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ABSTRACT 

Computed tomography for nondestmctive evaluation applications has been 

limited by system cost, resolution, and time requirements for three-dimensional data sets. 

FlashCT (Flat panel Amorphous Silicon High resolution Computed Tomography) is a 

system developed at Los Alamos National Laboratory to address these three problems. 

Developed around a flat panel amorphous silicon detector array, FlashCT is suitable for 

high energy x-ray and neutron computed tomography at 127 micron resolution. For 

objects smaller than 8 inches in any dimension, the system is capable of generating 360 

views to create a high resolution three-dimensional tomographic dataset in less than 40 

minutes, many times faster than with conventional linear detector array systems. Overall 

system size is small, allowing rapid transportation to a variety of radiographic sources. 

During system development, issues including integration time adjustment, exposure 

monitoring, and detector flaw correction were addressed to provide high quality output 

images suitable for later reconstmction into two- or three-dimensional density maps. 

System control software was developed in Lab VIEW for Windows NT to allow 

multithreading of data acquisition, data correction, and staging motor control. The 

system control software simplifies data collection and allows fiilly automated control of 

the data acquisition process, leading toward remote or unattended operation. The custom 

data processing software provides a simple graphical interface to control the calibration, 

filtering, and reconstmction of the acquired data. 
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CHAPTER I 

INTRODUCTION TO THREE-DIMENSIONAL 

COMPUTED TOMOGRAPHY 

Computed tomography is a significant extension to conventional radiography, and 

has provided many new opportunities for nondestmctive evaluation ofthe internal 

stmcture of objects. The mathematics behind computed tomography has been well 

developed, and systems for two-dimensional tomographic reconstmctions are widely 

available. Many industrial applications, however, require three-dimensional data sets, 

and conventional computed tomography systems are not well suited to this task. 

1.1 Computed Tomography B ackground 

Conventional x-ray and neutron radiography has been used for many decades to 

provide intemal object information for medical and industrial applications. 

Unfortunately, conventional radiography provides only projections ofthe intemal object 

information, not information at a particular point inside the object. An x-radiograph, for 

instance, will show intemal density information along projected lines through the object, 

causing separate features to be overlaid upon each other in the resulting image. 

Determining the density of a particular point in a non-uniform object from a single x-

radiograph is impossible. 

To solve this problem, tomographic techniques were developed to combine 

information from radiographic projections taken at different angles to produce a detailed 

map ofthe intemal properties ofthe object. In recent years, systems for acquiring and 

processing this data have been developed and are in regular use in medical and industrial 

applications. The term "computed tomography," or CT, refers to the use of a computer to 

combine the projection data into a complete map. 

Typical CT systems employ a linear array of detectors to measure the projection 

information through a single plane ofthe object. The source and detectors are rotated 

with respect to the object being imaged, providing projection information at many angles. 



This projection data is processed by the computer to produce a two-dimensional map of 

the intemal properties ofthe object. 

Medical x-ray computed tomography systems, sometimes referred to as computer 

aided tomographic (CAT) scanners, have been in use for many years. These systems 

have been used to provide detailed stmcture information about the brain and heart. 

Recently, industrial applications of x-ray computed tomography have become more 

common. Defect detection and tolerance measurements with CT systems have expanded 

the possibilities for manufacturing automation. Complex castings can be reliably 

examined even after final assembly. 

Many industrial applications, however, require three-dimensional information 

about the object being examined. With a three dimensional data set, information about 

every point in the object volume can be determined. The data can be digitally "sliced" 

along planes at any angle to reveal information. Boundaries of similar properties can be 

highlighted to show contours in three dimensions. 

1.2 Computed Tomography Theory 

The mathematical background behind computed tomography begins by modeling 

the data collection process itself Using this model, a mathematical relation between the 

collection data and the desired output map can be developed, and finally a 

computationally reasonable relationship is determined. 

1.2.1 The Radon Transform 

Projection information from x-ray and neutron (transmission) sources can be 

modeled using the Radon transform.^ The Radon transform describes a series of line 

integrals through the object to form projections. This is physically equivalent to a set of 

parallel rays projecting from a source through the object and being detected by a linear 

array of detectors. The Radon transform is expressed mathematically as 

00 00 

n{i) = Wix^y)}= \ jf{x,y^{xcosQ +ysinO -t)dxdy. (1.1) 



Graphically, equation 1.1 can be illustrated as in Figure 1.1. The projection PQO) 

can be seen as the sum ofthe object properties (physically, the density or neutron 

absorption) along each ray. This is represented by the arc along line t. To fiirther 

illustrate the Radon transform, a simulated projection set is shown in Figure 1.2. 

Figure 1.1. Graphical Illustration ofthe Radon Transform. 

Figure 1.2. Example ofthe Radon Transform. 



1.2.2 The Fourier Slice Theorem 

The Fourier Slice Theorem states that the one-dimensional Fourier transform of a 

projection forms a slice through the two-dimensional Fourier transform ofthe 

reconstmcted image at the same angle the projection was generated and crossing through 

the origin. Taking the Fourier transform of a projection at angle 0, 

sM=[^PAty'"'°'dt, (12) 

results in a line through the two-dimensional Fourier transform ofthe reconstmction area, 

f(x,y) which is the quantity to be determined. 

5e (w) = F(w,e ) = F(WCOS0 , wsinO ) (1.3) 

Once the values of F(u,v) have been determined, the two-dimensional inverse 

Fourier transform of F(u,v) can be taken to determine the object function,/(^x,> /̂ 

00 00 

(1.4) 

An example of this process is illustrated in Figure 1.3, where the Fourier 

transform ofthe projections from Figure 1.2 are shown as well as their placement as a 

line in the two-dimensional Fourier Transform ofthe object function. 

Figure 1.3. Example ofthe Fourier Slice Theorem. 



1.2.3 Filtered Backprojection 

The problem with the Fourier* Slice Theorem is that, in practice, it is difficult to 

compute. The low-frequency area ofthe object function in the frequency domain 

becomes very saturated with information, while the high-frequency data is very sparse. In 

a finite-precision calculation, much information would be lost in the low-frequency 

portion. In addition, this method requires taking the Fourier transform of every 

projection, then taking the inverse Fourier transform ofthe entire reconstmction image. 

This is a very computationally intensive process, so it is useful to rearrange the Fourier 

Slice Theorem into a more convenient form. This form is called Filtered Backprojection, 

and is expressed as 

fi^^y)=[\[je{^W^d^ dO (1.5) 

Equation 1.5 shows that the object funcXion, f(x,y), can be determined by 

multiplying the Fourier transform ofthe projection data, SQ(W), by a frequency domain 

filter, |w|. This filter is simply the absolute value ofthe frequency, so it is a linear high-

pass filter. The inverse Fourier transform ofthe filtered data is taken, and this is summed 

through the reconstmction area at the angle it was taken. Essentially, this method has 

two stages: high-pass filtering and backprojection. The high-pass filtering, frequently 

referred to as the RAM-LAK filter, need not be performed in the frequency domain, but 

can be performed by convolving the spatial domain projection data with the impulse 

response ofthe RAM-LAK filter. 
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Figure 1.4. Graphical illustration ofthe RAM-LAK filtering process. 



The backprojection process is a simple summing ofthe filtered data through the 

reconstmction area along the angle the projection was measured. Some number of 

projections taken at regular angles between 0 to 180 degrees must be available for the 

process to work correctly. An illustration of this process is shown in Figure 1.5. 

1 view 36 views 72 views 

..ifc" 

108 views 144 views 180 views 

Figure 1.5. Illustration ofthe backprojection process with 180 projections. 

1.3 Three-dimensional versus Two-dimensional CT 

The mathematics described thus far explains the process of reconstmcting two-

dimensional maps ofthe intemal stmcture of objects. Most equipment designed for CT 

will produce only two-dimensional images (Figure 1.6). This is adequate for most 

medical applications and many industrial applications,^ but many new industrial 

applications require three-dimensional maps to follow the complex shapes of parts and 

castings. Three-dimensional datasets allow the user to view the object in a variety of 

ways, including exposing slices through the object at any angle or producing computer 

models of objects for manufacturing or measurement."^ Exposed slices represent the 

density or absorption values at the exposed points, not projections as would be measured 



in conventional radiography, and an example of this technique can be seen on the left 

hand side of Figure 1.7. Tolerances along complex surfaces can be measured and 

compared with known values to determine quality of castings. Objects in sealed 

containers can be identified for proper waste disposal, whereas two-dimensional cross-

sections may be difficult to interpret. Also, points of similar properties can be 

highlighted, revealing the contours of any specific material inside the volume. This 

technique can be seen in the right hand image of Figure 1.7. In this image, only areas 

with densities of steel or copper are highlighted, showing the copper windings and steel 

shaft, screws, and bearing. 

Figure 1.6. Two-dimensional industrial inspection of a casting. 

Figure 1.7. Three-dimensional data for a stepper motor. 



1.4 Methods of Acquiring Three-dimensional CT Data 

Three-dimensional CT datasets have been created using traditional two-

dimensional instruments for many years. A series of two-dimensional maps can be 

stacked together to form a single three-dimensional map. The same object can be 

scanned at different levels to create the layers ofthe three-dimensional map. This 

method yields very high quality results, and is the method used to create the dataset in 

Figure 1.7. 

In contrast to the one-dimensional detector arrays employed by traditional CT 

systems (Figure 1.8), newer systems are employing two-dimensional area detectors. The 

first attempts at area detectors came in the form of charge coupled device (CCD) cameras 

aimed at a sheet of scintillator material—a material which fluoresces in the presence of 

x-rays or neutrons (Figure 1.9). These systems use a turning mirror to keep the camera 

out ofthe beam path, as CCD cameras are very susceptible to damage by x-rays and 

neutrons. 

Source Object Collimator Detector 

L 1 '^ 

Figure 1.8. Linear detector array with parallel sources. 

Scintillator 

Source 

smeiamg 
rotation 

CCD Camera 

Figure 1.9. Area detector system employing a CCD camera and tuming mirror. 



The motivation behind using two-dimensional area detectors is clear: one-

dimensional linear detector arrays require a great deal of time to create a three-

dimensional dataset. Several minutes are required for data acquisition for each planar 

reconstmction, so many hours may be required for a complete three-dimensional dataset. 

Linear detector arrays typically include collimators to reject scattered energy. The use of 

coUimation increases the signal-to-noise ratio of these detectors, making them 

indispensable for precise property measurements. 

Area detectors are capable of acquiring data very rapidly, since all planes are 

viewed simultaneously. CCD camera based area detector systems have several 

limitations, however. They are difficult to align and calibrate (although not as difficult as 

a collimated linear array) and they require extensive shielding to protect the camera 

during high-energy measurements. Also, since a relatively small amount ofthe light 

energy from the scintillator screen reaches the CCD array, these systems require 

extremely long integration times, often many minutes. 

Clearly an area detector is desired for three-dimensional datasets, but without the 

limitations of CCD camera based systems. An area detector system with a good signal to 

noise ratio, high resolution, and capable of being used at high energies would meet many 

ofthe criteria for a three-dimensional data acquisition system. 

1.5 An Overview of FlashCT 

FlashCT (Flat panel Amorphous Silicon High-resolution Computed Tomography) 

is a computed tomography system developed at Los Alamos National Laboratory to 

acquire industrial three-dimensional datasets rapidly and precisely (Figure 1.10). It 

employs an amorphous silicon (A-Si) detector array having 127 micron pixel resolution. 

The remainder of this document will outline the development and operation of FlashCT. 



Figure 1.10. The FlashCT system. 
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CHAPTER II 

SYSTEM HARDWARE 

The FlashCT hardware was designed to be simple and efficient, allowing the 

system to be inexpensive and reliable. The detector and staging system are connected to 

the controlling computer through a series of long cables, allowing the controlling 

computer to be located in a safe area while CT scans are in progress. Through these 

cables, the controlling computer can adjust the position ofthe sample in three axes, adjust 

the integration time ofthe detector, and acquire image data from the detector. Unlike 

linear detector arrays and CCD camera based systems, FlashCT requires only minimal 

calibration before use. 

FlashCT is based around an area detector, similar to the CCD camera based 

systems, but unlike the CCD camera systems, the detector is in contact with the 

scintillator sheet (Figure 2.1). In this arrangement, and assuming parallel rays, there is a 

one to one correspondence with the size ofthe image on the scintillator and the size of 

the image on the detector. Also, almost 50% ofthe light energy from the scintillator 

reaches the detector. 

The object being imaged is moved by a staging system mounted in front ofthe 

detector. The staging system has three axes of motion, two linear stages to align the 

object into the detector area remotely, and one rotational stage which rotates the object 

with respect to the source and detector in order to generate the CT dataset. 

The entire system is controlled by a remotely located computer running the data 

acquisition software. This computer controls the detector array, generates the integration 

time control signals, and sends commands to the staging system. It is important to note 

that since the FlashCT system does not interface with the radiation source in any way, 

making the system independent ofthe source used, the system has no direct information 

conceming source parameters. 

11 
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Figure 2.1. FlashCT operation diagram. 
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The detector used for FlashCT is the dpiX Flashscan 20 amorphous silicon 

imaging array (Figure 2.2). The 195 millimeter by 244 millimeter (7.68 inch by 9.60 

inch) array is composed of 2.9 million pixels, each 127 microns square. The scintillator 

is contained between the aluminum casing and the silicon surface, and is replaceable. For 

x-radiography, Kodak Lanex Fine scintillator screens are typically employed. For 

neutron radiography, neutron scintillators are available. Radiation incident on the 

scintillator will cause it to illuminate, and the light photons will be detected by 

photodiodes in each detector pixel. When light is present and the imager is integrating, 

the photodiodes will allow charge to accumulate. 

The amorphous silicon detector is ideal for radiography since it is, by nature, 

unharmed by high-energy radiation sources, unlike other microelectronics produced on 

crystalline silicon. The only shielding required is around the edge ofthe detector, where 

conventional charge amplifiers and analog to digital converters may be harmed by 

prolonged exposure to radiation. The detector itself may be placed directly in the beam 

path without the need for tuming mirrors. 

The imaging array is controlled by circuitry mounted on the side ofthe unit that 

operates in two modes. The first mode is the integration mode. In this mode, incident 

light causes charge to accumulate in the charge amplifiers for each pixel. When the 

integration time has expired, the control circuitry will shift to the read/reset mode, where 

12 



the values for each pixel are read by a 12 bit analog to digital converter, and the charge 

amplifiers are reset. This operation requires 1.5 seconds for the Flashscan 20. The 

timing of these modes is controlled by trigger pulses. On each rising edge ofthe trigger, 

the imager will first read and clear all the pixels, and then begin integrating. Integration 

will end on the next rising edge ofthe trigger, when the cycle is repeated. 

The imager connects to the control computer with a 36 pin digital interface. 

When the computer requests an image from the detector, the first trigger pulse after the 

request will begin to read and clear the pixels, and the image data is transferred to the 

computer as it is read from the array. The image retumed will result from the integration 

period occurring during the request from the computer. 

Trigger pulses can be generated by one of two methods. The first is to use the 

intemal oscillator ofthe Flashscan 20. A switch on the side ofthe imager allows 

selection of this intemal integration time mode. A twelve position rotary switch then 

controls an oscillator that generates trigger pulses at regular intervals. The other mode is 

to use an extemal trigger source. A BNC connector on the side ofthe imager allows 5 

volt trigger signals to be generated extemally for finer control ofthe integration time. In 

either mode, the integration time is the time between pulses minus the 1.5 seconds 

required for the read/clear cycle. 

FlashCT has also been designed to work with the newer Flashscan 30 from dpiX, 

The Flashscan 30 is very similar to the Flashscan 20, except that it uses a larger imaging 

array: 7.4 million pixels arranged in a 282 millimeter by 406 millimeter (12 inch by 16 

inch) array. ̂  Each pixel in the Flashscan 30 is 127 microns square, as they are in the 

Flashscan 20. Control ofthe Flashscan 30 is nearly identical to that of its predecessor, 

with the exception that the read/clear cycle requires 3.3 seconds instead of the 1.5 

seconds required in the Flashscan 20. 

13 



Figure 2.2. Flashscan 20 amorphous silicon detector. 

2.2 Integration Timing 

The pulses triggering the read/clear cycle and, consequently, the length ofthe 

integration period can be produced intemally by the detector. However, it is desired to 

have the integration time controlled by the computer. The detector is equipped with an 

extemal triggering connector which will accept TTL level inputs when the 

"Intemal/Extemal" switch is set to extemal triggering. In theory, an extemal pulse 

generator could be attached to this connector to provide pulses spaced by any duration to 

achieve the desired integration time. 

The first problem to be addressed in this scenario is the electrical interface to the 

detector's trigger input. While the actual circuitry inside the detector is unknown, some 

measurements ofthe impedance were made and a model was derived which represents 

the effective circuitry inside the detector. Figure 2.3 shows the derived model for the 

detector circuitry as well as the circuit constmcted to interface with the detector. When 

the selector switch is set to extemal triggering, there is little problem constmcting a 

circuit to interface with the 8000 ohm impedance. However, if the switch is ever 

inadvertently pressed while the extemal triggering system is connected, the output ofthe 

intemal oscillator would be directly connected to the output ofthe triggering system. 

14 



Therefore, the triggering system includes a 200 ohm resistor in line to limit the current in 

the event that the two outputs were connected together. 

The integration timing circuitry inside the detector responds to rising edges, and is 

therefore very sensitive to noise induced in the cable between the computer and the 

detector. X-ray machine power supplies produce a great deal of electromagnetic 

interference when they are activated or deactivated, but the transients they produce are 

very short. A 0.1 microfarad capacitor placed at the detector end ofthe transmission line 

reduces the noise presented to the detector. This noise is especially troublesome since it 

aggravates a documented error the dpiX detectors have in their timing logic. 

Integration 
Timing Pulse 
Generator 

Intemal 
Oscillator 
output X 

© 1 

74241 Line 
Driver 
output 

dpiX imago- equivalent 
input circuit 

Intemal/Extemal 
Switch 

Coaxial 
Cable 

Equivalent 
Load 

Figure 2.3. Integration timing schematic. 

The normal pattem of a trigger pulse causing a read/clear operation followed by 

integration until the next trigger pulse takes a minimum of 1.5 seconds for the Flashscan 

20 (3.3 seconds for the Flashscan 30). This minimum is determined by the read/clear 

operation itself, with no time allowed for integration. The intemal timing ofthe detector 

will not permit pulses to be produced closer together than this minimum. However, if 

extemal timing is used, it is very easy to produce pulses that are separated by less than 

this minimum time. In this case, the read/clear operation is prematurely intermpted by 

another trigger pulse. Once this occurs, the timing system becomes unpredictable and 

requires several regularly spaced trigger pulses to retrieve an image, even after the 

current image has been retumed. Normal operation cannot be restored until the detector 

is powered off and on again. For this reason, no two pulses can ever be separated by less 
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than 1.5 seconds (or 3.3 seconds for the Flashscan 30). Noise may trigger the detector 

prematurely and cause the detector to cease to function correctly, and it must not be 

permitted. 

The intemal integration timing produces a pulse train with a fixed duration 

between pulses which is determined by the rotary switch. One possible scheme for 

extemal triggering is to duplicate this pattem and generate a continuous pulse train 

asynchronous with the image request. The disadvantage to such a scheme is that the 

detector returns the image ofthe last integration period on the next pulse after the image 

request. In order to ensure an image is acquired only after the image request from the 

computer, the computer would have to wait at least one integration period before 

requesting the image. The result of this is that for long integration times, the computer 

may have to wait for as much as twice the integration time before an image is available. 

For short integration times, this would not be a problem. However, for integration times 

of 10 seconds or more, doubling the acquisition time is unacceptable. Therefore, a 

synchronous scheme for image acquisition is required. 

Another problem with the detector is that the read/clear cycle does not completely 

clear the array if the pixels have become saturated. Dark leakage current will cause 

pixels to saturate after several minutes even if no x-rays are present. It is important, 

therefore, to continuously cycle the detector even when the computer does not request 

images. The resulting scheme has a fairly complex timing diagram, shown in Figure 2.4. 

When no image is requested, the computer generates trigger pulses at two second 

intervals to prevent imager saturation. When an image is required, the computer first 

discontinues the asynchronous two second pulse train, as in marker A of Figure 2.4. The 

computer waits two seconds to prevent sending a pulse too soon after the last one, and 

therefore preventing the unstable condition in the detector. At marker B, the computer 

sends a pulse to begin the read/clear cycle in the detector. As the read/clear cycle ends, 

the computer will send the request for an image to the detector, as shown in marker C. 

The computer will then wait the desired integration time and send a second trigger pulse 

at marker D. The detector will begin the read/clear cycle and send the image data to the 
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computer. At marker E, the computer has the complete image and then waits two 

seconds before initiating the two second pulse train again. 

Integration Time 
Control Signal 

Imaging Board 
Activity 

Image lequest 
from computer 

5 volts " r 

0 volts 

Read/Clear 

Integrate 

Imager cleared 
Image read and 
transferred 

D E 

Figure 2.4. Timing diagram for image acquisition. 

2.3 Motion Staging 

The object to be examined is moved into position and rotated using a set of 

computer controlled stepper motors driving a positioning stage. The system has three 

axes of motion: Y, Z, and 0 (Figure 2.5). The Y and Z stages are used to manually 

position the object in the detector field of view before beginning a scan, and are not 

automatically controlled by the software. The 0 stage is the rotational stage used to move 

the object to the precise projection angles during the scan. The Y and Z linear stages are 

worm drive type stages, with a motion of 1 inch for every ten revolutions. The 0 stage is 

a rotational stage with a gear reduction of 180 to 1. The stepper motors have 5,000 steps 

per revolution, so the 0 stage can be incremented in increments of 0.0004 degrees. 

Control signals from the computer are transmitted on 25 pin RS-252 cables to the motor 

drivers, which in turn operate the stepper motors. 

The 0 stage has a lathe chuck fixture for holding objects during scanning. This 

fixture allows the object to be centered on the axis of rotation. More importantly, it 

ensures objects are held securely during the scan. 
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The staging system is constmcted using commercially available components and 

can be modified for different applications. The current system employs Compumotor 

motor drivers and Daedel stages. 
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Y axis control 
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Figure 2.5. Staging system diagram. 

2.4 Control Computer 

The control computer is an Intel compatible workstation with a PCI bus miming 

Microsoft Windows NT 4.0. In the current configuration, the computer has two 400 

megahertz Intel Pentium II processors, 500 megabytes of random access memory, and 

two 9 gigabyte SCSI hard disks. For portability, the computer has an NEC flat panel 

display instead of a conventional monitor. The computer controls the staging and 

integration timing, as well as processing and storing the incoming data from the detector 

(Figure 2.6). 

The computer houses three interface cards to control the extemal hardware. To 

communicate with the detector, a Bitflow Roadmnner PCI digital image capture card is 

present. For motion control, a GaUl 8030 ISA three-axis controller is used. Finally, for 

integration timing, a National Instmments PC-TIO-10 ISA timer board is used. 
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Control Computer 

Detector 

Figure 2.6. Control computer interconnection diagram. 
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CHAPTER III 

DATA ACQUISITION SYSTEM SOFTWARE 

The data acquisition control computer discussed in the previous chapter mns 

software specifically written for FlashCT (Figure 3.1). This software, referred to as the 

"FlashCT- Data Acquisition System," controls the hardware during setup, calibration, 

and scanning. The primary fiinction ofthe Data Acquisition System (DAS) is to automate 

the process of collecting tomographic datasets. Once the scan parameters have been 

entered, it will rotate the object and collect radiographic images at the desired angles. It 

saves these datasets in a specific format for later processing and reconstmction by the 

Data Processing System software. 

The DAS software was written to allow long term flexibility with regard to the 

hardware used, while still offering high performance and ease of use. The goal ofthe 

user interface was to allow new users to become proficient with the system after only a 

few hours of training, and to simplify complex operations for experienced users. 

;> I lash CI Data Acquisition System 

Staging Control 

11^ , , , torn" 
3eg 0.0 ISaO 360 G 

Reset 
Theta 

o 

mm' '00 0 a o 

"•idbic o'o 

AngJes 

1180 degrees 

1000 

roao 
;.B.OO 

SeietZ 

o 
Tea) f t 

%;NotAPalh> 

Open Data Diectay 

Set Configuabon 

Sf.f Oak .'•'•=i;S 

;-j.v4 Li-ill Fieid 

HadMaie 

FL^^H er 
v 

0 20 40 SO 80 100 120 140 160 1 a) 200 2:'0 240 ^ 2 8 0 3 ( » ^ ^ 34C 3Hi 

Fubdeen 
CO 300 400 60.0 800 1000 

Si!<jrt Fi wt«, End^Fwie CuiertFiam^ 

t o J ;353^^ •" iO ~'^ 

Zoom ^•' 

SetDoppmgj 

•'.if' 

Figure 3.1. FlashCT-Data Acquisition System user interface. 
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3.1 Development Svstem 

FlashCT-DAS was written using National Instruments Lab VIEW version 5.0. 

The choice of a high-level interpreted language such as Lab VIEW as the development 

system remains one ofthe unique features of FlashCT. Previous CT systems at Los 

Alamos, and almost all commercially available CT systems, use more conventional, 

lower level programming languages such as C for the development ofthe control 

software. The desire in the design of FlashCT was to avoid creation of a monolithic 

piece of software compatible with only one set of hardware and difficult to modify for 

fiiture uses. Lab VIEW was chosen to meet several requirements of FlashCT: flexibility, 

high performance, an intuitive user interface, and rapid development. 

Lab VIEW has become a standard development platform for a variety of signal 

processing and data acquisition systems. Many manufacturers of data acquisition 

hardware fiimish Lab VIEW drivers with their products, eliminating the necessity for 

writing custom drivers for every new piece of equipment. In the case of FlashCT, 

Lab VIEW drivers exist (in one form or another) for the amorphous silicon imager, the 

Galil motion controller, and the National Instruments timer card. The use of drivers as 

opposed to writing specific commands directly into the software provides a level of 

abstraction between the main program and the hardware. New hardware can often be 

substituted for the existing hardware simply by changing the driver in the program. The 

wide availability of Lab VIEW drivers makes this feature practical. 

Lab VIEW is an interpreted programming language, which means that every 

Lab VIEW instruction is evaluated and converted into machine code while the program is 

running, as opposed to a compiled language such as C, where all the program instructions 

are converted into machine code in advance. Typically, interpreted languages perform 

more slowly than compiled languages, and a direct comparison of LabVIEW to C would 

show that LabVIEW does not perform as well as a compiled C program. However, for 

data acquisition, the complexity of writing a streamlined, multi-threaded C program 

limits development to a few very skilled individuals. LabVIEW's data-dependant 

programming language, G, is inherently multi-threaded, and will take advantage of 

multiple processors whenever possible. This allows even very simple LabVIEW 
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programs to take fiill advantage of multiprocessor systems. In practice, LabVIEW 

programs can stream data through memory and to the disk drive very efficiently, and can 

match the performance of compiled C programs for many operations. For those 

operations where a compiled language would offer better results, compiled Pascal code 

was written and linked into the LabVIEW program. 

LabVIEW includes user interface (UI) creation as an integral part of program 

development, and provides many powerfiil graphical controls for UI development. The 

UI development is an ongoing process, and minor changes to the UI can be made very 

rapidly. Many requests from users of FlashCT can be accommodated in a reasonable 

fashion without rewriting major portions ofthe software. The graphical nature ofthe UI 

conforms to many standards already familiar to users, so new user training time is greatly 

reduced. 

LabVIEW provides many powerfiil fimctions specifically designed for data 

acquisition and processing, so development time is reduced. Further, these fimctions 

have been thoroughly tested by National Instruments, so using these fimctions can reduce 

the amount of code that must be debugged in the event of an error. Code re-use can 

greatly contribute to soflware stability and shorten the development process. LabVIEW's 

inherent modularity also aids in integrating components written by different developers, 

as was done with FlashCT-DAS. 

3.2 FlashCT Unified Directory Structure 

FlashCT-DAS is one part ofthe FlashCT software system; FlashCT-Data 

Processing System (FlashCT-DPS) is the other part. The two pieces of software 

exchange data in the form ofthe FlashCT Unified Directory Structure (UDS). The UDS 

was designed for use by the DAS, the DPS, and fiiture computed tomography systems. 

The standard has options for expansion, and great care was taken to include all 

information required by this and fiiture systems. 

The UDS format specifies that all data for a particular scan should be contained in 

a single directory bearing the name ofthe dataset. The names and formats ofthe files 

within that directory are specified in the UDS guidelines. The files the UDS can contain 
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include header files, calibration files, raw data files, sinogram files, center of mass files, 

and reconstructed image files. 

The header file for the data set is named by using the data set name followed by 

the extension .hdr (i.e., TestObject.hdr.) The header file is a text file containing data 

fields separated by linefeeds. Currently, 38 data fields are specified, but fiiture fields can 

be added as required without disturbing the order ofthe original fields. The exact fields 

and specifications are listed in Table 3.1. 

Table 3.1. UDS Header file format. 
Line 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 

Name 
NDate 
Date 
Nname 
Name 
Nlocation 
Location 
Nodesc 
Object Desc. 
Nsdesc 
Source Desc. 
Nddesc 
Detector Desc. 
Ncomment 
Comment 
Source type 
Dhorizmm 
D horiz pix. 
Overt mm 
D vert pix 
Pix horiz mm 
Pix vert mm 
I horiz pix 
I vert pix 
Shofifmm 
S voffmm 
SO dist mm 
SDdistmm 
ID HOffset 
ID VOffset 
StartX 
EndX 
StartY 
EndY 
StartZ 
EndZ 
StartTheta 
EndTheta 
NumFrames 

Type 
Integer 
String 
Integer 
String 
Integer 
String 
Integer 
String 
Integer 
String 
Integer 
String 
Integer 
String 
Digit 
Float 
Integer 
Float 
Integer 
Float 
Float 
Integer 
Integer 
Float 
Float 
Float 
Float 
Integer 
Integer 
Float 
Float 
Float 
Float 
Float 
Float 
Float 
Float 
Integer 

Description 
Number of characters in the date string 
Date of data collection 
Number of characters in the Name string 
Name of person or team collecting data 
Number of characters in the Location string 
Location of data collection 
Number of characters in the Object Desc string 
Description of object imaged 
Number of characters in the Source Desc string 
Description of source 
Number of characters in the Detector Desc string 
Description of detector 
Number of characters in the Comment string 
General cormnent 
0=Fan, l=Parallel, 2=Cone 
Detector horizontal dimension in mm 
Detector horizontal dimension in pixels 
Detector vertical dimension in mm 
Detector vertical dimension in pixels 
Horizontal dimension of a single pixel in mm 
Vertical dimension of a single pixel in mm 
Image (after cropping) horizontal dimension in pixels 
Image (after cropping) vertical dimension in pixels 
Source horizontal offeet fix)m image center in mm (right positive) 
Source vertical offset from image center in mm (up positive) 
Source to object center distance in mm 
Source to detector distance in mm 
Image to detector horizontal offset in pixels (upper left comer to upper left comer) 
Image to detector vertical offeet in pixels (upper left comer to upper left comer) 
CT Scan starting x dimension (mm) 
CT Scan ending x dimension (mm) 
CT Scan starting y dimension (mm) 
CT Scan ending y dimension (mm) 
CT Scan starting z dimension (mm) 
CT Scan ending z dimension (nun) 
CT scan starting theta dimension (degrees) 
CT Scan ending theta dimension (degrees) 
Number of frames in the CT scan 

Calibration files are used to correct for pixel to pixel differences in the detector. 

They are radiographs taken with the object removed from the field of view, and they 

range from completely dark images where an image is taken with no exposing radiation, 

to light fields where an image is taken with fiill exposure. 100 calibration files can be 
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saved from fiill dark to fiill light fields. A dark field (no radiation) would be saved with a 

filename consisting ofthe data set name followed by the extension .cOO (the extension 

indicates the amount of irradiation, cOO being dark, c99 being light). Similarly, a light 

field (fiill illumination) calibration file would be saved with the name ofthe file set 

followed by .c99. Extension numbers in-between indicate varying levels of irradiation 

The .c## extension indicates the file is a fiill, raw calibration file from the entire detector. 

Corresponding .fM files are also saved by the DAS, and they are ofthe same format as 

the raw calibration fields, except that they have been cropped to the same dimensions as 

the image data, and they have had bad pixels replaced by the median ofthe adjacent 

pixels. 

Raw data files are created by the DAS during a scan of an object. Each file is a 

radiograph ofthe object taken at a different angle and stored as a raw integer data file. 

The dimensions ofthe raw data file can be found in the header file. The raw data files 

consist of data from the imager which has not been altered, except to crop it to the 

specified image size and correct damaged pixels. Each pixel is stored as a 16 bit integer, 

even though the dipX imager returns only 12 bits per pixel. The image data files are 

stored in the data directory with the file set name followed by 6 digits indicating the file 

number and the extension ".raw". For example, "TestObject000023.raw" would be the 

23'̂ ^ data file in the TestObject data set. 

Sinogram files are intermediate files produced by the Data Processing System 

program. One sinogram file can be produced for every row ofthe raw image area, and 

they are filtered data that has been prepared for backprojection. Sinogram files are stored 

as raw floating point data with 32 bits per pixel, and they are named with the name ofthe 

dataset followed by a six digit row number, and the extension ".sin". For example, 

"TestObjectOOOOlS.sin" would be the filtered and calibrated sinogram produced for the 

15*̂  row ofthe TestObject data set. 

Center of mass files are intermediate files created by the Data Processing System 

before it filters sinogram data. The files contain integers for each row ofthe unfiltered 

sinogram to indicate the center of mass determined for that row. This data is later used to 

center the dataset's center of rotation into the center ofthe images, as will be explained in 
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the next chapter. Center of mass files are named with the name ofthe dataset followed 

by a six digit number corresponding to the row ofthe sinogram and followed by the 

extension ".mc". For example, "TestObjectOOOOlS.mc" would be the center of mass file 

produced for the 15* row ofthe TestObject data set. 

The reconstructed files are the image files resulting from reconstructing the 

sinogram data. Each reconstructed file corresponds to a single sinogram and, 

correspondingly, a single a horizontal plane ofthe dataset. The reconstructed files are 

named with the name ofthe dataset followed by a six digit row number and the extension 

".rec". For example, "TestObjectOOOOlS.rec" would be the reconstructed file produced 

for the 15 row of the TestObject data set. 

3.3 Image Acquisition 

One ofthe primary fimctions ofthe Data Acquisition System is to acquire images 

from the dpiX detector array. Image acquisition is complicated by the problem of 

integration timing, as is described in Section 2.2. The integration timing and image 

request pattem must be followed closely while simultaneously 5.8 million bytes of data 

are transported from the detector, processed, and saved to the hard disk. This ticklish 

task is handled in LabVIEW by the use of an unusual data construct. 

LabVIEW is optimized for rapid transport of large quantities of data from one 

device to another. For example, a typical task is to stream data from an analog to digital 

converter to the hard disk. In the case ofthe DAS, this is not entirely the case. The data 

must be processed and evaluated before being saved to disk, and even after it is saved to 

disk a copy ofthe data must remain in memory to be displayed. A typical way to store 

data in LabVIEW is to use a global variable. Unfortunately, LabVIEW makes a new 

copy ofthe data in a global variable every time that variable is read by another process. 

Since the image may be viewed by as many as ten processes, the memory requirements 

just for holding an image become almost 60 megabytes. In actual practice, many other 

routines view the image variable, and nearly 200 megabytes would be required for a 

single 5.9 megabyte image. 
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To solve this problem, DAS makes use of a little-known, but supported, data type 

known as an "uninitialized shift register." An uninitialized shift register is created by 

making a "while" loop construct that executes only once. The while loop contains a 

single shift register, which is normally used to store data from one iteration ofthe loop to 

the next. In this case, the register is not initialized, and since the loop only executes once, 

the register will always contain the data from the last time the fiinction was executed. 

Inside the while loop, a case construct allows the action taken on the data to be 

determined by an input string. The entire fiinction takes on the appearance of an object 

oriented data construct in the sense that it both contains the data and a series of fimctions, 

or methods, that can be applied to the data. An example of an uninitialized shift register 

is shown in Figure 3.2. The default action by the fiinction is the "store" operation, where 

the data in the shift register (left downward facing arrow) is simply passed back into the 

shift register (right upward facing arrow) and therefore stored until the next execution of 

the fiinction. If the "Initialize" fiinction is selected when the fiinction is executed, the 

shift register is initialized with a zero. If the "New" fimction is selected, the data in the 

Input variable is routed to the shift register and replaces the previous contents. If the 

"Addl" fiinction is selected, the current contents ofthe shift register are incremented by 

one. 
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Figure 3.2. Example of an uninitialized shift register. 
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Another benefit of using uninitialized shift registers is that it prevents other parts 

ofthe program from interacting directly with hardware devices that can respond to only 

one fiinction at a time, such as the detector array. The fiinction responsible for data 

acquisition and image processing hides a great deal of complexity from calling routines. 

When the program requires a new image from the detector, it needs only call the "dpiX" 

subroutine with the "Grab Image" command and supplying the desired integration time 

for the image. The subroutine will execute the required steps to generate the correct 

pulse train, and the image will be retumed to the calling routine. If, after an image has 

been captured, another fimction requires a copy of that image, it can call the "dpiX" 

subroutine with the "Retum" fiinction specified, and the last image captured will be 

retumed to the calling routine. 

The actual process of moving the data from the detector into the program is 

accomplished using a fimction call into a dynamic link library (DLL) written by dpiX. 

The DLL interfaces with the Bitflow Roadmnner driver and retrieves the data from the 

imager when it is available. In order to command the detector to integrate and produce 

an image, the National Instmments timer board must generate the integration timing 

pulses. Commands to the PC-TIO-10 are handled by the standard National Instruments 

driver, which interfaced seamlessly with LabVIEW. The entire process of acquiring 

images is shown in Figure 3.3. In frame 0, the two-second pulse train is stopped by 

sending a command to the timer board. Frame 1 causes the program to wait for the 

duration of a single read/clear cycle plus half a second. This prevents two pulses from 

being sent closer than the duration of a read/clear cycle and causing the detector to 

become unstable. Frame 2 sends a pulse to the detector to begin the read/clear cycle that 

will then be followed by the integration period. A signal is also sent to another channel 

ofthe timer board that illuminates a lamp during the integration time. This pulse, which 

will last for the entire integration period, is delayed by the time ofthe read/clear cycle to 

illuminate the lamp when the integration cycle begins. Frame 3 delays execution for 10 

milliseconds so the pulse generation command in frame 4 will not conflict with the pulse 

generation command in frame 2. Frame 4 commands the timer board to send a second 

pulse to the detector after the desired integration time plus the time required for the 
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read/clear cycle has elapsed. This event will occur asynchronous to program execution, 

so the timer board begins to count the time until the second pulse, while program 

execution proceeds to frame 5. In frame 5, program execution is paused for 1 second to 

ensure the detector does not retum the frame it is currently reading, but rather the frame 

after the desired integration time. After the second has elapsed, frame 6 calls the dpiX 

DLL to request a frame from the imager. Program execution will halt until this frame is 

retumed, which will begin to occur as soon as the timer board sends the second pulse 

requested in frame 4. After the frame is retumed, frame 7 restarts the two-second pulse 

train. 
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Figure 3.3. Image acquisition and integration time sequence. 
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3.4 Image Processing 

The data acquisition system software performs mdimentary image processing on 

the incoming image data in order to make the data comply with the directory 

specifications. As the image data is received, the entire image is first rotated to match the 

current orientation ofthe detector, which is selectable in the hardware configuration of 

the DAS. The image is then cropped to the area the user selected before beginning the 

scan. Bad pixels are replaced with the mean ofthe good adjacent pixels, and the data is 

written to the hard disk. 

One ofthe guiding concepts in designing the DAS was that it should perform only 

mdimentary image processing. The goal was to produce a system that would only gather 

data, not alter it in any way. To this end, the most rigorous image processing performed 

by the DAS is the correction of bad pixels. This process may seem to change the raw 

data coming from the detector, but on closer inspection one finds that this process only 

removes data which is known to be invalid. If the process by which the pixels are 

corrected is later deemed unacceptable, sufficient data exists to relocate the bad pixels 

and apply a different technique. 

3.4.1 Rotating 

The dpiX detector may be oriented in any orthogonal position, and the current 

mounting angle is entered into the DAS hardware configuration. The DAS soflware uses 

this information to rotate the incoming data to ensure the object is oriented correcfly on 

the display and in the saved files. This procedure is not merely for aesthetic purposes, 

but is required for correct reconstmctions. The reconstmction software assumes the axis 

of rotation for the object is always vertical, and the system will not work if the data is 

sideways. 

Rotation of arrays is typically a processor intensive process, as every array 

element must be read and replaced into its correct location. For a 5.6 megabyte array 

(14.1 megabyte array for the Flashscan 30), this is no small task, and Lab VIEW'S 

interpreted character is not well suited for it. Instead, this routine was written in Borland 

Delphi version 2.0, and it was compiled into a dynamic link library that could be called 
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from within LabVIEW. This allows LabVIEW to include the compiled code into the 

image processing thread while other processing is taking place in other threads. Array 

rotation for a 5.6 megabyte array requires less than 0.1 seconds. 

3.4.2 Cropping 

Before the scan begins, the user must select a region ofthe detector that will be 

saved as the dataset. The goal in selecting such a crop region is to reduce the size ofthe 

stored data, and to place the center of rotation near the center ofthe image. It is almost 

impossible to exactly place the center of rotation in the center ofthe crop area, but as 

long as the object remains within the field of view as it rotates, the Data Processing 

System can re-center the image. Once a crop area has been defined, as each image is 

retrieved from the detector and rotated, the image is cropped to that area. This process is 

relatively simple, and is accomplished using standard LabVIEW array processing 

routines. 

3.4.3 Bad Pixel Correction 

Before a scan can begin, the user must take two calibration fields to characterize 

the detector. The calibration fields are referred to as the light and dark fields, since they 

are produced by removing the object from the field of view and taking two images, one at 

normal exposure (the light field) and one with no radiation (the dark field). It is 

important to note that both fields are taken with the same integration time, so the 

cumulative noise in the detector is constant in both images. Only the radiographic source 

(x-ray machine or neutron source) is adjusted. 

If a pixel value does not vary by more than 25% between the light field and the 

dark field, the pixel is considered to be "bad". Data from such pixels is to be replaced by 

the mean ofthe surrounding good pixels. At the start of a scan, the Hght and dark fields 

are compared, and a list of bad pixels is created. Also, the light and dark fields are 

cropped and their bad pixels fixed, and these corrected calibration files are written to the 

hard drive in accordance with the Unified Data Stmcture (Section 3.2). As each image is 

captured from the detector, the bad pixels are replaced with the mean ofthe good 
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adjacent pixels. This process is relatively computationally intensive, and again was 

written in Borland Delphi 2.0 and included in the same dynamic link library as the other 

image processing fimctions. 

3.5 Motion Control 

One ofthe other main fimctions ofthe data acquisition system is that of 

controlling the staging motors. Motor control, as other aspects ofthe program, is 

modularized to ensure reliable execution and device independence. A separate program 

thread watches a series of global variables indicating the desired position ofthe stage (in 

degrees or millimeters). If any other miming process changes the global variables, the 

thread initiates a move to the new location. When the location is reached, the thread 

sends a notification to the thread that requested the move alerting it that the move is 

complete. This interlocking action ensures that processing can occur while the motors 

are in motion, but processes can still be synchronized to the motor movement. For 

instance, as soon as an image is taken from the detector, the new angle is entered into the 

global variable corresponding to the 0 axis. The motion control thread converts the angle 

to the correct number of steps for the stepper motor and sends a command to the Galil 

motion control board. Simultaneously, the image processing routines are rotating, 

cropping, pixel correcting, and saving the current image. The image routine will then 

wait until it receives notification from the motion control thread that the motor is in 

position, at which time it will begin the process of integration for a new image. At all 

stages, global flag to abort the motion and current scan can be set by clicking an abort 

button on the display. 

3.6 Exposure Control 

High-energy X-ray machines and neutron sources are notoriously unreliable, 

especially for long duration operation. When the machines are not arcing intemally, they 

are going out of focus or the current is wandering out ofthe acceptable range. For 

computed tomography, each frame does not need to have exactly the same exposure, but 

each frame should be acceptably exposed. An acceptable exposure is one where no part 
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ofthe image is either saturated or underexposed. To make the data acquisition process 

more tolerant to source problems, a control was added to the side ofthe display to allow 

the user to define acceptable upper and lower boundaries for the exposure (Figure 3.4). 

40% " 

3000 ^ 

2000 ^ 

M 
1000 i 

0 ^ 

!983 

Figure 3.4. Exposure boundary control. 

An image's exposure is determined by the mean ofthe pixels in the leftmost 

column ofthe cropped image. The reasoning for this measurement is that if the image is 

cropped correctly, the object should never intersect with the leftmost column. Therefore, 

the leftmost column should be a direct measure ofthe source intensity. The user control 

indicates the current level ofthe leftmost colunm (the meter reads from the top, since an 

unexposed pixel would have a value of 4095 and a saturated pixel would have a value of 

0). The user can adjust the two arrows on the right side ofthe control to indicate the 

maximum and minimum allowable exposure levels for an image. As long as the 

exposure falls between the limits, the image is processed and saved normally. If, for any 

reason, the exposure falls outside these limits, the image is discarded and a new image is 

taken. This will repeat until the source is retumed to the desired settings, or the limits are 

adjusted to allow greater source deviation. 
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CHAPTER IV 

DATA PROCESSING SYSTEM SOFTWARE 

Once a dataset has been generated by the Data Acquisition System, it must be 

processed and reconstmcted into a three-dimensional property map ofthe object under 

investigation. The software written to handle viewing, filtering, and backprojection of 

the data is called the FlashCT-Data Processing System (DPS). Unlike many CT systems 

that use the same software for data collection and reconstmction, FlashCT has been 

designed with separate software for these two tasks. Since data collection with FlashCT 

is many times faster than data reconstmction, it is likely that several computers may be 

required to do data processing and reconstmction for every computer collecting data. 

Also, data processing tends to be an interactive task with the user, and often only 

selective portions ofthe data will be reconstmcted, or preliminary slices ofthe volume 

will be reconstmcted to determine data acquisition quality. 

Another advantage to having separate software for image processing and 

reconstmction is that fiiture data acquisition systems need only write data which 

conforms to the Unified Directory Stmcture and the DPS is already available to 

reconstmct the images. This allows new systems to be developed without the necessity 

of rewriting reconstmction soflware. 

The DPS soflware was written to provide the user with an intuitive user interface 

in order to reduce new user training time and to allow greater flexibility with data 

manipulation (Figure 4.1). The interface walks the user through the major steps to 

reconstmct the data, and allows processing options to be selected along the way. 
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Figure 4.1. FlashCT Data Processing System user interface. 

4.1 Development Svstem 

The Data Processing System soflware was written using a combination of 

Microsoft Visual Basic version 6 and Interactive Data Language (IDL) version 5.2 from 

Research Systems Incorporated.^ Visual Basic provides the user interface and basic file 

management, while IDL is used for all image processing, reconstmction, and displaying 

fimctions. The combination ofthe two development systems allows the program to be 

developed which combines the strengths of each language. Visual Basic provides tools to 

create easy to understand graphical interfaces and high level file management, while IDL 

provides efficient processing and a large library of image processing fimctions. IDL 

includes an ActiveX control that can be called from Visual Basic to perform the required 

processing and displaying fimctions. All image display windows in the DPS are 

produced by IDL mnning within a Visual Basic window. 
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At the core ofthe DPS are several basic routines that are called to process and 

reconstmct the images. The images are first calibrated, centered, and filtered. Then the 

images are reconstmcted assuming either a parallel beam or a fan beam. The resulting 

reconstmcted slices form the complete three-dimensional volume data that can be 

manipulated to show the desired information about the object under consideration. 

4.2 Image Processing 

Before filtered backprojection can take place, the data must be calibrated and 

corrected to match a theoretically ideal data acquisition system. The ideal data 

acquisition system would have a completely constant source so every frame is exposed 

equally. It would also have a detector with perfectly uniform pixels, and the center of 

rotation ofthe object would be exactly in the center ofthe image. Since the data 

acquisition system is not ideal, some preprocessing ofthe data is required. Incoming raw 

data from the DAS is first normalized to remove source variations from frame to frame. 

The images are then corrected to remove pixel-to-pixel variations using the calibration 

files saved by the DAS. The entire volume dataset is then adjusted to place the axis of 

rotation at the center ofthe images. 

4.2.1 Source Normalization 

The exposure ofthe object is allowed to vary within user defined bounds from 

image to image, and as long as no portions ofthe image are under or over-exposed, the 

resulting images can be normalized to compensate for the varying source intensity. The 

DAS monitors the exposure by taking the mean ofthe pixels in the leftmost column of 

the cropped image and comparing it to limits defined by the user (Section 3.6). This 

measure can also be used by the DPS to determine the actual exposure ofthe image and 

calculate the correct compensation to normalize the image. The mean ofthe leftmost 

column of pixels in the image to be corrected is compared with the mean ofthe 

calibration images saved by the DAS before the scan began. The theory is that the light 

calibration field represents the ideal exposure for the object, and every image will be 

adjusted to have the same effective exposure. The light field and the dark field form a 
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linear progression in pixel values from no exposure to the desired exposure. Using these 

as a guideline, every pixel in incoming images can be adjusted by a linear amount related 

to the exposure detected in its leftmost column. The expression 

''^J=V^i^J-'-'>^' (4.1) 

defines the linear relationship between the corrected image array Y and the raw image 

array R, where /, d, and r are the average values ofthe leftmost columns ofthe light field, 

dark field, and raw image, respectively. 

4.2.2 Field Flattening 

Pixel-to-pixel variations in the detector can largely be corrected using the 

calibration fields saved by the DAS. This process is referred to as field flattening, and is 

the same as the algorithm implemented in the dpiX software for single frame data 

collection. Field flattening works well only after source normalization has first taken 

place. Every pixel in the raw image is adjusted linearly using the light and dark fields to 

define the scaling factor for each pixel. The expression for field flattening is 

5 ^ . . = 4 0 9 6 ^ i ^ (4.2) 
ij ij 

where X is the image to be field flattened, L and D are the light and dark fields, 

respectively, and 4096 is a factor to scale the output between 0 and 4096 (as the original 

12 bit data from the detector was). 

4.2.3 Sinogram Creation 

While the raw images are source normalized and field flattened, the DPS software 

converts the raw images into intermediate files referred to as sinograms. Separate 

sinograms are formed for each row ofthe raw data files, and each sinogram can be 

reconstmcted into a single horizontal plane ofthe three-dimensional dataset. Every row 

of a sinogram is the row of interest from one ofthe raw data files taken at different 

angles. The resulting sinogram image shows features in the object as they rotate through 

the angles ofthe dataset, and thus form the sinusoidal pattems that are the basis ofthe file 
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name. As an example, consider the part shown in Figure 4.2. This test phantom is a disk 

of acrylic approximately two inches in diameter with an aluminum insert. Copper pins of 

varying dimensions are inserted into holes drilled into the aluminum. A single x-

radiograph of this object is shown on the top of Figure 4.3. If the indicated row ofthe 

radiograph is observed as the object is rotated, the resulting image is the sinogram shown 

below. Note the copper pins describing sinusoids as the object is rotated through 360 

degrees, while the disk edge remains relatively motionless. 

Figure 4.2. Sample CT calibration object. 

Figure 4.3. Radiograph (top) and sinogram (bottom) for calibration object. 
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4.2.4 Centering 

In order to backproject correctly, the center of rotation must be centered in the 

sinogram. During backprojection, the center of rotation is assumed to be in the center of 

the reconstmction area, and any deviation from this will cause severe blurring ofthe 

image. In the simulated dataset shown in Figure 4.4, the sinogram was shifted off center 

by one, two, and ten pixels, with dramatic effects. Note that the object need not be 

centered, just the axis of rotation. This means the object may sit anywhere on the lathe 

chuck fixture, not just in the center. The center ofthe lathe chuck, however, must be in 

the center ofthe image. 

Centered Reconstruction 1 pixel off center 

2 pixels off center 10 pixels off center 

Figure 4.4. Effect of centering error on reconstmctions. 
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hi practice, it is difficult, if not impossible, to center the axis of rotation in the 

middle ofthe cropped region ofthe detector while aligning the system. Clearly some 

solution to the centering problem must be foimd other than physical alignment. The 

method employed to solve the centering problem is an algorithm that analyzes the 

sinogram and determines the center of rotation from the given data. Once the center of 

rotation is determined, the sinogram can be shifted to place the center of rotation in the 

middle ofthe sinogram. 

Sinogram centering occurs after the sinogram has been created, source 

normalized, and field flattened. There are three stages to centering: determining the 

center of rotation for each sinogram, determining the center of rotation for the entire 

dataset, and adjusting all sinograms in the dataset. 

The first problem is to find the center of rotation for each ofthe sinograms. The 

assumption is that the total absorption by the object remains constant as the object 

rotates. In x-radiography, the absorption is closely related to the density ofthe object, so 

the term "center of mass" is frequently used to define the point where equal total 

absorption is observed to either side ofthe point. The same concept is valid for neutron 

radiography, even though the term "center of mass" does not actually relate to the mass 

ofthe object, but to the absorption of neutrons. In either case, the "center of mass" for a 

row of a sinogram can be determined using the expression 

X = M (4.3) 
n ' 

1/(0 
i=\ 

where/is the row ofthe sinogram, so f(i) indexes a pixel value from the sinogram row, 

and n is the number of columns in the sinogram. 

The centers of mass in a sinogram should correspond to a single center of mass of 

the object, which is rotating about the axis of rotation. The centers of mass should 

therefore describe a sinusoid of known period over the rows of a sinogram. If the mass 

center points are fitted to a sinusoidal model, the phase, amplitude, and offset ofthe 

resulting model could be determined. The desired value is the offset, since it will 

indicate the axis of rotation. An extreme example of this method is shown in Figure 4.5. 

39 



The noisy center of mass data for every row is plotted, and the red line indicates the 

sinusoidal model fit to the data. The offset value for this model would be pixel column 

number 200, which is identified as the axis of rotation for this sinogram. 

Center of Mass vs. Sinogram Row 
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Figure 4.5. Example of fitting center of mass data to a sinusoidal model. 

Once the axis of rotation for every sinogram has been determined, a single axis of 

rotation can be determined for the entire dataset. A problem with the method of 

determining the axis of rotation for every sinogram exists when a sinogram contains very 

little absorption data. This is often the case near the top of an object, where very little of 

the object is viewed in a particular row. Another problem occurs if part ofthe mounting 

fixture is accidentally included in the field of view, as it may enter and leave the field of 

view during the scan. These sinograms need to be centered, but the axis of rotation value 

calculated for those sinograms may be very far from the actual value. 

Another assumption that can be made about the dataset is that the axis of rotation 

will be the same for every sinogram. The sinograms represent separate planes ofthe 

same object, and as long as the detector is parallel with staging, the axis of rotation will 
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be the same in every plane. The problem is then down to determining which centering 

values are valid and which ones arose from some sort of error. An assumption which is 

made is that most ofthe planes will calculate correct centering values, and the others will 

be widely spaced from those values. In this scenario, a simple clustering algorithm can 

be used to separate the centering values into distinct groups. The clustering method is 

very simple: the first centering value presented to the algorithm forms a cluster. 

Subsequent values will be added to that cluster if their value differs from the mean of that 

cluster by less than a defined tolerance. If the value differs by more than the set 

tolerance, they will form a new cluster. The process continues imtil all axis of rotation 

values have been clustered. The cluster with the most members is considered to be the 

cluster with the correct centering value, and the mean of that cluster is used to center the 

entire dataset. 

All sinograms in the dataset are shifted to cause the axis of rotation to be centered 

in the image. This shift frequently requires fractional pixel shifts, which are calculated 

using linear interpolation. 

4.2.5 Linearization 

Each detector pixel retums a value between 0 and 4095 indicating the number of 

light photons incident upon the amorphous silicon. In x-ray systems, this is linearly 

related to the number of x-ray photons incident upon the scintillator screen. The desired 

information, however, is the sum ofthe attenuation along the path ofthe x-ray photons 

between the source and the detector. The relationship between the desired integral and 

the actual data received is 

\ix{x,y)ds = \n-^, (4.4) 
ray " 

where î is the attenuation property to be measured at every point in the object, and Â>j 

and Nd are the photon counts from the source and detected at the detector, respectively. 

Since the detector indicates the presence of additional x-ray photons with lower numbers, 

the expression can be adjusted to work with the inverted scale. Also, the reference Â>i 
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can be assumed to be a constant, since the images have been source normalized. The 

resulting expression to linearize the attenuation measurements is 

r / X 4096 , ( 4096 ^ 

where D is the measurement from the detector, and the result ofthe expression is the new 

pixel value normalized between 0 and 4096, 4096 being complete attenuation along the 

ray and 0 being no attenuation. 

4.3 Filtering 

The FlashCT Data Processing System treats filtering and backprojection as two 

separate steps for added flexibility. The user is presented with many options for filtering, 

all of which work toward limiting the low spatial frequencies ofthe sinogram. 

Specifically, the mathematically optimal filter is the RAM-LAK filter, discussed in 

Section 1.2.3. Often, RAM-LAK is modified to reduce the high spatial frequencies as 

well in order to limit high frequency noise. The Data Processing System provides an 

adjustable upper frequency limit for the RAM-LAK filter, if the user so desires. 

Sinograms are filtered by converting them into the frequency domain via the fast Fourier 

transform algorithm, filtering the frequency domain image with a multiplicative mask, 

and converting back to the spatial domain using the inverse fast Fourier transform. The 

saved sinograms are filtered and ready for backprojection. 

4.4 Reconstmction 

The final step in creating the reconstmcted three-dimensional volume is to 

backproject the filtered sinogram data. The Data Processing System has a separate 

interface devoted to the reconstmction process. Individual sinograms can be selected and 

sample reconstmctions can be generated for single slices ofthe dataset. Either all the 

sinograms can be reconstmcted, or a selected subset can be processed as a batch process. 

Each reconstmcted sinogram is saved as a ".rec" file as is described in Section 3.2. 

Taken together, the reconstmcted files for all the sinograms form the planes of a three-

dimensional reconstmction ofthe object. 
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There are two main options for the reconstmction process. The first is a general 

backprojection algorithm assuming parallel lines of integration, as described in Section 

1.2.1. However, the parallel beam assumption is not always accurate with large parts and 

when the source is near to the detector. For these cases, a fan beam reconstmction may 

be more accurate. 

4.4.1 Parallel Beam Reconstmction 

The parallel beam reconstmction is nothing more than a summing ofthe sinogram 

rows through the reconstmction area at the angle the images were observed. In IDL, this 

is accomplished by invoking the Riemann function for each sinogram row and supplying 

an angle for the projection. The projected data is linearly interpolated as it is summed at 

an angle through the reconstmction area. 

4.4.2 Fan Beam Reconstmction 

The point source to area detector geometry is, in fact, a cone beam geometry. In 

practice, cone beam reconstmctions are very difficult to implement and time consuming 

to use. For many applications, the object is small and the detector is far from the source, 

so the rays through the object diverge only very slightly. In this case, one can assume the 

rays are parallel and use the parallel reconstmction algorithm. Sometimes, however, the 

divergence is sufficient to cause noticeable blur artifacts around the edges ofthe 

reconstmcted image. While a cone beam algorithm would be needed to solve the 

problem completely, a fan beam algorithm can eliminate the artifacts in one dimension. 

The fan beam reconstmction is an optional technique, and the user may opt to use 

the parallel reconstmction when the required geometry data for the fan beam 

reconstmction is not available. In order to work correcfly, the fan beam algorithm places 

two constraints on the data collection. First, the distance from the detector to the point 

source must be known. This is not always an easy measurement to make, especially in 

the case of neutron sources. The second constraint is that the source rays through the axis 

of rotation must be orthogonal to the detector. This can be accomplished by using an 

alignment target before acquiring data and locating the orthogonal point on the detector. 
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If these constraints are not met, the fan beam reconstmction will invariably result in 

worse images than the parallel beam reconstmction. 

FlashCT uses a very fast resorting algorithm to implement the fan beam 

reconstmction. The resorting algorithm was proposed as a solution for systems with 

detectors spaced at one-degree increments.^ Clearly, the pixels of FlashCT's detector are 

spaced much closer than one-degree apart, and in addition, they are located on a plane, 

not on a circular arc around the source. The resorting algorithm geometry must be 

reworked before it is applicable to FlashCT. 

The resorting algorithm converts sinograms from a fan geometry to a parallel 

geometry and calls the parallel reconstmction algorithm outlined in Section 4.4.1. The 

idea behind resorting the sinograms is that the angled ray intersecting a pixel in one row 

ofthe sinogram actually belongs to a parallel ray taken at a different angle. That pixel's 

data should then be shifted into the row corresponding to the angle where the ray would 

have been parallel. The shift corresponds to the angle difference between the actual ray 

and the equivalent parallel ray (Figure 4.6). The net result is that every column of a 

sinogram is shifted up or down by an amount determined by the expression 

f I ^ 
-1 ^ d{i) = tan 

SD 
(4.6) 

where the vertical displacement of a column, d, in degrees is a fiinction of that column's 

physical distance from the center ofthe image, /, and the source to detector distance, SD. 

Detector 

Equivalent parallel ray 

Figure 4.6. Resorting algorithm diagram. 
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An obvious side effect of this expression is that it results in shifts of fractions of 

degrees. If images are taken at every degree, as is often the case, it follows that fractional 

pixel shifts will be required. The shifts are accomplished using linear interpolation, and 

the sinogram columns are shifted up and down in small increments, wrapping at the top 

and bottom ofthe image. 

An example ofthe shift is shown with another sample object, a small aluminum 

block with steel wire attached to the side (Figure 4.7). The uncorrected sinograms 

(shown with rows and columns transposed) show a shift in the same feature in Figure 4.8. 

After the rows have been shifted, the feature is aligned in the same angle, and the 

sinogram is ready for parallel beam reconstmction. 

Figure 4.7. Photograph of a sample object for fan beam reconstmction. 
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Uncorrected sinogram. Note the shift in 
the same feature. 

Corrected sinogram. The top and 
bottom rows have been shifted by 1.3 

pixels in opposite directions. 

Figure 4.8. Fan beam sinogram shifting. 

The shifted sinograms are ready for reconstmction using the parallel beam 

reconstmction algorithm. The results of the shifting are shown in Figure 4.9. The 

original image shows blurring at the comer ofthe block, while the corrected 

reconstmction has much sharper comers. This was a very mild correction to the image, 

and many fan beam datasets exhibit much more blurring. 
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Raw parallel reconstmction. Resorted parallel reconstmction. 

Figure 4.9. Results ofthe fan beam reconstmction algorithm. 
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CHAPTER V 

ACQUIRED DATA AND SYSTEM RESULTS 

The FlashCT system has been used to collect and reconstmct data from a variety 

of sources and with a number of objects. The sources most commonly used with 

FlashCT are x-ray sources, ranging from a 160 kilovolt Scanray Microfocus source to a 

20 megavolt Scandatronics Microtron. FlashCT has also been used for neutron computed 

tomography at the Los Alamos Neutron Science Center (LANSCE). 

5.1 Raw Data 

The first data produced by FlashCT is a series of radiographs taken at different 

angles. These raw files are the first look at the intemal stmcture ofthe object being 

inspected, and are usefiil to determine the quality ofthe data acquisition. The FlashCT 

Data Processing System can be used to view these images in their raw form, and these 

images also form the basis for determining the exact region of interest in the object. The 

region of interest can then be selectively reconstmcted, saving processing time by 

omitting areas less usefiil to the operator. 

One ofthe first objects inspected with FlashCT was the Allied Signal aluminum 

phantom. This piece, shown in Figure 4.2, consists of an acrylic disk approximately two 

inches in diameter with an aluminum cube inset in the center. Nine copper pins of 

varying size are inserted into holes in the aluminum cube. The three smallest ofthe nine 

pins measure only 0.5 millimeters in diameter. The dataset for this object consists of 360 

views taken at one-degree increments. The first of these views is shown in Figure 5.1. 

The three rows of pins are clearly identifiable in the image. 

Figure 5.1. Radiograph ofthe AUied Signal test object. 
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5.2 Reconstmcted Two-dimensional Data 

Once the complete set of raw data has been produced, the Data Processing System 

software can be used to filter and reconstmct the images. The first images retumed are 

single horizontal slices through the object. Presented in a preview window, the images 

allow the operator to adjust the filtering and reconstmction settings before processing the 

entire dataset. A single slice reconstmction ofthe Allied Signal test object is shown in 

Figure 5.2. This image shows the nine pins clearly, including the three 0.5 millimeter 

pins in the middle ofthe aluminum block. Artifacts due to the polychromatic nature of 

the source are evident as dark bars interconnecting the copper pins. 

Figure 5.2. Two-dimensional reconstmction ofthe Allied Signal test object. 
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5.3 Reconstmcted Three-dimensional Data 

Once the operator is satisfied with the reconstmction process for single slices, the 

entire set of two-dimensional slices can be produced to generate a three-dimensional 

volume. The data processing system will then open the entire volume dataset for viewing 

with the IDL visualization tool Slicer3d. The entire volume data for the Allied Signal test 

object was produced, and several features ofthe volume data were observed. The dataset 

was cut to reveal a planar slice through the middle ofthe acrylic and aluminum, and a 

surface was drawn at the boundary between copper and air. This revealed the copper pins 

only where they protmded from the top ofthe aluminum block. One ofthe copper pins 

was bent above the aluminum, and this feature is evident in the three dimensional 

reconstmction (Figure 5.3). 

Figure 5.3. Three-dimensional reconstmction ofthe Allied Signal test object. 
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FlashCT was also employed to inspect a series of ceramic parts before and after 

firing. The ceramic parts, measuring 10 millimeters wide by 10 millimeters tall by 100 

millimeters long, were constmcted using an extmsion process, where beads of moist 

ceramic were layered to produce the desired shape.'' The developers ofthe extmsion 

system wished to know if the separate beads of ceramic were forming the desired 

stmcture, and if any voids existed in the overall stmcture. ̂ ^ The samples were 

radiographed at 75 kilovolts with a 160 kilovolt Scanray Microfocus x-ray machine and 

the Flashscan 20 detector. The datasets consisted of 180 views over 180 degrees. 

A three-dimensional reconstmction ofthe unfired ceramic piece was computed, 

and the volume dataset can be digitally viewed to locate flaws in the object. In Figure 

5.4, the left image shows only the extemal contours ofthe object, while the right image 

has been digitally sectioned to reveal intemal features. A crack can be seen at the back of 

the part, and the areas ofthe ceramic that have not dried are evident as lighter areas. 

Figure 5.4. Three-dimensional reconstmctions ofthe imfired ceramic part. 
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Neutron computed tomography was used to inspect a concrete core sample. The 

scintillator in the Flashscan 20 was changed to allow detection of neutrons, and the 

radiography was performed at the Los Alamos Neutron Science Center (LANSCE). A 

three-dimensional reconstmction ofthe core sample is shown in Figure 5.5. The cement 

is shown as bright areas in the image, since the water in the cement absorbs many 

neutrons. The aggregate material is shown as the darker areas. The image shows the 

cement as the blue cylinder, with the voids representing aggregate. A digital cut into the 

cylinder reveals the cement and aggregate pattems. 

Figure 5.5. Three-dimensional reconstmction ofthe concrete core sample. 
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5.4 Data Acquisition Time 

One ofthe key improvements of FlashCT over traditional computed tomography 

schemes is the speed of data acquisition for three-dimensional datasets. As was discussed 

in Section 1.4, linear detector arrays typically require many hours to produce such a 

dataset. FlashCT using the Flashscan 20 detector has demonstrated the ability to acquire 

data at a rate of five seconds per frame, plus the integration time, regardless ofthe size of 

the object (providing the object fits within the detector area). This results in 36 minutes 

for a 3 60-view dataset with one second of integration time. 

Image reconstmction time is dependent on the size ofthe object under 

observation, and varies from a few minutes for a single slice to several hours for a 

complete three-dimensional reconstmction. The ability to process data on a separate 

computer from the data acquisition computer allows several computers to process data 

simultaneously, effectively decreasing the total time for reconstmction. 
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CHPATER VI 

CONCLUSIONS 

The FlashCT prototype system has been in use for industrial nondestmctive 

evaluation for over six months, and in that time many users have had an opportunity to 

observe firsthand its operation and usefiilness. FlashCT has been evaluated as a possible 

solution to many industrial evaluation applications. The primary benefits of FlashCT 

over current computed tomography systems are the high speed, low cost, and ease of use. 

In the few months of FlashCT's operation, many possible improvements to the 

system have been proposed. Because ofthe modular design ofthe system, it is not 

unreasonable to contemplate improvement of components without major redesign ofthe 

overall system. While the data acquisition speed and low cost are obvious benefits of 

FlashCT, the flexible design may well be the aspect ofthe system that ensures its long-

term viability. 

6.1 Overall Svstem Speed 

As was discussed in Section 5.4, data acquisition with FlashCT is many times 

faster than with conventional linear detector array systems. With an average of less than 

40 minutes for a fiill three-dimensional dataset, the system makes three-dimensional 

imaging feasible for regular industrial inspection applications. It is important to note, 

however, that the system is less attractive for two-dimensional datasets. The five-second 

per image time ofthe system is independent ofthe size ofthe image. A 3 60-view dataset 

with one second of integration will require 36 minutes, regardless if the images produced 

include one row of pixels or 500 rows of pixels. An industrial linear detector array, on 

the other hand, can produce a two-dimensional reconstmcted slice in less than ten 

minutes. 

On closer inspection, however, it will be noted that the time difference for a single 

slice is not so different between a linear detector array and FlashCT. In practice, it is 

unusual to acquire the desired slice with a linear detector array system on the first 

attempt. Frequently, many slices must be acquired before the feature of interest is finally 
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imaged. In that same time, FlashCT could acquire data for the entire object, allowing the 

user to browse the data freely using the Data Processing System. 

6.2 Svstem Cost 

Overall equipment cost for FlashCT, not including the source, is less than 

$100,000. Currently, the most expensive component of FlashCT is the detector array, 

which may cost up to $60,000. The rest ofthe system is comprised of readily available 

commercial automation equipment. 

Low cost, high performance computers have contributed significantly to the low 

cost of FlashCT. The system was developed around standard Intel based personal 

computers running Microsoft Windows NT. This provides a smooth upgrade path as 

newer, faster computers are developed. 

Although the prototype has been in operation for only a few months, it is already 

apparent that FlashCT has a reduced long-term cost of ownership compared with 

traditional CT systems. The system requires only minimal alignment, which can be 

performed in a few minutes and need not be more precise than a few millimeters. 

6.3 Overall Svstem Usabilitv 

FlashCT was designed for the user with training in conventional radiography, but 

limited experience with computed tomography. The graphical computer interface 

provides intuitive visual feedback on system functions, and the preview display on the 

data acquisition system includes fimctions to assist radiographers in adjusting the 

exposure ofthe object. 

The system is relatively small and portable, and can be unpacked and made 

operational in less than an hour. The prototype has frequentiy been transported between 

buildings for access to different radiographic sources. The scintillator screen can be 

changed in a few minutes, allowing the system to be changed from a x-ray detector to a 

neutron detector. 
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6.4 Future Improvements to FlashCT 

Over the first few months of use, FlashCT has proven to be a valuable tool in the 

nondestmctive evaluation arena, and as more users have the chance to use the system, 

more suggestions for improvement are noted. One ofthe primary features in the design 

of FlashCT is its modular design, so modifications to the system can be made with 

relative ease. 

The overall system speed is one ofthe highlights ofthe data acquisition system, 

but there is always desire for even faster systems. Currently, the major portion ofthe 5-

second frame time is delay caused by the detector board itself Amorphous silicon panel 

technology is an emerging field, and new detectors are constantly under development. 

Vendors of new detectors promise frame rates of thirty frames per second, as opposed to 

five seconds per frame for the Flashscan 20. Replacing the detector with a faster system 

may allow datasets to be acquired in less than ten minutes, which would allow the system 

to take a full volume dataset in the same time it would take a current linear detector array 

to take a single slice. 

Algorithm development is also an area where FlashCT might be improved. 

Currently, many assumptions are made regarding the beam geometry. The beam is 

assumed to closely approximate a parallel beam, or at least a fan beam. In fact, the beam 

geometry is a cone beam, but cone beam reconstmction algorithms are difficult to use 

and very computationally intensive. ̂ "̂  Current datasets have shown little degradation 

from the parallel or fan beam assumptions, but the possibility of cone beam precision is 

inviting. 

Other algorithm improvements may be implemented more quickly. The current 

field flattening algorithm employs two calibration fields: the light field and the dark field. 

Future algorithms will allow for a mid-field as well. This would fiirther define each 

pixel's response curve, and correct for some nonlinear effects. The UDS already includes 

support for up to 98 mid-fields taken at different exposures. 

The dynamic range ofthe detector is currently limited to 12 bits, allowing 4096 

discrete intensity levels to be observed. Future implementations ofthe data acquisition 

system soflware could be written to allow the same view to be imaged with two 
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integration times. These two images would then be merged to result in a combined image 

with more dynamic range. Algorithms for this process have been developed in the 

literature, ̂ ^ but no such operation has yet been implemented in FlashCT. 

A correction for polychromatic effects may be implemented. The reconstmction 

algorithms used by FlashCT do not compensate for nonlinear attenuation of sources with 

wide energy spectra, but such algorithms have been developed. Implementation of such 

an algorithm could reduce the artifacts such as the dark bands between the pins observed 

in Figure 5.2. 

As computer hardware is improved, FlashCT will also automatically improve. 

Because the system is based on standard computer equipment, there is a guaranteed 

upgrade path to newer and faster machines. While data acquisition will benefit little from 

computer improvement, the reconstmction software will experience direct benefit from 

faster computers and more memory. Also, fiiture versions ofthe Data Processing System 

software may benefit from multiple processors. 

57 



V 

PERMISSION TO COPY 

In presenting this thesis in partial fulfillment of the requirements for a 

master's degree at Texas Tech University or Texas Tech University Health Sciences 

Center, I agree that the Library and my major department shall make it freely 

available for research purposes. Permission to copy this thesis for scholarly 

purposes may be granted by the Director of the Library or my major professor. 

It is understood that any copying or publication of this thesis for financial gain 

shall not be allowed without my further written permission and that any user 

may be liable for copyright infringement. 

Agree (Permission is granted.) 

y-i-f^ 
Student's Signature Date 

Disagree (Permission is not granted.) 

Student's Signature Date 


