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ABSTRACT 

In a previous project a 4-MeV Varian radiotherapy x-ray machine 

has been converted into a CT scanner by the addition of a detector array, 

detector electronics, a minicomputer, and a graphics display system. 

Two aspects of improvement to this scanner are discussed. 

The first concerns the changes made to the storage and display 

of the CT image information representing the cross-sectional image through 

an object. The information is encoded by 12-bit data which is then 

reconfigured into 8-bit data sets which are displayed by an 8-bit video 

display system. 

The second aspect deals with changes made to the CT scanner 

detector electronics. A mathematical analysis shows that a two-pole, 

low-pass filter is suitable as an x-ray pulse demodulator. Several low-

pass filter configurations are evaluated. A differential-input amplifier 

filter demonstrates the best characteristics as an x-ray pulse demodulator. 

The results of x-ray demodulation by this filter are discussed. 
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CHAPTER I 

INTRODUCTION 

Computed Tomography (CT) is a method of acquiring a cross-

sectional image of the body by taking several x-ray scans through a 

single plane of interest, then using computer algorithms to convert the 

x-ray information into the image. It was first developed by 6. N. 

Hounsfield in the early 1970's, and has advanced so rapidly that only by 

1974 were the third generation of CT scanners in operation (Zonneveldt, 

1980). 

CT Radiotherapy System 

This thesis is concerned with the use of CT scanning during tumor 

radiotherapy and is based upon the previous work done by Simpson, 

Swindell, Chen, and others (Simpson, et al., 1982). Their work consisted 

of converting a Varian 4-MeV isocentric therapy accelerator into a CT 

scanning device. The Varian is designed to function as a source of high-

energy xrays for radiotherapy treatment of tumors in humans. The con

version of the Varian into a third generation CT scanner: 

i) Provides electron density distribution maps for CT assisted 

therapy planning; 

ii) Provides sectional views of the treatment volume, and high-

contrast scout-mode images; 

iii) Provides a means for determining if the patient's anatomical 

conformation agrees with that of the original therapy plan; 
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iv) Provides CT capabilities at a fraction of the cost of a stand

alone diagnostic scanner. 

The work done on the original system demonstrated several im

portant capabilities. It achieved a spatial resolution of 3 mm and had 

better than 1 % electron density discrimination (Swindell, et al., 1983). 

The prototype system provided fairly good equality CT images from patients. 

A more detailed account of the prototype system is given in the next 

chapter. 

The two photographs shown in Figure 1-1 are those acquired with 

the prototype CT scanner. The first is an image of a cross-section 

through a human head. The upper set of teeth can be clearly seen at the 

top. The second image is that of a plexiglass phantom that is used for 

calibration purposes. The structures and letters within are well defined. 

There were several disadvantages to the original system. First, 

the data set could be obtained only over a total scan angle of 220°. 

This was due to limited memory space. Secondly, one complete scan took 

100 seconds to complete and about 30 minutes from the initial data 

acquisition to final image reconstruction (Chen, 1982). 

Theoretical Basis of CT 

Computed tomography is based upon the detection and measurement 

of x-ray beams through a material, i.e., living tissue. The attenuation 

of the xrays through the object of interest is the measured parameter 

that defines the various organs and tissue types that are displayed in a 

cross-sectional, reconstructed image. The ideal x-ray attenuation is 

governed by simple mathematical relationships. In the simplest case, 



(a) 

(b) 

CT scans through a head (a) and a phantom (b) 

Figure 1-1 
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as shown in Figure 1-2, the intensity (I) of the beam that has passed 

through a block of homogeneous material with attenuation coefficient 

yQ (cm~^) and length a (cm), is related to the initial beam intensity I 

as follows: 

I = I0 exP{-p0£} . (1.1) 

Now consider a beam passing through n homogeneous materials with 

lengths •••» £n anc' attenuation coefficients ..., un 

(Figure 1-3). The beam intensity after passing through these materials 

is: 

I = IQ exp{-(y-j+ ̂ 2 + ••• + • (1-2) 

Finally, consider a beam passing through a material whose at

tenuation is a function of its axial distance, y(x) as in Figure 1-4. 

The beam intensity is given by: 

I = I exp{ - i(x) dx} . C1-3) 

The reconstruction of the image is based on a one-dimensional 

projection function f (x1) of the two dimensional attenuation data con
s' 

tained within the object plane. This is illustrated in Figure 1-5. The 

projection function axes x' and y' rotate around the origin with respect 

to the object axes x and y. The x' axis is at an angle <j> with respect to 

the x axis. The projection function is given by: 

%<*') • -*n(I/I0) = !•' (x' ,y')dy• . (1.4) 



I —wwvwv • V -̂ wŵ  •I 
Attenuation by single homogeneous material 

Figure 1-2 

u, u, *• • • • UL 

Attenuation by n homogeneous materials 

Figure 1-3 

Um 

Attenuation by non-homogeneous material 

Figure 1-4 
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Projection function ̂ (x1) 

Figure 1-5 
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Many projection functions are determined at equally spaced angu

lar intervals through the entire rotation. All the projection functions 

are back-projected to reconstruct the image (Barrett and Swindell, 1977). 

Sinogram Projection 

If the projection function is viewed as a continuously changing 

function as the object rotates through 360°, then it forms a sinogram. 

The formation of a sinogram is illustrated in Figure 1-6. The apparatus 

consists of four components: 

i) an x-ray source; 

ii) an x-ray beam collimator; 

iii) a rotating turntable with two objects; 

iv) a moving sheet of film. 

As the turntable rotates about its central axis the "shadows" of 

the objects appear within a narrow slit upon the film. The film is rolled 

upward at a steady rate. The shadows represent the intensity of the 

projection function. As the objects rotate the shadows move back and 

forth across the image plane creating a sinusoidal pattern with constant 

period as shown in Figure 1-7. These sinusoidal patterns represent the 

cross-sectional profiles of the objects, and their relative positions. 

The sinogram is important because the information it encodes is used to 

reconstruct the cross-sectional image. A method of CT image recon

struction using sinograms exposed on film has been demonstrated (Swindell, 

Gordon, and Barrett, 1976). The CT images obtained from the prototype 

system are reconstructed from sinogram information gathered by the 

detector array. 
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Thesis Goals 

There are two main objectives of this thesis. Both pertain to 

aspects of the prototype system that require change. The first and 

major aspect concerns the improvement of the data storage techniques. A 

means to store the x-ray attenuation data immediately as display infor

mation is shown to be much less cumbersome than temporary storage in 

system memory. It allows for a full 360° scan for 200 separate angles. 

A sinogram simulation demonstrates the improved software. The details 

are in Chapters III, IV and V. 

The second aspect deals with the detector electronics. The 

design and testing of low-pass filters as a replacement for the micro

computer-controlled sample-and-hold circuitry is discussed. The details 

are in Chapters VI and VII. 

All of the assembly language subroutines which are listed in the 

following chapters are in Z80 assembly code (Barden, 1978). 



CHAPTER II 

DATA ACQUISITION SYSTEM 

The phrase "data acquisition system" in the context of this 

thesis denotes the entire CT scanner and its components. A review of 

the original system (Chen, 1982; Simpson, et al., 1982) will be made and 

a description of the new system will be given. 

Original System 

The prototype system developed by Simpson, et al, is illustrated 

in Figure 2-1. The system consists of nine main components: 

i) a 4-MeV Varian x-ray source; 

ii) an array of 104 scintillation detectors affixed to the 

Varian Gantry; 

iii) sample-and-hold circuitry; 

iv) 128:1 multiplexing circuitry; 

v) a 12-bit analog-to-digital converter; 

vi) an IMSAI minicomputer with a 280 microprocessor; 

vii) an 8-1/2" floppy disk drive; 

viii) a CAT-100 video graphics system; 

ix) a color monitor. 

As the gantry is rotated the Varian produces a steady train of 

x-ray pulses with frequency of about 100 Hz; 4 usee pulse width. The 

xrays pass through the object and are detected by the detector array. 

The gantry rotates through a total angular displacement of 220°; 128 

10 
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samples are acquired. This acquires data in a sinogram format, whereby 

the projection function is converted into data which is then stored 

digitally in the computer. 

At each sample angle the microprocessor sends a "hold" signal to 

the sample-and-hold circuitry. These maintain the voltage levels at the 

output of each of the respective detector channels. Each voltage is 

then sent to the 12-bit A/D converter via a bank of multiplexer circuits. 

The A/D converter then converts the input signal voltage (0 to 10 volts) 

to a 12-bit binary representation. The 12-bit values for the entire scan 

are then stored in the IMSAI system memory, reformatted, and then dis

played as a sinogram on the monitor by the CAT-100. 

Finally, the data is reformatted and transmitted via phone lines 

to a PDP-11/34 which reconstructs the two-dimensional image from the 

sinogram information. 

Disadvantages of Original System 

There are four disadvantages to this scheme. They are: 

i) The sample-and-hold circuits must be controlled by the 

microprocessor. This means that part of the data collection program must 

be dedicated to this task; this takes away time from the microprocessor 

to do other tasks. Strict timing requirements for sampling the data must 

be adhered to which requires complex timing circuitry between the micro

processor and the sample-and-holds. 

ii) The pulse signals from each detector must be sampled 16 

times per detection angle, then averaged. This requires specific sub

routines for this task which also takes away time from the microprocessor. 



Since only 16 pulses of several hundred per angle are used for image 

information, the rest are wasted. 

iii) The signals are multiplexed in a non-sequential fashion. 

The detectors are sampled in the following order: 1, 9, 17 121, 

2, 10, 18, ..., 48, 56, 64, 72, ..., 128. This leads to great com

plexity in the program that collects the data; for that which stores the 

data; and especially that which must reconfigure the data for display 

readiness. 

iv) All data values are first stored in IMSAI system memory. 

This requires about 16 K-bytes of system space, which is about one-third 

of the total system memory (48 K-bytes). 

Revised System 

The proposed revision of the former system is illustrated in 

Figure 2-2. It consists of nine principal componants: 

i) the 4-MeV Varian x-ray source; 

ii) a 128-detector array affixed to the gantry; 

iii) low-pass filter circuitry at each detector; 

iv) 128:1 multiplexer circuitry; 

v) the 12-bit analog-to-digital converter; 

vi) IMSAI minicomputer; 

vii) an 8-1/2" floppy disk drive; 

vi i i) a CAT-200 video graphics system; 

ix) a color monitor. 
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The differences between ths two systems are apparent. The 

sample-and-hold circuitry has been replaced by low-pass filter circuitry. 

A different graphics system is employed. 

The new system acquires 200 lines of data through a total rotation 

of 360°. The x-ray pulses at each detector are demodulated by the low-

pass filter and converted to an analog output voltage (0 to 10 volts). 

This voltage is converted to its 12-bit value, the data is temporarily 

stored on a line-by-line basis in IMSAI system memory then displayed by 

the CAT-200 as the sinogram of the x-ray attenuation information. The 

details of the image display are found in Chapter IV. 

Advantages of Revised System 

There are several advantages that the revised system has compared 

to the original system. They are: 

i) The low-pass filter circuitry does not require any external 

control by the microprocessor. This relieves the microprocessor for other 

tasks. It also eliminates the complex timing circuitry required for the 

sample-and-holds. 

ii) It eliminates the need for digital signal averaging by the 

microprocessor. The input pulses are averaged in an analog manner by 

the low-pass filter. Its voltage output represents a weighted average 

signal of the previous pulses. All pulses are used for image inforamtion, 

none is wasted. 

iii) The signals from the filters to the A/D converter can be 

multiplexed in a sequential fashion. This reduces the size and complexity 

of the data multiplexing program. 
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iv) Binary data from the A/D converter are temporarily stored in 

only 256 bytes of IMSAI system memory before being stored in the CAT-200; 

there is no need to store the data on disk. 

It is estimated that the maximum time to scan and display the 

information would take not more than one second per detection angle. 

This would yield a total time of about 200 seconds to store the data and 

display it as a sinogram. 

This is a conservative estimate. The phantom-simultion program 

described in Chapter V takes about 90 seconds to display a sinogram of 

a simulated object. This demonstrates the speed of the data manipulation 

and display software and any speed limitations in the data acquisition 

system would reside in hardware. 



CHAPTER III 

CAT-200 ORGANIZATION 

The video graphics display system used in this project is the 

CAT-200 (Digital Graphics Systems; Palo Alto, CA). It is a 64 K-byte 

display system capable of displaying in color or black-and-white. Its 

main function in this project is for the temporary storage of data 

acquired from the detector array, and the temporary display of that 

information. 

Some confusion may arise from the usage of both decimal and 

hexadecimal representations of numbers in this text. To avoid con

fusion all numbers that refer to memory address locations, CAT-200 

register addresses, memory banks, or color table addresses will be 

assumed to be hexadecimal; all other numbers will be assumed as decimal. 

When there is any doubt the subscripts H and 10 will be used accordingly. 

Control Registers 

All the functions of the CAT-200 are controlled through seven 

command registers which are accessed as output ports by the Z80. The 

addresses of these registers are switch-selectable and sequential; in 

this system the beginning address is set to 00C0^. Table 3-1 lists the 

seven registers and outlines their functions. Register R7 controls an 

optional "frame-grabber" that is not included in this system. Each 

register is accessed by using an "OUT" command. For example, if it is 

17 



Table 3-1 CAT-200 register functions 

Reaister Function InDut Value 

R0 Select pixel format 
242 x 256 x 8 
242 x 512 x 4 
484 x 512 x 2 

20 
10 
13 

R1 Pixel dot mode 0 

R2 2K bank select 80 - 9F 

R3 Vertical displacement 0 - FF 

R4 Vertical displacement 0 - 8 

R5 Display format control 
242 x 256 x 8 
242 x 512 x 4 
484 x 512 x 2 

10 
13 
11 

R6 Color table select 
green 
red 
blue 

83,87,8B,8F 
93,97,9B,9F 
A3,A7,AB,AF 

R7 Not used -

CO 
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desired to put the value of 6BH into register R3, the following assembly 

code would suffice: 

R3 EQU 0C3H 
LD A.6BH 
OUT (R3),A 

A similar command in FORTRAN would be: 

R3 = Z'0C3' 
IVAL = Z'6B' 
CALL 0UT(R3,IVAL) 

The 256 x 256 x 8 bit mode is used in the data acquisition system. 

This is the only mode that will be discussed in detail. 

The following is an assembly language routine that initializes 

the CAT-200 for display in the 256 x 256 x 8 bit mode: 

R0 EQU 0C0H register 0 
R1 EQU 0C1H register 1 
R2 EQU 0C2H register 2 
R3 EQU 0C3H register 3 
R4 EQU 0C4H register 4 
R5 EQU 0C5H register 5 

XOR A clear register A 
OUT (R1),A turn off dot mode 
OUT (R3 ,A 

(R4),A 
no vertical image 

OUT 
(R3 ,A 
(R4),A displacement 

LD A,020H select 256 x 256 x 8 
OUT (R0)»A bit mode 
LD A,010H turn on 
OUT (R5),A display format 

Display Memory Organization 

The CAT display memory is organized into banks. Each bank con

tains 2,048 bytes of display memory; there are 32 banks in all. The 

banks are accessed individually by using an "OUT" command to register R2. 

Each bank acts as a 2 K-byte "window" in essence to the entire 64 K-bytes 

of CAT-200 display memory. 



The banks are arranged sequentially as in Figures 3-1, and they 

operate in groups of four as listed below: 

The organization of a 2 K-byte bank is illustrated in Figure 3-2. 

The beginning address is switch selectable and is set to C000 in this 

system. There are 64 memory locations per line in the horizontal di

rection, and 32 lines in the vertical direction. The details of the 

image display procedures are given in the next chapter. 

In the actual physical display of an image by the color monitor 

the data which represents the top of the image would reside in the set 

of memory banks 80, 88, 90, and 98; that of the bottom of the image would 

reside in the set of memory banks 87, 8F, 97 and 9F. Although an entire 

image would reside in all 64 K-bytes of CAT display memory, not all of 

the image is visable on the screen. Only six memory bank contents are 

displayable at any one time. 

For example, if the values in registers R3 and R4 are zero 

(i.e., no vertical displacement of the image) then the area displayed 

consists of the bottom fraction of information residing in Memory Bank 

Group 1; all the information in Memory Bank Groups 2 through 5; and the 

upper fraction of information in Memory Bank Group 6. The information 

contained in Memory Bank Groups 0 and 7 is not displayed. 

Memory Bank 
Group 

Memory 
Banks 

0 
1 
2 
3 
4 
5 
6 
7 

80, 88, 90, 98 
81, 89, 91, 99 
82, 8A, 92, 9A 
83, 8B, 93, 9B 
84, 8C, 94, 9C 
85, 8D, 95, 9D 
86, 8E, 96, 9E 
87, 8F, 97, 9F 



98 

2  K bytes  
80 

81 

82 

83 

84 

85 

86 

87 

88 

89 

8A 

8B 

8C 

8D 

8E 

8F 

90 

91 

92 

93 

94 

96 

96 

97 

99 

9A 

9B 

9C 

9D 

9E 

9F 

•64 

Memory bank arrangement 

Figure 3-1 
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Vertical Displacement Control 

The vertical displacement is controlled by the two registers 

R3 and R4. The two registers act in tandem as an 11-bit register: the 

lowest three bits of R4 act as the upper-most three bits of the 11-bit 

register; the eight bits of R3 act as the lower-most eight bits of the 

eleven bit register. The numbers that this 11-bit register represent 

range from 0 to 2,047 (0 to 7FFH). The low-byte portion represented by 

R3 would be filled first, then the upper three bits represented by R4 

would be filled. 

The entire image is composed of 256 lines in the vertical 

direction and 256 pixels in the horizontal direction. The smallest 

increment of movement of the image is one-eighth in the vertical direction.. 

That is to say, when the number 001 is put into the 11-bit register 

(i.e., 01 into R3 and 0 into R4), the image will move to the left by 

32-jq pixels. There is wraparound of the image lines so that the left

most 32-jq pixels of each line are shifted up to the line above to form 

the right-most 32-jq pixels. 

The value in the 11-bit register represents the number of incre

ments by which the image is shifted. Values of modulo-eight shift the 

entire image up by whole lines. The maximum shift is up by 256 lines 

when the value in the 11-bit register is 3FF. 

To shift an up-shifted image down a value is put into the 11-bit 

register that is smaller than the one previously entered, putting a value 

of zero into the 11-bit register shifts the image back to its starting 

position. 
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Color Tables 

The 8-bit pixel values stored in the display bank memory corre

spond to color values that are defined by the color tables. A pixel 

has a range of values from 0 to 255 (0 to FFH). This allows 256 separate 

intensity levels to be defined. The control of the gun intensity levels 

resides with the color tables. 

The color table is a 1 K-byte window whose beginning address is 

switch-selectable. This system has the color table addresses set from 

A000 to A0FF. The values stored in the color table control the intensity 

of the color gun. For example, a value of 0 corresponds to a gun intensi

ty of zero, and a value of FF corresponds to maximum intensity (see 

Figure 3-3). The significance of the values in the color table will be 

explained shortly. 

The CAT-200 controls the intensity of the three color guns (.red, 

green, and blue) with digital-to-analog circuitry via the color tables. 

The human visual system then interprets the three separate intensities 

as one color. Each color gun has its own color table whose values are 

determined by the user. The values stored in the tables have a corre

spondence to the pixel value stored in the 2 K-byte display memory banks. 

The color table is a look-up table for the pixel value. Each of 

the 256 pixel values has a unique correspondence with each color table 

address. A pixel value of 0 will always be referred to table location 

A000; a pixel value of, say, 7A will always be referred to table location 

A07A, and so forth. This means that any, or all of the pixel values may 

have equal table values, hence yield the same output intensity. 



max — 

gun 

intensity 

00 
gray level value 

Digital-to-analog conversion 

Figure 3-3 
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To understand this more clearly Figure 3-4 (adapted from 

Schowengerdt, 1983) will be used as an example. The values stored in the 

color table for the red gun are linearly increasing in magnitude. There 

is a one-to-one relationship between the displayed pixel values and the 

color gun intensity that is defined by the color table as tabulated 

below: 

Pixel Table Table Gun 
Value Location Value Intensity 

0 A000 0 zero 
1 A001 1 
2 A002 2 

FE A0FE FE 
FF A0FF FF maximum 

The same relationship holds true for the green and blue color tables. 

This combination of values in each of the three color tables 

yields a strict gray scale that is linearly a function of the pixel 

value stored in the display memory. 

The following assembly language subroutine sets up the CAT-200 

for the gray-scale mode: 



FF— FF — FF blue  red  green 

gray  

va lue  

gray  

va lue  
gray  

va lue  

-r* 0ft--
AOFF AffOO 

00. 
A 0 0 0 color  tab le  memory  color  tab le  mentor  co lor  tab le  memory  

whi te— 

moni tor  

output  

b lack  

00 pixe l  va lue  

Gray-scale implementation 

Figure 3-4 

ro  
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CTAB 
R6 

EQU 
EQU 

mm 
00C6H 

; color table address 
; color table select 

Bl: 

LD 
LD 
LD 
LD 
OUT 
LD 
LD 
LD 
OUT 
LD 
LD 
LD 
OUT 
LD 
LD 
INC 
INC 
DJNZ 
RET 

HL.CTAB 
B,0FFH 
C,0 
A,083H 
(R6),A 
A,C 
(HL),A 
A.093H 
(R6),A 
A,C 
(HL) ,A 
A.0A3H 
(R6),A 
A,C 
(HL) ,A 
HL 
C 
Bl 

table address access 
set counter 
set initial intensity 
select 

green table 
store intensity 

value 
select 

red table 
store intensity 

value 
select 

blue table 
store intensity 

value 
next table address 
increase intensity 
repeat 
done 

An example of how the color tables would be set to create a 

color scale is shown in Figure 3-5. The output color spectrum as a 

function of display pixel value is red, magenta, blue, cyan, green, 

yellow, and red. 

The CAT-200 has 12 color tables in all; four per color gun. This 

allows four separate color schemes to be realized and they can be changed 

just by using a register command to register R6. One could have a color 

palette of four color modes of (for example) gray, negative gray, and 

two different color spectra. The varieties are all user determined by 

programming each color table. 



blue  green 

AOOO AOVF AOOO 
co lor  tab le  memory  

AOFF 

color  tab le  memory  

AOOO AO'FF 
color  tab le  memory  

red:green:b lue_  

m o n i t o r  

output  

ye l low 

g r e e n  

c y a n  

m a g e n t a  

Color-scale implementation 

Figure 3-5 
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CHAPTER IV 

12-BIT STORAGE AND DISPLAY 

The prototype CT system upon which this work is based used 12-

bit binary data representation for the signal values acquired by the 

detectors (Chen, 1982). This 12-bit representation will be maintained. 

The conversion of the 12-bit values into data types suitable for display 

and storage is described in this chapter. A review of 8-bit display 

techniques is first necessary. 

8-Bit Display 

The display of 8-bit pixel information is applicable only when 

the CAT-200 is in the 256 x 256 x 8 bit mode. One byte of pixel information 

can be considered to be comprised of two nibbles. A nibble is defined as 

a 4-bit number. The byte is composed of the least-significant four bits 

which will be called the "low nibble" and the most-significant four bits 

which will be called the "high nibble". Display of any byte involves a 

concatenation of these two nibbles. 

To better illustrate, the following example is given (see 

Figure 4-1). The decimal number 42 is equivalent to the hexadecimal 

number 2A. First, the low nibble is masked off by "AND-ing" 2A with F0. 

Secondly, a copy of the value 20 is stored temporarily, and the original 

value is divided by 16-jq. The computer algorithm to do this shifts the 

binary value of 20 to the right four times. This yields 02 which is 

30 



42 
10 

mask of f  

lower  4  b i t  

m a s k  o f f  

e r  4  b i ts  

h igh  byte  low byte  

Byte concatenation 

Figure 4-1 
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"OR-ed" with the copy of 20 to yield 22. This byte will be referred to 

as the "high byte". 

A similar procedure is followed for the low nibble. First, 

the high nibble is masked off by "AND-ing" the value 2A with 0F. This 

yields 0A. A copy of 0A is temporarily stored; the original is multi

plied by 16^0 (shifted to the left four times) to yield A0. The two 

values are "OR-ed" together to yield AA. This value will be referred to 

as the "low byte". 

The low byte and the high byte which were obtained previously 

(22 and AA) are both necessary components for display of either the 

right pixel or the left pixel. Table 4-1 shows which memory bank values 

must be accessed in order to properly display the left and right pixels 

of a given memory location. 

In essence, even though the CAT-200 is in the 256 x 256 x 8 bit 

mode, a format of 128x 256x 8 bits is used for the CT scanner data due 

to this multiple concatenation. This is sufficient for the CT scanner, 

however. 

As another example of displaying pixel bytes, suppose that the 

following hexadecimal numbers are to be displayed in sequence at a screen 

location represented by the data in Memory Bank Group 2 (see previous 

chapter) starting at memory location C140. They are 12, 34, 56, 78, 9A, 

and BC. Their left and right pixel designations in their respective 

memory locations are tabulated below. 

Memory Left Right 
Location Pixel Pixel 

CI 40 12 34 
CI 41 56 7B 
CI 42 9A BC 



Table 4-1 Left and right pixel assignments 

Left Pixel Right Pixel 

Memory High Low High Low 
Bank Byte Byte Byte Byte 

0 80 90 88 98 

1 81 91 89 99 

2 82 92 8A 9A 

3 83 93 8B 9B 

4 84 94 8C 9C 

5 85 95 8D 9D 

6 86 96 8E 9E 

7 87 97 8F 9F 



The values of the high bytes and low bytes after concatenation 

are tabulated below. 

High Low 
Values Byte Byte 

12 11 22 
34 33 44 
56 55 66 
78 77 88 
9A 99 AA 
BC BB CC 

The following assembly language routine is an example of how 

these numbers are stored in their proper memory locations. 

EQU 00C2H register 2 
EQU 0C140H display address 

LD HL,AD display access 
LD A,082H select high byte bank 
OUT (R2),A of left pixel 
LD A ,(911H display the 
LD (HLO.A high byte 
LD A.092H select low byte bank 
OUT (R2).A of left pixel 
LD A.022H display the 
LD (HL),A low byte 
LD A.08AH select high byte bank 
OUT (R2),A of right pixel 
LD A,033H display the 
LD (HL) ,A high byte 
LD A,092H select low byte bank 
OUT (R2),A; of right pixel 
LD A,044H display the 
LD (HL).A) low byte 
INC HL next pixel-pair location 
LD A,082H select high byte bank 
OUT (R2),A of left pixel 
LD A.055H display the 
LD (HL) ,A high byte 

continue procedure for 
— — remaining values 



12-Bit Data Conversion 

The 12-bit storage and display is achieved by using the byte 

concatenation procedure outlined above. The 12-bit numbers are in the 

range 000^ to FFF^ (0-|Q to 4,095^). The upper eight bits contain the 

most significant image information so are displayed. The lowest four 

bits contain the least significant image information so are stored. 

It is somewhat misleading to use the terms "display" and "store" 

in referring to these data types. The lower four bits when manipulated 

and "stored" in the CAT-200 are physically displayed on the monitor. 

These terms will be used as a means of differentiating the lower 4-bit 

information and the upper 8-bit information. The term display will 

refer to the upper 8 bits of the 12-bit value and the term store will 

refer to the lower 4 bits of the 12-bit value. 

The 12-bit value manipulation procedure is best understood by 

referring to the example illustrated in Figure 4-2. 

The first value to be displayed is the number 1,700^q  (6A4^). 

First, the lower four bits are masked off by "AND-ing" 6A4 with FF0 to 

yield 6A0 which is then divided by 16^fl to give 6A. The concatenation 

procedure of the previous section is used to yield the low byte value 

of AA and the high byte value of 66. Secondly, the number 5A4 is "AND-ed" 

with 00F to mask off the upper eight bits to yield the number 004. This 

number is saved and will be called Low Nibble 1. 

The second value to be displayed is the number 2,83510 (B13^). 

The same procedure is applied to this value and yields BB for the high 

byte, 11 for the low byte, and 003 for Low Nibble 2. The final step is 

to multiply Low Nibble 2 (003) by 1610 to yield 30 which is then "OR-ed" 



Example: 6A4„ = 1-7°o Fi rs t  Va lue  
1 0  
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mask of f  

upper  8  b i ts  
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Figure 4-2(a) 
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Figure 4-2(b) 
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with Low Nibble 1 to give a byte value of 34. This "concatenated-nibbles 

b.yte" is then stored in a manner which will be described shortly. 

It is apparent that one pair of 12-bit values must be used in 

order to pack the two low nibbles together. This is the basis for the 

data packing subroutine. 

Data Storage Calculations 

A mathematical analysis of the physical process of the data 

packing was used to determine the physical layout of the data storage 

and display in the CAT-200. The analysis is as follows: 

The CT scan will give information in the format 

1 pixel/detectorx128 detectors x200 separate angles. 

==> 128 pixels/1inex 200 lines 

= 25,600 pixels 

= 25,600 12-bit values 

= 25,600 most-significant 8 bits 

= 25,600 least-significant 4 bits 

= 12,800 concatenated-nibbles bytes. 

Store the concatenated-nibbles bytes at the top of the screen: 

„ i-nes 12,800 concatenated-nibbles bytes 
1 (1 byte/bank)x(4 banks/mem.loc.)x(64 mem.loc./line) 

H lines = 50 lines of storage of concatenated nibbles. 

Display the upper 8 bits in the bottom of the screen. 

t lines = 25,600 display bytes 
(2 bytes/mem.loc.)x(64 mem.loc./line) 

« 

% lines = 200 lines 
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There is a ratio of four lines of display data to one line of 

storage data, or one quarter-line of storate per line of display. 

The physical layout of the storage and display areas in the 

CAT-200 is shown in Figure 4-3. The storage area occupies the first set 

of banks and part of the next set of banks. The display area occupies 

part of the second set of memory banks and the entire portion of the 

remaining memory banks. The display area is placed in such a manner as 

to allow the maximum number of empty lines between the storage area and 

the display area. This allows for good visual separation of the two 

areas. Six empty lines are left blank between the sections. 

The display memory begins at location C600 in banks 81, 89, 91, 

and 99. This permits eight lines to be displayed in these banks. The 

remaining banks contain the rest of the upper 8-bit display data. 

LINE Subroutine 

The first subroutine that is used for the data storage and 

display is the LINE subroutine. This is an assembly language subroutine 

which is called by a FORTRAN call by invoking 

CALL LINE(LN) 

where LN is an integer parameter passed to the subroutine that represents 

the number of the line (I^q to 200-jq) that is to be displayed. 

To select the appropriate memory banks the routine first checks 

the line number and compares it to the line number for which a particular 

bank begins, as shown below. 



Memory  Banks  

32 lines 

T 
18 l ines 1 
i 
8 lines 

T 
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8 0 / 8 8 / 9 0 / 9 8  
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8 2 / 8 A / 9 2 / 9 A  

Lower  4  b i t  

Data  Storage  

Upper  8  b i t  

Data  D isp lay  

8 7 / 8 F / 9 7 / 9 F  

128  p ixe ls  

12-bit display and storage 

Figure 4-3 
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First 
Line Bank 

1 81 
9 82 
41 83 
73 84 
105 85 
137 86 
169 87 

The line numbers listed above are decimal numbers. 

Once the proper bank number has been selected it is stored in a 

temporary location common to the line subroutine and the packing sub

routine. The line number must then be converted to the proper bank line 

number, i.e., 1 to 32. This line number is used as a counter to determine 

the proper starting memory location as tabulated below. 

Bank Beginning 
Line # Address 

1 C 000 
2 C001 
3 C002 

31 C780 
32 C7C0 

The LINE subroutine also determines which memory bank the stored 

data is to be in (80 or 81). Since there is a 4:1 ratio of display lines 

to storage lines, the first 32 lines of storage data in bank 80 are those 

derived from the first 128 lines of display data. The LINE subroutine 

checks to see if the line number is 129 or greater. If so, it stores 

the memory bank number 81 for the packing subroutine. 
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The LINE subroutine calculates the starting address of the quarter-

line of storage. The correspondence between the display line number LN 

and the starting memory location is tabulated below. 

Display Beginning 
Line # Address 

1 C000 
2 C010 
3 C020 

127 C7E0 
128 C7F0 
129 C000 

Bank 80 

Bank 81 

200 C7F0 

The complete assembly code listing for LINE is in Appendix A. 

PACK Subroutine 

The subroutine which reformats and displays the 12-bit data is 

called PACK. This is an assembly language subroutine that is called in 

a FORTRAN routine by invoking 

CALL PACK . 

No parameters are passed to this subroutine by the calling program; all 

necessary parameters have been stored by LINE in a common data area, 

STORE. There are four parameters that PACK uses that are calculated by 

the LINE subroutine: 
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i) Starting address of the display byte memory; 

ii) Memory bank value of the display line; 

iii) Starging address of the storage byte memory; 

iv) Memory bank value of the storage quarter-line. 

The 12-bit balues have all been stored sequentially by the calling 

program before a call to PACK is made. These values are stored beginning 

in system memory location 5(800 in the following manner: 

where" M^L-j represents the byte that is the lowest eight bits of the 

first 12-bit value; 0U-j represents the four most-significant bits of 

the 12-bit value, and so forth. The data is configured in this manner 

because the 12-bit A/D converter multiplexes the 12-bit data in this 

2-byte format. 

The byte concatenation for display and storage is diagrammed 

below. 

Memory 
Location 

Data 
Value 

50(90 

5001 

5002 

0U1 

50FE 

50FF 



U-j ==> U-j: high byte, left pixel 

M1 ==> MiM2: ^ow b^te' Pixel 

U2 ==> l^Ug: high byte, right pixel 

Mg ==> I^Mg: low byte, right pixel 

1*2 
>=> LoL-,: first concaterated-riibbles byte 

h 

This is illustrated in Table 4-2, and Figures 4-4, and 4-5. 

Assuming that these values are the very first set of data and that they 

are to be displayed beginning in the first line then the bytes 11, 22, 

44, and 55 would be stored in memory location C600; bytes 77, 88, AA, 

and BB would be stored in memory location C601; bytes DD, EE, 55, and 66 

would be stored in location C602, and so forth. The concatenated-

nibbles bytes 63, C9, 8F, and 4B would be stored in sequential memory 

banks at the memory location C000. 

The concatenated-nibbles bytes can be stored sequentially in 

the memory banks as shown because they contain no display information. 

It is not essential, therefore to adhere to the left pixel/right pixel 

display bank convention as is the case for the displayed information 

which cannot be just stored sequentially. The PACK subroutine takes 

these factors into account. It accesses the proper bank for the low 

byte and the proper bank for the high byte of left and right pixels. 

The complete assembly code listing of PACK is in Appendix A. 



Table 4-2 Example of 12-bit concatenation 

12 Bit Value L. Pixel R. Pixel Cone. Byte 

123 

456 

11,22 (1) 

44,55 (1) 
63 

789 

ABC 

77,88 (2) 

AA,BB (2) 
C9 

DEF 

568 

DD,EE (3) 

55,66 (3) 
8F 

89B 

C04 

88,99 (4) 

CC,00 (4) 
4B 

-p» 
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11 77 OD 88 

Left Pixel 

Display of upper 8 bits 

Figure 4-4 

98 
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88 
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Figure 4-5 



UNPK Subroutine 

The final subroutine that manipulates the data is the data 

unpacking subroutine. This subroutine is invoked by a FORTRAN call 

CALL UNPK . 

The purpose of UNPK is to take the displayed bytes and the stored 

concatenated bytes that are in the CAT-200 memory and reformat them into 

their original 12-bit form. It does this on a line-by-line basis. The 

calling program acquires each line of information by first calling the 

subroutine LINE(LN) and then calling UNPK. 

UNPK uses four parameters passed to it in temporary storage from 

LINE: 

i) Starting address of the display byte memory; 

ii) Memory bank value of the display line; 

iii) Starting address of the storage byte memory; 

iv) Memory bank value of the storage quarter line. 

The subroutine then disconcatenates the lower nibbles, dis-

cancatenates the display bytes and recombines them into two bytes that 

represent the original 12-bit data. It stores these bytes in system 

memory beginning at address 60(30 in the following manner: 
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Memory 
Location 

Bank 
Value 

6000 

6001 

6002 

0U1 

60FE 

60FF 

where the designations for 0U-j, etc., are the same as those for 

the PACK subroutine described earlier. 

The complete assembly code listing of UNPK is in Appendix A. 

The effectiveness of the subroutines LINE, PACK, and UNPK is 

demonstrated in a phantom-simulation program. The details of this are 

in the next chapter. 



CHAPTER V 

PHANTOM SIMULATION 

This chapter describes the basis for a program that uses the 

LIME, and PACK subroutines to display a sinogram of a simulated phantom. 

A phantom can be any type of object; for purposes of testing the CT 

system the phantom is a cylindrical object that can be filled with 

various liquids that yield varying attenuation properties. Smaller 

objects are confined within the cylinder to test various aspects of CT 

scanners such as resolution, density discrimination, and overall image 

quality. 

The simulated phantom consists of a uniformly dense circular 

cross-section with diameter 30 cm. The attenuation coefficient of this 

is given as yQ = 0.07/cm. This is similar to the attenuation coefficient 

of soft body tissues. Located within this large circular region is a 

smaller circular area with diameter of 5 cm, and attenuation coefficient 

u- = 0.14-/cm, similar to that of bone. Hence, this phantom crudely 

simulates a cross-section of the human torso. 

The calculation of the attenuation through a portion of the 

circle that also includes the smaller inner circle is more difficult, but 

an analysis of the mathematics yields a tractable method. 

Consider the line integral through a portion of the large and 

small circles as depicted in Figure 5-1. The attenuation through both 

portions together is: 

50 
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J.-1 

X C) 

Attenuation segment through two circles 

Figure 5-1 
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I = I0exp[-u0(t0 

- I0 expt-v^ + ̂ -Mjt,] 

= I0 e*p[-p0Ji0 - Jif (Ul 

= I0 exp[-y0£0] exp[-yi 

= IQ exp[-0.07£Q] exp[-(0.14 - 0.07) 

I = IQ exp[-0.07Jio] exp[-0.07£i] (5.1) 

Let: factor 1, f 1 = exp[-0.07£.|] 

factor 2, fg = exp[-0.07s,2] 

The calculation of the attenuation through both circles is 

therefore just a matter of calculating the separate attenuation factors 

of each circle f-j and f2, then multiplying them together on a segment-by-

segment basis. 

The line integrals of the circles are obtained by dividing the 

circles into vertical strips of equal width (Figure 5-2), then calculating 

the area of each strip. This is done analytically as shown in Figure 5-3. 

Here the integral of the circle between points x-j and Xg is sought. 

The area for a circle is: y = /a2-x2 , where a is the circle 

radi us. 
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DIRECTION 

OF INTEGRATION 



The area of the strip is found by integrating: 

rX2— A = 2 I /a2-x2 dx 

*1 

Let x = a-sine ==> e=arcsin(x/a) 

==> dx = a-cosede 

° 2 
A = 2 /a2-a2sin2e (a.cose)de 

r 2 

= a (l+cos2e)de 

A = a2 e + h sin2e 
e2 

0i 
(5. 

Where: e1 = arcsin^/a); e2 = arcsin(x2/a) 

The Microsoft FORTRAN (F0RTRAN-80) used by the IMSAI does not 

include the arcsin function. It has an arctan function available. Th 

is used to find 6X and e2 as follows: 

= arctan (yx/xj 

e2 = arctan (y2/x2) 

y1 = /a2-x2 

y2 = /a2-x2 

where 0! = arcsin(x1/a); 02 = arcsin(x2/a) 



The line-strip integrals for the circles are calculated in the 

subroutine AREA(R,ARIRC). The calling routine passes the value of the 

radius R (arbitrary units). AREA computes the line integrals of strips 

that have unit width. It stores these integrals in the array ACIRC 

which is passed to the calling program. There are "R" number of 

integrals computed (R is rounded to the nearest integer). This array 

represents the integrals of the right hemisphere of the circle starting 

at the origin and ending at the circumference. 

After the integrals have been calculated the calling program 

(PHANT in this case) then expands the array representing a hemisphere 

into one that represents the entire circle. It does this for both the 

large, outer circle and for the smaller, inner circle. It stores these 

whole-circle integrals in permanent arrays. 

PHANT uses a temporary array that stores the small circle 

attenuation factors as they are shifted along the x-axis during the 

object rotation. For every sample angle (i.e., display line) the large 

circle array is multiplied by the temporary array to yield the final beam 

intensities for each of the differential line segments. 

The numerical listing of the attenuation of the last line of 

simulated data (line 200) is in Table 5-1. Note that the inner circle 

location occurs from pixels 79 to 98 and the intensities are lower than 

the corresponding mirror-image pixels in the left hemisphere. This 

denotes a higher attenuation of the beam due to the large attenuation 

properties of the inner circle. 



Table 5-1 Line 200 pixel intensities 

Pixel Pixel Intensity Intensity Pixel Pixel Intensity Intensity 

36 93 674.1 489.7 22 107 1323.5 1323.5 

35 94 692.5 517.0 21 108 1420.7 1420.7 

34 95 712.4 550.0 20 109 1535.9 1535.9 

33 96 734.0 593.5 19 110 1675.5 1675.5 

32 97 811.0 650.8 18 111 1849.9 1849.9 

31 98 841.5 743.9 17 112 2078.7 2078.7 

30 99 874.9 874.9 16 113 2406.7 2406.7 

29 100 911.7 911.7 15 114 3025.7 3025.7 

28 101 952.3 952.3 14 115 0.0 0.0 

27 102 997.4 997.4 13 116 4095.0 4095.0 

26 103 1047.6 1047.6 - - - -

25 104 1104.p 1104.0 - - - -

24 105 1167.6 1167.6 - - - -

23 106 1240.1 1240.1 . 1 128 4095.0 4095.0 



Pixi 

64 

63 

62 

61 

60 

59 

58 

57 
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Table 5-1— continued 

>ixel Intensity Intensity Pixel Pixel Intensity Intensi 

65 489.9 489.9 50 79 536.1 473.9 

66 490.3 490.3 49 80 543.2 435.9 

67 491.1 491.1 48 81 551.0 417.6 

68 492.4 492.4 47 82 559.4 406.7 

69 494.0 494.0 46 83 568.5 400.5 

70 496.1 496.1 45 84 578.5 397.6 

71 498.7 498.7 44 85 589.2 397.6 

72 501.6 501.6 43 86 600.7 400.1 

73 505. S3 505.0 42 87 613.2 404.9 

74 508.9 508.9 41 88 626.7 412.1 

75 513.3 513.3 40 89 641.3 421.7 

76 518.2 518.2 39 90 657.0 433.8 

77 523.6 523.6 38 91 641.3 448.9 

78 529.6 529.6 37 92 657.0 467.3 
cn 



Table 5-2 lists the actual 12-bit values that PHANT stores in 

the system memory before it calls the PACK subroutine. These numbers 

represent the values used in the last display line, line 200. 

The display of the phantom-sinogram simulation is shown in 

Fig. 5-4. 

The listings for PHANT and AREA are in Appendix A. 



Table 5-2 12-Bit vlaues for line 200 

5000: FF 0F FF 0F FF 0F FF 0F FF 0F FF 0F FF 0F FF 0F 

5010: FF 0F FF 0F FF 0F FF 0F FF 0F 00 00 D1 0B 66 09 

5020: IE 08 39 07 8B 06 FF 05 8C 05 2B 05 D8 04 8F 04 

5030: 4F 04 17 04 E5 03 B8 03 8F 03 6A 03 49 03 2A 03 

5040: 0F 03 F5 02 DE 02 C8 02 B4 02 A2 02 91 02 81 02 

5050: 72 02 65 02 58 02 4D 02 42 02 38 02 2F 02 26 02 

5060: IF 02 18 02 11 02 0B 02 06 02 01 02 FC 01 F9 01 

5070: F5 01 F2 01 F0 01 EE 01 EC 01 EB 01 EA 01 E9 01 

5080: E9 01 EA 01 EB 01 EC 01 EE 01 F0 01 F2 01 F5 01 

5090: F9 01 FC 01 01 02 06 02 0B 02 11 02 09 01 B3 01 

50A0: A1 01 96 01 90 01 8D 01 80 01 90 01 94 01 9C 01 

50B0: A5 01 B1 01 C0 01 D3 01 E9 01 05 02 26 02 51 02 

50C0: 8A 02 E7 02 6A 03 8F 03 B8 03 E5 03 17 04 4F 04 

50D0: 8F 04 08 04 2B 05 8C 05 FF 05 8B 06 39 07 IE 08 

50E0: 66 09 D1 0B 00 00 FF 0F FF 0F FF 0F FF 0F FF 0F 

50 F0: FF 0F FF 0F FF 0F FF 0F FF 0F FF 0F FF 0F FF 0F 



Display of simulated phantom sinogram 

Figure 5-4 



CHAPTER VI 

PULSE AMPLITUDE MODULATION 

A review of pulse amplitude modulation (PAM) is essential because 

the x-ray signal detected by the data acquisition detector array is PAM 

encoded. An understanding of PAM theory is needed for determining the 

type of electronics required to demodulate the signal. 

Theoretical Considerations 

PAM is a train of constant-width pulses that form a carrier 

signal which is modulated by the information signal. For the CT system 

the x-ray pulses comprise a pulse train whose amplitude defines an 

envelope that represents the image information. The detector electronics 

must demodulate the pulse train to retrieve the image information. 

The mathematical basis of PAM is as follows. A low-frequency 

signal f(t) (Figure 6-1) is multiplexed by a high-frequency impulse 

signal train p(t) with period T (Figure 6-2) to yield a modulated impulse 

signal fg(t) as in Figure 6-3 (Stremler, 1977). 

The Fourier spectrum F(oj) of this modulated signal is given as: 

F
SU) = f I FU-n2Tr/T) (6.1) 

n=-» 

The impulse signal train p(t) is given as: 

p(t) = I s(t-nT) (6.2) 
n=-» 
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-iuc 0 wc 

Low frequency signal f(t) 

Figure 6-1 
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ut 

* p(t> AP(u») 

—»)t |«— t 0. 2n/T 

Impulse signal train p(t) 

Figure 6-2 

-> 
U) 

* V*> ^ Fs(u>) 
\ 

-2n/T 

Modulated impulse signal fs(t) 

2n/T 

Figure 6-3 
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The modulated signal is given as: 

oo 
fs(t) = f(t) I 6(t-nT) 

n—oo 

oo 
fs(t) = I f(nT)6(t-nT) (6.3) 

n—oo 

In reality the modulating signal impulses do not have zero width, 

but are almost Gaussian in shape. Assume, however, that they can be more 

simply modelled as flat-topped pulses with finite width t whose impulse 

response s(t) is shown in Figure 6-4. The modulated signal can thus be 

characterized as a convolution of f (t) with s(t). 

The result of this convolution is: 

fs(t)*s(t) = I f(nT)6(t-nT)*s(t) 

oo 

fs(t)*s(t) = I f(nT)s(t-nT) (6.4) 

This result is shown in Figure 6-5. 

The spectrum of the signal Fs(u>) is given as: 

Fs(«)S(u>) = } I F(oi-n2ir/T)S(u,) (6.5) 
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S(tt>) 

Ui 2 n / t  

Impulse response s(t) 

Figure 6-4 

2n/T 2n/r 

Modulated signal convolution 

Figure 6-5 



65 

PAM Analysis of CT Signals 

The x-ray pulse from the Varian is Gaussian shaped, but for 

purposes of the discussion it will be assumed to be an ideal flat-topped 

pulse. The pulse train has a period of T=10 msec (f =100 Hz) and a 

pulse width of t=4 ysec (Figure 6-6). A typical x-ray pulse train 

intercepted by a detector would look something like that in Figure 6-7. 

It is this envelope (Figure 6-8) which represents the attenuation of the 

x-ray signal by various body tissues. The frequency of the envelope is 

exaggerated in Figure 6-8 for illustrative purposes. Its frequency is 

much lower. 

The detectors are sampled once every two seconds so the Nyquist 

frequency of the envelope waveform is ojs = tt. 

The spectrum of this waveform is shown in Figure 6-9. The 

amplitude of S(u) does not reach the first zero until u>c = 2tt x 250 rad/sec. 

Signal Demodulation 

The demodulator must consist of a low-pass filter whose pass 

frequency is tt rad/sec. It must be able to attenuate the ripple caused 

by the harmonic frequencies, especially that of the first harmonic 

frequency. The first harmonic frequency is 200 it rad/sec which is due to 

the pulse repetition frequency of 100 Hz. 

The data has a 12-bit format so that the smallest discrimination 

is l/(212) which is 1/4096. The attenuation of the first harmonic at a 

frequency of 200 u rad/sec must be less than 1/4096. The filter order 

can be determined from this information. 
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If a first-order filter is used then the attenuation A(w) is 

given by: 

A1 (o») - 1 

/i+U/«.0)2 

A simple first-order, low-pass filter would consist of a registor 

and a capacitor whose values are normalized to one. This yields a pass 

frequency of a)Q = 1 rad/sec. 

For the CT system with a sampling frequency of 200 ir rad/sec, 

the attenuation of the first-order filter at this frequency is 

All200") s m 2007T 

This is greater than 1/4096 so a first-order filter is not 

sufficient. 

A second analysis is required, this time for a second-order 

filter. For this case: 

A2<™) = i+U/O2 

For the case where = 1 rad/sec; and oo = 200 tt 

A2(200tt) * 1 

(200ti)2 

This is sufficient attenuation so a second-order low-pass filter 

is required as part of the signal demodulation electronics. 



Other Detector Parameters 

So far it has been determined that the detector electronics must 

meet two specifications. The first is that the filter have a pass fre

quency at it rad/sec, the second that it be a second-order filter. The 

detector electronics must meet several other criteria. 

The result of the output of the detector electronics must be 

known. The maximum input voltage that the analog-to-digital converter 

can accept is 10 volts, so a third criterion is that the detector 

electronics have a maximum output voltage range of 10 volts. 

A 12-bit discrimination means that the smallest voltage that will 

be recognized by the A/D converter is 10/4095, or about 2.4 mV. Therefore, 

two more criteria are that the output ripple, and the output noise levels 

be less than this. Because of errors in the A/D converter the levels 

should be less than about 2.0 mV. 

One other reason for using low-pass filters as part of the 

detector electronics is their low-noise properties. A comparison of 

low-pass filter circuits to sample-and-hold circuits showed that the low-

pass circuits used as the front-end detector electronics of x-ray 

detectors had much lower noise than did the sample-and-hold circuits 

(Olson, Smith, and Pisano, 1982). 



CHAPTER VII 

DETECTOR ELECTRONICS 

The function of the detector electronics is to receive the pulse-

modulated signal from the x-ray scintillator photodiodes, demodulate it, 

then convert it into a form that is suitable for analog-to-digital 

conversion. There are five performance requirements for the electronics: 

i) Must be at least a two-pole, low-pass filter whose 

pass frequency is it rad/sec; 

ii) Must convert a current input into a voltage output; 

iii) The output voltage must range from 0 to 10 volts DC; 

iv) The output voltage ripple at maximum input signal must be 

less than about 2 mV; 

v) The output noise level must be less than about 2 mV. 

In the design of the prototype circuits two approaches were taken 

to approximate the x-ray pulse signal. The first used a voltage pulse 

generator to create simulated input signals; the second used an LED-

photodiode combination as the simulated input signal. 

Pulse Generator Method 

A pulse generator (E.H. Research Laboratories, Inc. Model G710) 

was used as the input pulse source. It was set to provide pulses with 

amplitude of five volts, pulse width of 4 ysec, and a repetition rate 

of 100 pulses/sec. In order for these voltage pulses to appear as 

current pulses to the filter circuit it was necessary to convert the 
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voltage source into its Norton equivalent current source by adding a 

resistor in series with the output of the pulse generator. 

This resistor is the Thevenin resistor Ry. Its value was 

determined by comparison with the prototype circuit shown in Figure 7-1. 

A value of 33 Kn was found to be appropriate. 

The first prototype low-pass filter tested is shown in Figure 7-2. 

In order for the poles to be at toc = tt the following must be met: 

i) Rp-jCpi = 1/tt = 0.318 sec 

ii) Rp2Cp2 = 1/tt = 0.318 sec 

Table 7-1 lists the various RC combinations and their effect on 

the output voltage. For case #6 the output ripple was about 2 mV and 

the noise was about 6 mV. 

The main problem encountered by this circuit was that the pulse 

generator has a DC offset voltage of 44 mV which affects the output of 

the filter when the pulse amplitude is zero. The DC gain of the filter 

is several thousand so the offset voltage of the pulse generator was 

greatly amplified. 

The next step was to find a way to AC couple the output of the 

pulse source to the input of the filter to eliminate this offset voltage. 

A coupling capacitor added in series would perform this function; 

however, the integrator would cause the output voltage to eventually 

decay to zero at full input. A means to rectify the AC coupled input 

is needed. 
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Table 7-1 Low-pass filter results 

# (uF) Rfl(K«) R,C, 

(sec) 
Cf2(uF) Rf2(KB) R2C2 

(sec) 

VA(mV) v0(v) 

1 2.83 120 .340 1.22 270 .330 -2 .22 

2 1.22 270 .330 2.83 120 .340 -6 .28 

3 1.22 270 .330 1.26 270 .340 -.16 .88 

4 1.22 270 .330 .613 540 .331 — 1.8 

5 1.22 270 .330 .278 1200 .334 -17 4.1 

6 1.22 270 .330 .278 1200 .334 — 10.4 

For cases 1-5, 

For case 6, Rj 

Rj = 5.6 Kft 

= 2.2 Kn 
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A proposed circuit to accomplish these objectives is shown in 

Figure 7-3. Ideally the coupling capacitor would eliminate all DC off

sets and the diode would rectify the resulting AC signal to allow only 

the positive half of the pulse to be filtered. 

There are two problems with this circuit, both relating to the 

diode. First, diodes exhibit an almost linear current-to-voltage 

relationship when small voltages (hundreds of millivolts or less) are 

applied across their terminals. That is, they do not act like ideal 

switches. This would affect the performance of this circuit because 

the signal voltages are in the millivolt range. Second, the diode has a 

turn-on voltage ranging from 0.4 to 0.6 volts. The input voltages would 

be below this range so the diode would not be functional. 

The non-ideal effects of the diode can be eliminated by using a 

"super-diode" (Sedra and Smith, 1982). This is shown in Figure 7-4. 

The diode is driven by the operational amplifier and so there is no turn-

on voltage, and the linearities and small voltages are removed. 

The super-diode was incorporated into the AC coupled circuit as 

the rectifier. The final circuit is shown in Figure 7-5. When tested 

with a 5 volt pulse input the output was about 10 volts and the ripple 

was about 2 mV. 

The major problem with this circuit is that the op-amp of the 

super-diode contributes a small offset voltage. This voltage, when 

amplified by the subsequent filter stages, causes a significant amount 

of drift in the output voltage. So the original problem of removing 

the drift due to the pulse generator offset voltage has just been 

exacerbated. 
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Super diode 

Figure 7-4 
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LED-Photodiode Method 

This method used a means of generating an input current signal 

rather than a voltage input signal. A red LED was optically coupled to 

a photodiode (Hamamatsu S643B) and placed into a light-proof box. The 

LED was connected through a 40 n resistor to the pulse generator. The 

output of the photodiode consisted of a train of current pulses. 

The simple two-pole, low-pass filter of the previous section was 

modified to convert the current to voltage. This was accomplished by 

using a differential op-amp circuit for the input stage (Figure 7-6). 

Not only did this convert; the current input to a voltage output, it 

also greatly amplified the input pulse signal. The output pulse of the 

differential circuit with a full strength input signal is shown in 

Figure 7-7. 

The first-stage amplification eliminated many of the problems 

associated with the previous circuits. First, the gain of the second 

stages was significantly reduced thereby eliminating much of the 

amplification of the offset voltages of the succeeding stages. 

Secondly, this differential circuit eliminated any DC offset voltage of 

the input signal which also removed a major component of the output 

drift voltage. 

The final prototype circuit that was tested with the LED-

photodiode input is shown in Figure 7-8. At full signal strength the 

output was about 10 volts with less than 1 mV drift; about 1 mV noise 

component) and ripple less than 2 mV. This circuit required only one 

trim-potentiomenter on the final filter stage thereby eliminating the 

tedious calibration of each stage. 
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This prototype was tested using the 4 MeV Varian as the x-ray 

pulse source. The input of the filter was connected to a pair of photo-

diodes which were optically coupled to a piece of plastic scintillator 

material. The end face of the scintillator was coated with two layers 

of 6080 Eastman Kodak white reflectance coating. The scintillator was 

wrapped in one layer of aluminum foil, then covered by a heat-shrink 

jacket. The photodiodes (Hamamatsu S643B) were optically coupled to the 

other end face of the scintillator using Dow Corning Q2-30678, then 

taped firmly into place (Chen, 1982). The leads of the photodiodes were 

electrically connected to form two current sources in parallel; these 

leads were then connected to the input of the differential amplifier. 

The output of the filter was connected to an oscilloscope via 

a 30-foot coaxial cable. The scintillator was placed in the path of 

the x-ray beam. The x-ray source was activated and the filter response 

shown in Figure 7-9 was observed. 

It was conjectured that the oscillations were due to the op-amps 

being driven into saturation. This was confirmed by checking the output 

of the first filter. Its voltage level was a steady 5 volts. This meant 

that the output of the final stage was being driven into saturation. 

To alleviate this the gain of the first filter stage was 

reduced by making = 270 Kq. This did not make any difference, however. 

The output response of the final stage still oscillated. 

Due to lack of time improvements in the circuitry were unable to 

be investigated. It is felt that the differential input filter would be 

the type of circuit that would best meet the specifications. It has low 
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drift, good ripple and noise characteristics, and does not require much 

adjustment. 



CHAPTER VIII 

CONCLUSIONS 

There are two main goals of this thesis. The first is to improve 

the data storage and display of the CT scan information. The second is 

to design and test the second-order, low-pass detector electronics. 

The improvements made to the storage and display of the 12-bit 

data are more than satisfactory. The technique of displaying the sinogram 

on a line-by-line basis is quick and relatively easy to perform. The 

advantage of savings in system memory space outweighs the disadvantage 

due to the complexities of the data packing routines. 

The results of the changes made to the detector electronics are 

inconclusive. Bench tests show that the differential-input type of filter 

has the best characteristics; however, it does not meet specifications 

when it is subjected to a real x-ray pulse input. More work is necessary 

to refine this filter because it is most likely the one which will be 

best suited for the CT scanner. 

It is unfortunate that not enough time was available to rebuild 

the prototype CT scanner using the improvements made in the data display 

and detector electronics. It is felt that these improvements would have 

allowed for shorter scan-to-display times and for better image resolution 

than the prototype. 

This work is one step towards a totally integrated CT radiotherapy 

system. This system will have a minicomputer such as the IBM-PC as its 
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central control. The minicomputer will be able to handle all the control 

and display tasks from data acquisition - to sinogram display - to image 

reconstruction processing - to, finally, CT image display. Ideally, the 

entire process will not take more than a couple minutes to accomplish. 



APPEND IK IK 

SUBROUTINES AMD PROGRAMS 

I. Line subroutine LINE.MAC 

ENTRY LINE 
EXT DMEM,DREG,LN,SMEW, SREG,STK 

LD (STK),SP 
LD SP.07000H 
LD A,080H 
LD (SREG),A 
LD A,(HL) 
LD (LN) ,A 
CALL SM 
CALL DM 
LD SP,(STK) 
RET 

CP 129 
CALL P,SB2 
LD B,A 
LD HL.0BFF0H 
LD DE,010H 
ADD HL,DE 
DJNZ SB! 
LD (SMEM),HL 
RET 

SB2: 

DM: 

LD 
LD 
LD 
SUB 
RET 

LD 
CP 
JP 
CP 
JP 
CP 
JP 
CP 
JP 
CP 

A,081H 
(SREG),A 
A,(LN) 
128 

A,(LN) 
9 
C,B1 
41 
C,B2 
73 
C,B3 
105 
C,B4 
137 
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save stack 
pointer 

save lower 4-bit 
bank value 

save the 
line number 

set up 4-bit parameters 
set up 8-bit parameters 
restore stack pointer 
done 

if line > 128 then 
revise 4-bit bank 

save 4-bit bank 
calculate 4-bit 

storage 
starting 
address 

save starting address 
done 

store next 
4-bit bank 

recalculate bank 
line number 

done 

fetch line number 
if line f < 9 

goto B1 
if line f < 41 

goto B2 
if line t < 73 

goto B3 
if line t < 105 

goto B4 
if line f < 137 
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JP C,B5 ; goto B5 
CP 169 ; if line f < 169 
JP C,B6 ; goto B6 
JP B7 ; gotoB7 

B1: ADD A,24 ; set first line 
LD (LD),A ; of bank 1 
LD A,081H ; gave display 
LD (DREG),A ; get beginning address 
RET ; done 

B2: SUB 08 ; set first line 
LD (LN),A ; of bank 2 
LD A,082H ; save display 
LD ADDR ; get beginning address 
RET ; done 

B3: SUB 40 ; set first line 
LD (LN),A ; of bank 3 
LD A,083H ; save display 
LD (DREG),A ; bank 3 
CALL ADDR ; get beginning address 
RET ; done 

B4: SUB 72 ; set first line 
LD (LN),A ; of bank 4 
LD A,084H ; gave display 
LD (DREG),A ; bank 4 
CALL ADDR ; get beginning address 
RET ; done 

B5: SUB 104 ; set first line 
LD (LN),A ; of bank 5 
LD A,085H ; gave display 
LD (DREG),A ; bank 5 
CALL ADDR ; get beginning address 
RET ; done 

B6: SUB 136 ; get first line 
LD (LN),A ; of bank 6 
LD A.0896H ; save display 
LD (DREG),A ; bank 6 
CALL ADDR ; get beginning address 
RET done 

B7: SUB 169 ; get first line 
LD (LN),A ; of bank 7 
LD A,087H ; save display 
LD (DREG),A ; bank 7 
CALL ADDR ; get beginning address 
RET ; done 



89 

CALL DISP 
LD A,(DREG) 
ADD A,8 
IMC DE 
INC DE 
IMC DE 
CALL DISP 
RET 

LD A,(DREG) 
OUT (R2),A 
ADD A,16 
LD (DREG),A 
LD A,(DE) 
AMD 0FH 
LD (ML),A 
RLCA 
RLCA 
RLCA 
RLCA 
OR (HL) 
LD (IY),A 
DEC DE 
LD A,(DREG) 
OUT (R2),A 
SUB 8 
LD (DREG),A 
LD A,(DE) 
AMD 0F0H 
LD (ML),A 
RRCA 
RRCA 
RRCA 
RRCA 
OR (HL) 
LD (IY).A) 
RET 

INC 1Y 
IMC DE 
INC DE 
LD A,(DREG) 
SUB 16 
LD (DREG),A 
LD A,(SREG) 
CP 0A0H 
CALL Z.FIX 
CP 0A1H 
CALL Z.FIX 
RET 

go to display routine 
get display bank 
calculate next bank 
get next 

address of 
upper 4-bit value 

display 
done 

select 
display bank 

calculate and store 
next bank 

get upper 4-bit value 
mask off upper 4 bits 
save nibble 
multiply 

value 
by 

16 
concatenate nibbles 
display high-byte 
next value 
select 

display bank 
calculate and store 
next bank 
get lower 8-bit value 
mask off lower 4 bits 
save nibble 
divide 

value 
by 

16  
concatenate nibbles 
display low-byte 
done 

next display location 
next 12-bit 

data pair 
calculate 

and store next 
display bank 

see if storage 
bank is beyone 

its limits 
if so 
then reset 

done 



LD A,(LN) get line number 
LD B,A get line counter 
LD HL.0BFC0H beginning address - 40H 
LD DE,040H memory line increment 
ADD HL,DE calculate the first 
DJNZ Q1 pixel address 
LD (DMEM),ML save address 
RET done 

END 

Data packing and display subroutine PACK.MAC 

ENTRY PACK 
EXT DMEM, DREG, ML, SMEM, SREG, STK 

R2 EQU 00C2H 
DATA EQU 05000H 

PACK: LD B,64 
LD (STK),SP 
LD SP,07000H 
LD IX, (SMEM) 
LD IY,(DMEM) 
LD HL,ML 
LD DE.DATA 

AB: CALL STDP 
CALL CHCK 
DJNZ AB 
LD SP,(STK) 
RET 

STDP: LD A,(SREG) 
OUT (R2),A 
ADD A,8 
LD (SREG),A 
LD A,(DE) 
AND OFH 
LD (ML),A 
INC DE 
INC DE 
LD A, (DE) 
ANE OFH 
RLCA 
RLCA 
RLCA 
RLCA 
OR (HL) 
LD (IX),A 
DEC DE 

set pixel counter 
save stack 

pointer 
4-bit storage address 
8-bit display address 
temporary storage address 
12-bit data address 
store & display 
check bank boundaries 
check pixel counter 
restore stack 
done 

get storage bank 
access storage bank 
calculate next bank 
gave next bank 
get low-byte of data 
mask off upper 4 bits 
save 
get low-byte 

of next 12-bit 
data value 

mask off upper 4-bits 
multiply 

value 
by 

16  
concatenate nibbles 
save conc-nibbles byte 
address of upper 4-bits 



FIX: SUB 32 
LD (SREG),A 
INC IX 
RET 

reset and save 
storage bank 

next storage location 
done 

END 

Data unpacking subroutine UNPK.MAC 

ENTRY UNPK 
EXT DMEM, DREG, ML, SMEM, SREG, STK 

R2 EQU 00C2H bank select register 
UMEM EQU 6000H system memory 

UNPK: LD B ,64 initialize pixel counter 
LD (STK),SP save 
LD SP,7000H stack pointer 
LD IX,(SMEM) storage memory 
LD IY.(DMEM) display memory 
LD HL.ML temporary storage 
LD DE.UMEM system memory 

AB: CALL U1 unpack routine 
CALL CHCK check bank conditions 
DJNZ AB check pixel counter 
LD SP,(STK) restore stack pointer 
RET done 

LD A,(SREG) 
OUT (R2),A 
LD A,(IX) 
AND 0FH 
LD (HL),A 
LD A,(DREG) 
ADD A,16 
OUT (R2),A 
LD A,(IY) 
AND 0F0H 
OR (HL) 
LD ( DE),A 
INC DE 
LD A,(DREG) 
OUT (R2),A 
LD A,(IY) 
AND 0FH 
LD (DE),A 
INC DE 
LD A,(SREG) 
OUT (R2),A 
LD A,(IX) 

select 
storage bank 

get conc-nibbles byte 
mask off upper 4 bits 
save nibble 
select 

low-byte 
display bank 

get low byte 
mask off lower 4 bits 
concatenate to low-byte 

value and save 
next system location 
select high-byte 

display bank 
get high-byte 
mask off upper 4 bits 
save upper 4-bit value 
next system location 
select 

storage bank 
get conc-nibbles byte 
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AND (3F0H mask off lower 4 bits 
RRCA divide 
RRCA value 
RRCA by 
RRCA 16 
LD (HL),A save nibble 
LD A a(DREG) select 
ADD A,24 1ow-byte 
OUT (R2),A display bank 
LD A,(IY) get low-byte 
AND 0F0H mask off lower 4 bits 
OR (HL) concatenate into lower byte 
LD (DE),A save in system 
INC DE next system memory 
LD A,(DREG), select next 
ADD A,8 high-byte 
OUT (R2),A display bank 
LD A,(IY) get high-byte 
AND 0FH mask off upper 4 bits 
LD (DE),A save in system memory 
INC DE next system memory 
RET done 

INC IY next display location 
LD A,(SREG) see if storage 
ADD A,8 bank is 
CP 0A0H beyond 
CALL Z,Q1 limits 
CP (5A1H if so 
CALL Z,Q1 then 
LD (SREG),A reset 
RET done 

SUB 32 reset bank 
INC IX ; next storage location 
RET 

END 

IV. Common data storage STORE.MAC 

ENTRY DMEM, DREG, LN, ML, SMEM, SREG, STK 

DMEM: DW 0 display memory 
DREG: DB 0 display bank 
LN: DB 0 1ine number 
ML: DB 0 nibble storage 
SMEM: DW 0 storage memory 
SREG: DB 0 storage bank 
STK: DW 0 stack storage 

END 



Phantom Simulation Program 

PROGRAM PHANT 
DIMENSION SHL(64),CHS(64),CS(20),CL(128),CXAX(128) 

WRITE (1,5) 

5 FORMAT (" START CIRCLE SUBROUTINE ") 
C INITIALIZE ARRAYS 

DO 10 LL = 1,128 
CL(LL) = 0.0 
CXAX(LL) = 4095.0 

10 CONTINUE 
R = 10.1 

CALL AREA(R.CHS) 
C EXPAND SMALL CIRCLE 

KL = 10 
KR = 11 
DO 100 JK = 1.10 
CCS = (-.07)*(0.3)*CHS(JK) 
CES = EXP(CCS) 
WRITE (1.53) CES 

53 FORMAT (" CES = ", F9.4) 
CS(KL) = CES 

CS(KR) = CES 
KL = KL - 1 
KR = KR + 1 

100 CONTINUE 
C EXPAND LARGE CIRCLE 

ML = 64 
MR = 65 
DO 200 JM = 1.50 
CCL = (-.07)*(0.3)*CHL(JM) 
CEL = EXP(CCL) 
WRITE (1,150) CEL 

15/0 FORMAT (" CEL = F9,4) 
CL(ML) = 4.000.0 * CEL 
CL(MR) = 4.000.0 * CEL 
ML = ML - 1 
MR = MR + 1 

2jOjO CONTINUE 
ALP = 0.0 
DO 600 ID = 1,200 
ANG = 54.5 + 25.0 * COS(ALP) 
N = IFIX(AMG) 



N1 = N - 1 
M = N + 1 
Ml = M + 1 
DO 250 II = 14.NI • 
CXAX(II) = CL(II) 

25(3 CONTINUE 
KPT = 1 
DO 300 IJ = N,M 
CXAX(IJ) = CS(KPT)*CL(IJ) 
KPT = KPT + 1 

300 CONTINUE 

DO 350 IK = Ml,115 
CXAX(IK) = CL(IK) 

350 CONTINUE 
FILL SYSTEM MEMORY W/ 12-BIT VALUES 

MEM = Z150001 ' 
DO 400 JJ = 1.128 
IPIX = IFIX( CXAX((JJ) ) 
KL = LPIX. and, Z'FF00') / 256 
CALL POKE (MEM.KHI) 

•MEM = MEM + 1 
400 CONTINUE 

CALL LINE(ID) 
CALL PACK 
ALP = ALP + 0.0314159 

600 CONTINUE 
STOP 
END 
SUBROUTINE ARX(NEWR,T0,XR,AF) 
NXR = IFIX(XR) 
IF (NXR,GE,NEWR) TF = 1.570796 

IF (NXR,GE,NEWR) GOTO 50 
NS = NEWR**2 
XRS = XR**2 
ARG = NS - XRS 
Y = SQRT(ARG) 
TARG = XR / Y 
TF = ATN(TARG) 

50 AR = TF + 0.5*SIN(2*TF) 
AL = TO + 0.5*SIN(2*T0) 
AD = AR - AL 

AF = AD*(NEWR ** 2) 
T0 = IF 

RETURN 
END 



APPENDIX B 

CAT-200 DISPLAY 

The display procedure that is described in Chapter IV involves 

a convoluted method that results in an image-format of 128x 256x 8 bits. 

This appendix describes the procedure to achieve the full 256 x 256 x 8 bit 

mode of the CAT-200. 

The arrangement of the memory banks and their four-bank groupings, 

and the 2 K-bytes memory arrangement still apply in this process. The 

left pixel/right pixel designations are not necessary, though. 

In order to facilitate the explanation it will be assumed that 

the pixels are displayed sequentially starting at the top left corner of 

the image then moving from left to right 256 pixels for the first line, 

then left to right 256 pixels for the second line and so forth. 

Pixels must be considered in groups of four starting with the 

first four pixels in the image. Let the four pixels be symbolized as 

follows: 

Pixel Symbol 

4 

L 

3 

95 



where: H-j, H^, and represent the upper nibbles of the 1st, 2nd, 

3rd, and 4th pixel bytes respectively; and L1, L2> L3, and represent 

the lower nibbles of the 1st, 2nd, 3rd, and 4th pixel bytes respectively. 

The first four pixels are displayed in the memory location C000 

of banks, 80, 88, 90, and 98. The byte concatenation procedure is 

illustrated in Figure B-l. First, the lower four bits of the first pixel 

byte are masked off forming H^0 and saved. Then the lower four bits of 

the second pixel byte are masked off forming Wfl which is then divided 

by 16 to form 0}^. The values H^0 and 01^ are "OR-ed" together to form 

H-jHg (called high byte 1). This byte is then stored in location C000 

of bank 80. 

Next, the same procedure is applied to the third and fourth 

pixels to yield HgH^ (called high byte 2). This byte is stored in 

location C000 of bank 88. 

A similar procedure is applied to the low nibbles of the pixel 

bytes. The upper four bits of the first pixel (H-jL^) are masked off 

to form 0L.j which is then multiplied by 16 and saved as L^0. Next, the 

upper four bits of the second pixel byte (Hgl^) are masked off forming 

0l_2- These values are "OR-ed" together to form L-jl^ (called low byte 1) 

which is then stored in memory location C000 of bank 90. 

This same procedure is applied to the third and fourth pixel 

bytes to form LgL^ (low byte 2). This is stored in memory location C000 

of bank 98. 

These processes are then repeated for the next group of four 

pixels. The only difference is that the memory location is C001. So 

high byte i is placed into C00i of bank 80; high byte 2 is placed into 
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C001 of bank 88; low byte 1 is placed into location C001 of bank 90; 

and low byte 2 is placed into C001 of bank 98. 

The subsequent groups of four pixels are stored in subsequent 

memory locations. The last group of four pixels stored for the first 

memory bank set is stored in location C7FF. The procedure is then 

repeated except that banks 81 , 89, 91, and 99 are used. 

The following describes an example of display in this fashion. 

Suppose that the following hexadecimal values are to be displayed: 

12, 34, 56, 78, AB, CD, EF, 76. They are to be displayed in a row 

starting at the left edge of the image, and about one-third of the way 

from the top of the image-

The bark set that controls the required horizontal position 

consists of banks 82, 8A, 92, 9A. The memory locations involved are 

C000 and C001. 

The first two pixels 12, and 34 form high byte 1 (13). The 

second pixel pair 56, and 78 form high byte 2 (57). The first pair 12 

and 34 form low byte 1 (24); and the second pair 56, and 78 form low 

byte 2 (35). These and the remaining values are tabulated below. 

Concatenated 
Byte Bank 

Memory 
Location 

13 
57 
24 
35 

82 
8A 
92 
9A 

C000 

AC 
E7 
BD 
F6 

82 
8A 
92 
9A 

C001 
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