
system A'*x=b’ that was guaranteed to possess ieoisitthat are optimal to the original system.
A=A ™*A and b’= A™b. This method was very similar to creating aroeffunction and then
setting the gradient vector components of the fandb 0 to find the solution that minimizes the
error function.

From then on the program first transformed a matixtaining the equations into

reduced-row echelon form and then checked to deterrwhether the array was singular,



indeterminate, or determinate. The array never suagular, while if it was indeterminate, the
program prompted the user to input seed(s) thatgivié all the variables a definite value. After
the seeds were set, the program reran througtetheed-row echelon process during which, to
reduce computational errors and prevent solutiolnegfrom exploding in magnitude, the
program “purified” unconditionally all insignificarvalues to zero at the end of each while loop
the value was less than a predefined error limit.

The variable error was set optimally between® 26d 10°°, and could changed to be
dynamically decreased/increased during each progsere. Then, the program normalized the
solutions from zero to a specified number.

Finally the image was reevaluated through two pattanging the contrast of the image,
and setting a filter to eliminate most backgrountses. When the program terminated, a file of
the image values was created. Although this progcatoulated the numerical values of the
results for verification, graphic results were afea from the next program.

Iterative Gradient Method I mage Gener ator

The function of the gradient program was to getleesa image from the complete data
using an iterative method. It was similar to thehmod developed by Kaczmarz for finding the
best solution to a system of equations and sirtel&tewton’s method for finding the roots of an
equation. It read in a complete data file and ottigpluian image file.

The gradient method generator used vector caltalaalculate how each pixel's
brightness should be changed to create an imagétththe data better. The error was defined to
be the sum of the squares of the differences dbtiglitness of each slice computed using the
current image and recorded in the data file. Thereould expressed as a function of the
brightnesses of each of the pixels in terms ohtleasured brightnesses of each slice and the

weights of each pixel in each slice. If the err@svie, the brightness of the ith pixel waslipe



weight of the ith pixel in the jth slice was;whe measured brightness of the jth slice waariul
n was the number of pixels then the error functian written as:

Epo P Pz Pr) = Zi(hy - Zi(wi*py)?

By treating the error as a function of the brigis® of each pixel, an n+1 dimensional
surface could created. Each point on the surfacesgonds to a unique image. It can easily be
shown that this surface was concave upwards ay @e@nt in its domain, which implies that the
error has an absolute minimum.

Since the gradient vectdr,of the curve at a given point points in the digat of greatest
increase of the value of the function, the vectmniing opposite the gradient vector points in
the direction of greatest decrease. It could bevalthat the component of the gradient vector
parallel to g, f,c, was given by:

fpc = g_E: 'Z*ZJ (Wcj*( bj - Zi(Wij*pj)))
Pc

Therefore, by subtracting a sufficiently short wedhat points in the same direction of
the gradient, the point would move towards a minmmarror. This corresponded to an image
that would fit the data better after each itergtenmd theoretically resemble the target more.
Results

The numerical results produced from the Gradieogm@am revealed that the program was
working satisfactorily as the errors appeared tdatiewing steadily for the first few thousand
cycles until the rate of decease asymptotically@gghed zero and the actual error approached
the unknown minimum error. The data produced byMagrixSolve program were extremely
large for unclear reasons. What was curious wasptienomenon of increasing error with
decreasing answer range. When the Matrix Solveranagvas fed more data than the minimal

needed to gain accuracy, the errors steadily isectavhile the range of the answers lowered to



[-20, +30] from an original [-6000000, +7000000Yhat was more interesting was the fact that
the maximal and minimal values were always appraxaéty equal in magnitude and that the
Gradient program actually produced similar resutigially when ran long enough, but
restrictions were added to the program forcing @alid remain non-negative.

The visual results were overall somewhat unsatisfg (compare the digital photographs
of the target with the actual results in the appendhe images lacked clarity and crispness.
Refer to the Analysis Section for a detailed exateom and Appendix for the pictures.

Analysis

Upon observation of the reconstruction of the nigla, it was evident that the
reconstruction was significantly similar to thedrpicture of the triangle (see Figures 5 and 6).
The true representation of the triangle had neamijorm brightness covering the center of the
object, while two of the three corners of the tglenwere dim. A streak of enhanced brightness
also marked the right side of the triangle (witthe already bright portion). The reconstruction
reflected this distinction. The bottom right cornas well as the top corner of the reconstruction,
was significantly darker than its surroundings. s such close resemblance, the
reconstruction did not produce straight edges, thedreconstructed triangle possessed some
aberrations, such as the strings of brightness isggnspewing from its left and bottom side.

The true picture of the nested box had uniforrgtidness for the bottom three-quarters of
the image (see Figures 7 and 8). The top quartersigamificantly dimmer than its counterpatrt.
The reconstruction seemed to be subject to a ggnif amount of background noise, as the
picture was adulterated with random streaks of hitnigss. The reconstruction seemed to
resemble the brighter portion loosely, yet the upgienmer portion was seemingly omitted from
the reconstruction. The reconstruction did not appe have uniform brightness; differing levels

of brightness were evident. Furthermore, edges wapparently not straight in the



reconstruction, a distinction necessary for theirdisishing characteristic of a box. The two
significant bright (lower) portions were dividech (the reconstruction) by a sort of partition,
which resembled the actual image that was recartsttuThe data collection device could have
lacked the sensitivity necessary to generate edgesactual light emitted could have been too
dim as well.

The reconstruction of the array of boxes borehsligsemblance to the true picture of the
boxes (see Figures 9 and 10). The reconstructegeiantly resembled the shape of boxes. The
second row of boxes seemed to be present in tlomseaction. However, the true picture had
uniform brightness within all the boxes; this esgewas not evident in the reconstructed image.
The leftmost column of boxes appeared the brighteite reconstruction. The first row did not
appear to be any sort of collection of boxes. Tp@nsng string phenomena were evident in the
reconstruction (as in the triangle, previously dpté’erhaps the data collection mechanism did
not have such sensitivity as to distinguish betweierent distinct "boxes" of brightness; the
reconstruction appeared as one large strand ditbeags.

The "smiley" image represented two circular regiabove a curved region (see Figures
11 and 12). The curved region was considerablyhbeigthan the two circular regions that rested
above it. The curved region was uniformly brighkcept for the rightmost corner, which
appeared slightly fainter. Such a distinction waspldyed in the reconstructed image, as the
rightmost curved portion appeared darker thanatsmterpart. The curved shape in particular of
the reconstruction was remarkably similar to thathe true image; when plotted against each
other, the shapes followed a tight correlatibhe reconstructed image never generated the two
dimmer, circular regions above the curved regidre @ata collection device may not have been

sensitive enough to collect such a faint light seuFurthermore, the circular regions could have



been too insignificant in size for detection by theta collection mechanism. The emission of
light from the circular region could have been tigkdy too dim for detection.

All images were subject to background noise, dised in mechanics (data collection
process). Aberrations may be generally attributeldaickground noise, along with the inevitable
error encountered with the manual selection of ‘thrgghtest slice”, designated in the data
processing program, as well as in all software.

Error Analysisin Software

The center of brightness identified by the user malyhave been the actual center of
brightness of a given position. Also, the centefsboghtness for each position were not
guaranteed to represent the actual center of Imegton the image. This was because the slices
are not quite parallel. This would have causedctideulations that involved the position of the
image to be off and caused the equation set thanat reflected the original image.

One possible area of error lied within the sliceaacalculation program. The program
utilized a simple approximation of the area covesé@ach pixel by a slice by using dots. The
accuracy of the calculation would increase expaalytby each expansion of the dot square.
However, the base number of dots used in the @lonk was eighty one for the sake of speed
of calculations. Therefore, the error could be mized by the increase of the number of dots
used in the calculation, resulting in a better agjpnation.

Errors could have also arisen from the MatrixSgiwegram, stemming from the huge
number of computation involved. Although the pragrased long eighty bit precision, several
billion flops (computations) was enough to skew amswers up to a considerable degree. The
main problems lied in the fact that the program d@se in essentially one large chunk, and was
not recursive to any degree—thus, the errors tetmladcumulate all through program execution

until the very end, while in a recursive algorithime error was made specifically to degree with



each program loop. Part of the error resulted ftoenfact that tiny abscess values grew from the
accumulation of error during primarily the numeraisgsion operations done. These tiny values
eventually causes all other values to explode igmtade once they are the divisor, thus a
purifying subroutine was added to check for andremirthese values. However, the lost
significant digits generally added up enough todpicee an error on the order of 10000-20000.
(NOTE: because of the large error produced, thigiam was not used to produce any actual
pictures and still remains in the formulation/rémmsstage. The results were often too random to
produce a coherent or decent image.)

In the iteration grapher, after any number ofatiens, the error will not be have reached
the minimum value. The error approached it as theetfon was iterated, but it would never
reach it. The quality of the picture was limited the amount of processing power and time
available. Futhermore, there was no guaranteeahatver error corresponds to an image that
resembles the target more. Smaller numbers oftibasatended to produce blurry pictures, but
many iterations produced artifacts (anomalies @ithage created by small discrepancies in the
data).

Error Analysisof the Mechanical Components

The inaccuracies in the data due to mechanica¢sswere a major contributor to error in
the results. The most significant source of err@swhe background noise present in the
brightness data. The presence of inconsistentresdiss light at the site of image capturing made
the data not correspond entirely to the target. $hasor element also had noise in its
measurements which were inherent to the type o$aerwhich would similarly make the

brightness data not correspond to the target.



Other error could have come from misalignmentthié sensor tube was not aimed
directly at the target or was not at the correditpmn, the sensor's field of view may not have
included the entire target. This would make thedhtt correspond to the target.

Further error came from people uninvolved in tkpegiment inadvertently passing in
between the sensor and the target. This disruptedadta collection process and skewed the data
by preventing the sensor from collecting light.

Conclusion

This projects has produced images which resemhketbargets, but suffered from several
significant sources of error. The images assematedn the right direction toward the path to
perfecting this tomoscopic method, but fell shdrperfection in their lack of crispness, solidity,
and resemblance to the ideal images. The mechammchkoftware errors had accumulated to
thwart this project from achieving more accuratutes.

Several questions remained to be answered fronexténded project. When the Matrix
Solve program was originally applied to artificialireated data of a big square, it produced a
solution with a smaller error than the algorithnogass, but nevertheless, the final image did not
look like a square at all--in actuality, the imageembled a diamond with the four corners of the
image dim and center bright—an anomaly repeatecefirdata as well. Another question lied in
that when MatrixSolve used more data from the @ilathe error actually increased while the
range of data decreased to a more satisfactory l&xether puzzle arose from the fact that the
MatrixSolve output had a smaller error but stilledanot resemble the actual image unlike the
Gradient program. This puzzle may have been at&ibto the seemingly chaotic fluctuations of
the solution matrix as the final programs pushaser to the theoretical ideal solution.

Future work that could done to extend the resafitthe project including improving the

mechanical aspects. One improvement that coulddmens to improve the light sensor’s using a



more sophisticated sensor or to cool the lightaeteusing dry ice or liquid nitrogen so that the
thermal radiation from the environment does natistthe data. Also, blue, green, and red filters
could be placed on the light collectors so thatttiree separate data in hues of blue, green, and
red could collected and ultimately integrated teate a full-color picture.

Finally, to make this method actually feasible distant, faint stellar objects, it would be
necessary to position the rotating slit very fanirthe light collector. To accomplish, optimally
a geostationary satellite would be used. The resfuthis addition would ideally create a high
resolution high contrast picture of an astronomialy like Jupiter.

The software changes that should be implementeé vexisions of the algorithm and
MatrixSolve programs to allow for less errors (@grh through artificial data types with extra
precision) and for more efficiency as the time reekfbr computation was still proportional to n
cubed where n was the total number of pixels--thes1000 by 1000 picture would take over a
billion times longer than the 32 by 32 picture.

More work was being done to investigate the additad Filtered Back Projection
through Fast Fourier Transforms for better digsighal processing to eliminate the background
noise, which received up to 90% of the strengththef actual object in the raw data. More
research could be committed on digital processpudi@ations like image compression.

As the mechanical component of the tomoscope fometl properly and created
distinctively recognizable objects, the project destrated that it was possible in practice to

construct a working tomoscopic mechanism with thiaided methods.



Appendix
Note: All source codefor the software can befound at http://moonraker.Ocatch.com

Below are two scans from Principles of ComputeriZedhographic Imagingnd two sketches

of the mechanical devices used. TN

Figure 1: Image of Projections
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Figure 3: Representation of slices
over an image composed of pixels.




Pictures on the left are photographs of the agit@ections, while the generated image is on the

right. Note: The generated images have been tbtateng the image capturing process.

Figures5and 6
Triangle Image

Figures7 and 8
Nested Boxes

Figures9 and 10
Array of Boxes

Figures11 and 12
Smiley
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