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CHAPTER I 

INTRODUCTION 

Image Processing System Basics 

Image processing requires the capture, storage, manipula

tion, and interpretation of information in the form of an 

image. The above process can be divided into subsections 

that enhance each feature of the imaging process, namely a 

digitizing module encompassing the first two categories that 

image processing requires, a processing module that handles 

manipulation, and a display module capable of displaying the 

captured and manipulated image. Figure 1.1 illustrates the 

format of a typical image processing system. 

The digitizing module contains an input viewing device 

and a digitizer for capture and storage of a scene. The input 

device creates an analog signal, varying in intensity and 

spatial coordinates, representing the scene viewed by the 

device. The most commonly used input devices are microden-

sitometers, flying spot scanners, image dissectors, vidicon 

cameras, and photosensitive solid-state arrays [1]. The 

first device requires that the image to be digitized be in 

the form of a film negative or photograph. The last four 

categories have the added advantage of capturing real time 

images that have sufficient light intensity to excite the 

detector. Vidicon tubes and solid-state arrays have another 

advantage of being packaged as TV cameras. Since this thesis 
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concerns the topic of PC-based (Personal Computer based) 

image processing, the camera package along with the Personal 

Computer (PC) make a portable low cost image processing work 

station. 

The digitizer digitizes the analog signal created and 

stores this information in an array on a memory device. The 

array size can vary, and usually ranges from 256 x 256 to 

1024 X 1024. Each element in the array is called a pixel and 

represents a spatial coordinate digitized by the digitizer. 

Associated with each pixel is a value usually ranging from 0 

to 255 that corresponds to a digitized intensity value. Typ

ically, convention allows the interpretation of the intensity 

variable as a third dimension. For example, an image digi

tized and stored into an array of 512 x 512 with 256 inten

sity levels can be written as 512 x 512 x 8. The 8 corre

sponds to 8-bits of discrete intensity and represents the 

third dimension. 

Recent advances in semiconductor technology have produced 

higher density, faster memory chips. With this advancement, 

a digitized image can be temporarily stored at video speeds 

on VLSI memory chips. The temporary storage section is 

called a "frame buffer." Thus the digitizer grabs and stores 

an image in the frame buffer at real-time speeds. The frame 

buffer is also used as an intermediary between the mass stor

age device, discussed later, and a host computer. Therefore, 



images can be loaded from mass storage into the frame buffer 

and processed by the processing module. After the image has 

been digitized and stored in the frame buffer, the image must 

be preserved on a mass storage device for later processing. 

A 512 X 512 X 8 image recjuires 1/4 megabytes of memory stor

age. Therefore, sufficient memory storage is very important 

for any image processing system. The most common storage 

media used are magnetic disks, magnetic tapes, and optical 

disks. A 700 megabyte magnetic disk can hold approximately 

2800 images of 1/4 megabyte size. High density magnetic 

tapes have a considerable amount of storage capability and 

optical disks can store up to 4 gigabytes of information on a 

single optical disk platter [1]. With the PC-based system, 

the hard disk can usually handle general purpose storage 

capabilities. A hard disk has a storage capability ranging 

from 5 megabytes to one gigabyte. 

Once an image has been digitized and stored, manipulation 

of image information for final interpretation begins. In a 

PC-based image processing system, this process can be divided 

into two categories, human interpretation and machine inter

pretation. When a person interprets an image, the viewer 

uses visual perception to decide whether or not the image 

quality is sufficient. For example, in the Image Processing 

Lab here at Texas Tech University, research in detecting 

abnormal texture in fundus photographs has been done for 



detecting the eye disease glaucoma [2],[3]. Fundus images 

taken at periodic intervals are compared using various image 

processing methods on a PC. Using automated technicjues, the 

PC can spot the flawed tissue. The diagnosis, positive or 

negative, is made by the human. Machine vision , on the 

other hand, utilizes computer reliability to interpret the 

qualities of an image. An example of machine vision in the 

Image Processing Lab is the application of stereo vision [4]. 

In this research, two cameras are used as input devices to 

view a scene. With various image processing algorithms such 

as edge detection and disparity calculations, a machine such 

as a robot can use its "machine perception" to detect door

ways and other such edges while performing a mobile task at 

an industrial plant. The examples given for the above cate

gories are just two of many applications for a PC-based image 

processing system. 

Different algorithms for a specific image processing 

application are handled by the processing module. This mod

ule consists of a programmer oriented computer system capa

ble of "crunching the numbers" associated with a particular 

algorithm. Mainframe computers, mini-computers, and PC's are 

the systems usually used in this module. Especially main

frame and mini-computers, with parallel and pipelined archi

tectures, have the memory size and speed to manage algorithms 

easily. Although certainly not as powerful as the mainframe 



and mini-computers, advances in semiconductor technology have 

made PCs sufficient systems for many image processing 

applications. PCs are now equipped with a standard system 

memory size of one megabyte expandable up to the 8 megabyte 

range in some systems. With the new 32 bit microprocessor 

architectures that operate at 24 MHz, an added math coproces

sor and array processor make PCs extremely fast when compared 

to their earlier architectures. Not only has the recent 

semiconductor revolution increased the power of the PC, the 

cost of these systems are still much cheaper than mainframe 

and mini-computers. 

Whatever the application, results for interpretation are 

handled by the display module. The display module consists 

of an interface between the digital information stored in the 

intermediate memory and a video monitor. Since the video 

monitor is an analog device, the term analog interface will 

be used here and throughout this thesis. For general purpose 

applications, a TV monitor has sufficient resolution to 

interpret an image. A TV monitor operating with NTSC speci

fications in the interlaced mode scans 262.5 TV lines in the 

odd and even field or 525 lines in the frame time of 1/60 of 

a second. Thus, the analog interface must consist of cir

cuitry to provide NTSC sync pulses to tell the monitor when 

to scan a line and in what field to scan. If a color TV mon

itor is used, the analog interface must also provide the 



proper color bursts and chroma levels to drive the monitor. 

If a higher resolution monitor is desired, the analog inter

face must guarantee the scan rates of the monitor. The TV 

monitor has an advantage when used with the TV camera as an 

input device, especially in PC-based image processing sys

tems. An image can be digitized in one frame and stored in 

the frame buffer. When this intermediate memory device is 

used, the digital information stored can be read and dis

played at TV rates, i.e., 1/60 of a second. This allows the 

synchronous operation of the digitizer module and the display 

module displaying an image as fast as it is being grabbed. 

A Gray-Scale PC-Based Image 

Processing System 

Much time and effort has been spent in the Image Process

ing Lab developing PC based image processing systems. A 

gray-scale PC-based image processing system has recently been 

developed utilizing a Texas Instruments Professional Computer 

(TI-PC) [5],[6]. The block diagram of the gray-scale imaging 

system is shown in figure 1.2. Not only does this system 

have the sound and creative hardware design to capture images 

in "real-time," it also has a very adequate image processing 

software package. The input device for this system is an RS-

170 black and white vidicon tube video camera with standard 

NTSC video specifications. The digitizer developed grabs a 

frame of an image and stores the digital information in an 
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array of 256 x 256 x 8. Mass storage facilities include the 

10 megabyte hard disk and the one megabyte internal floppy 

disk drive of the TI-PC. Expansion work has included a dis

play module capable of displaying 256 shades of gray on a 

NTSC specified TV monitor. A nice feature of the TI-PC is 

its 3-bit high resolution color monitor. Using special bit 

mapping techniques, the display module can also deposit 

images with 16 different pseudo-colors on the TI-PC's CRT 

monitor. 

The considerations used as guidelines for designing this 

imaging system center around the RS-170 video camera and the 

TI-PC. The constraints of system design are based on the 

NTSC timing specifications of the camera and the memory capa

bilities of the TI-PC. The RS-170 timing specification is 

shown in figure 1.3. The horizontal line timing consists of 

a 10.9 |IS sync pulse for blanking the screen during line 

retrace and a 52.5 |1S interval of active video information. 

The vertical field timing encompasses a 570 uS vertical sync 

pulse for blanking the video screen during an odd or even 

field vertical retrace and an NTSC specified "no video lines" 

at the beginning of each field. The timing specifications 

are vital because the control and status of the system depend 

upon the horizontal and vertical sync pulses. 

Before digitization can begin, the horizontal and verti

cal sync pulses must be properly detected and conditioned. 
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Analog circuitry is used for sync capture with an R-C feature 

to ensure accurate system operation. The sync detector 

circuitry is shown in figure 1.4 [5]. Two separate voltage 

comparators are used, each with their own R-C network, to 

determine when a horizontal or vertical sync pulse occurs. 

Heinrich, et al., label the comparator/R-C network as a 

"detector." Each detector fires when its respective capac

itor charges to a fixed reference voltage. The horizontal 

sync detector fires for every horizontal sync pulse, and the 

vertical sync detector fires for every vertical sync pulse. 

When the horizontal sync detector fires, a monostable multi

vibrator in a dual package is triggered for a 10.9 |iS 

pulsewidth. Similarly, the vertical sync detector triggers a 

190 |IS pulsewidth. The respective pulsewidths correspond to 

the original sync pulses and serve to control the digitiza

tion process. The sync conditioning task is an optional fea

ture that clamps the blanking level of the sync pulses to 0 

volts and amplifies this clamped signal to the full dynamic 

range of the A/D converter so that only pure video informa

tion is digitized with maximized sampling resolution. 

The digitization process begins by activating the I/O 

mapped system controller, shown in figure 1.5, with the digi

tize request signal DIGREQ [5]. On the rising edge of the 

vertical sync pulse, VSYNC, a flip-flop configuration asserts 

the internal control signal INTCTL* (* indicates active low). 
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INTCTL* gives the A/D converter control of the frame buffer 

and also signals the system that digitization is about to 

occur. The system controller also dictates when the digiti

zation process ends. Activating the grant request signal, 

GREQ, lets the system know that the TI-PC wants control of 

the frame buffer. After GREQ becomes high, the external con

trol signal, EXTCTL*, is asserted alerting the status regis

ter that digitization is finished. By monitoring the con

troller's 8 bit status register, the TI-PC knows exactly when 

to take control of the frame buffer. Total digitization 

takes one field time of 1/60 second allowing real-time dig

itization. 

Internal frame buffer addressing is realized by configur

ing an 8 bit counter to count the number of true video lines. 

The counter, triggered by VSYNC, signals a sampling counter 

when to start and stop sampling. The sampling counter, trig

gered by the horizontal sync pulse, HSYNC, counts 256 samples 

per line. Thus the array size stored in the frame buffer is 

256 X 256. To accomplish sampling, the A/D converter must 

operate at a high rate of speed. Since the active line time 

is approximately 53 |iS, during which 256 samples must be 

taken, the A/D converter must sample the video signal at a 

rate between 4.8 and 6.4 MHz for proper aspect ratio and 

antialiasing [5]. The A/D converter used is a flash con

verter developed by ITT. The UVC3100 samples with 8 bit 
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accuracy and also incorporates a 10 bit D/A converter. 

Therefore, data is sampled by the A/D converter between the 

above rates and must be stored in memory at the same speed. 

Memory access limitations of the TI-PC do not allow 

direct storage of the digitized information into system mem

ory. Lack of DMA capabilities and slow memory chips are the 

limiting factors. Therefore, high speed memory incorporated 

on board the peripheral digitization card must be memory-

mapped to the memory expansion capabilities of the TI-PC. 

Texas Instruments has developed a high speed dual-in line-

package dynamic RAM (DRAM). The TMS4161, labeled the "video 

RAM" is a dual port memory device incorporating a random 

access port and a serial port. A bank of eight video RAMs 

serve as the system's frame buffer. The 256 pixels sampled 

by the A/D converter are handled by the serial port. The 

serial port consists of a 256 bit shift register that shifts 

each pixel in serially and pipelines the contents of the reg

ister into the memory location supplied by the internal 

address counter. After all lines have been sampled 256 times 

each, the frame buffer contains an array of 256 x 256 x 8. 

The third dimension in the array is the digitized intensity 

value generated by the A/D converter. The computer can 

access the frame buffer through the random access port. One 

of the problems with DRAMs is that they require strobing of 

each address row to retain memory information. This refresh 



16 

process is handled by the TMS4500 DRAM controller. Not only 

does the TMS4500 generate refreshing, it also multiplexes 16 

address lines and supplies all RAM control signals making the 

refreshing task easy to implement at reduced hardware cost 

[5], [6] . 

Of course, the processing module is ecjuipped with the 

computing power of the TI-PC and the image processing soft

ware developed. The C language was chosen as the basis for 

the system software due to its modular structured form, 

direct machine level access to segmented memories, and fast 

run-time execution speed. The C language also supports MS-

DOS function calls, has escape secjuences for the Intel 8087 

numeric coprocessor, and a self documenting form for ease in 

future program development. With the modular structure pos

sessed by C, several programming modules can be designed to 

perform different tasks and linked together into a main pro

gram [6]. The system software, with its modular structure, 

is shown in figure 1.6. 

The Digitizer Interface Module (DIM) supports the opera

tion of the system controller. This module generates the 

control signals for the control register and also monitors 

the status register relaying system operation messages to the 

user. This module also supplies the assembly language dis

play subroutines called by the Display and Utility Module 

(DUM). Since the DIM supports the digitizer peripheral card 
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in general, it also has the capabilities to store information 

from the frame buffer to the hard disk or disk drive. The 

DUM calls the display subroutines from the DIM and supports 

any utilities the user wishes to program. One such utility 

is image retrieval from the mass storage device. 

The next three software modules serve to support the 

hardware processing module. The Frecjuency Domain Processing 

Module (FDPM) consists of a Fast Fourier Transform (FFT) and 

an Inverse Fast Fourier Transform (IFFT) for converting the 

digitized spatial image information into spatial frequency 

information. The FFT/IFFT is a large computational task 

requiring a sizeable amount of system memory [6]. Total sys

tem memory of the TI-PC supported by Texas Instruments is 

expandable to 768k bytes of DRAM. With in-house customizing 

of 232k bytes of additional memory mapped DRAMs, total system 

memory can be expanded to the full addressing range of the 

Intel 8088 microprocessor. This 1 megabyte total includes 

the 64k byte frame buffer. Without customizing, the 768k 

byte system memory is too small to handle computations for 

the FFT/IFFT of a 64k byte image. Thus the operation is per

formed on a 128 x 128 x 8 windowed image created in the DUM. 

For 64k byte processing, the FDPM is equipped with a selec

tion of filters. Highpass and lowpass filters may be run on 

available system memory with ideal, trapezoidal, exponential, 
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or Butterworth constraints. Also, bandpass and band reject 

filters are available [6]. 

For classical spatial domain enhancement routines, the 

Image Enhancement Module (lEM) is available. Contrast 

enhancement and convolution are included in this module for 

processing on the full 64k byte image. Image contrast 

enhancement is performed through histogram modification tech

niques or numerous point processes. Small kernel convolution 

is another feature of the lEM for a speedy alternative to 

the FFT [6]. 

The communication capabilities of the TI-PC facilitate 

the Image Compression Module (ICM). Compression of the 256 x 

256 X 8 image to a 32 x 32 x 8 image is performed by deleting 

redundant information in the image. The Gaussian-Laplacian 

routine included in this module provides the added feature of 

edge enhancement [7]. After compression, the image can be 

transmitted from the TI-PC to any other PC, mini-computer, or 

mainframe for 256 x 256 x 8 reconstruction. The synchronous-

asynchronous communication expansion board allows either syn

chronous or asynchronous communication through an RS-232-C 

interface. The board supports asynchronous rates from 50 

bits per second (BPS) to 19,200 BPS. 

With the basic hardware image processing system and added 

software package, Heinrich, et al., have created a package-

able, low-cost, image processing work station. 



20 

Outline of Thesis 

With the above information serving as background for the 

pages to follow, a brief outline of this thesis will be pre

sented. In Chapter II, a few minor problems with the gray

scale image processing system will be examined. In this dis

cussion a detailed look at the vidicon tube camera and the 

CCD color camera will be presented. Following the discus

sion, the architectures of these cameras will be compared so 

the reader can see the flaws of the vidicon tube camera and 

the definite advantages of the CCD color camera. Also in 

this chapter, a detailed discussion of the TI-PC will be pre

sented. This discussion is important because the TI-PC is 

the processing module of the color image processing system 

and is a design constraint for the digitizing module designed 

for the system. Chapter III presents the design and opera

tion of the color peripheral digitization card that the digi

tizing module incorporates along with the associated firmware 

to control the card. This design solves the problems associ

ated with the gray-scale system. Included in this discussion 

are the constraints needed for the design. Chapter IV illus

trates the results obtained from the system. These results 

are analyzed for the intent of solving certain problems the 

system incurs. The concluding chapter. Chapter V, serves to 

introduce potential applications for the system as well as 
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future developments for the true color imaging system 

designed. 



CHAPTER II 

ARCHITECTURE AND EVALUATION OF 

SYSTEM COMPONENTS 

Chapter II presents the problems associated with the 

gray-scale imaging system designed by Heinrich, et al. The 

reason for presenting the problems with the gray-scale system 

is to gain a better insight of the improvements that the 

color imaging system yields. The problems associated with 

the gray-scale system center around the vidicon camera used 

as the input device to the system. The improvements achieved 

by the color system involve the CCD-color camera used as the 

input device to the color system. Thus, a discussion on the 

characteristics and operation of the CCD color camera used 

will be presented. Following this discussion, the problems 

associated with the monochrome system relative to the CCD 

color camera will be noted so that the reader will see the 

definite improvements and advantages of the color system vs. 

the monochrome system. 

Since the processing module used in the color imaging 

system designed and implemented is the TI-PC, a detailed look 

at this PC's architecture will also be presented. 

22 
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The CCD Color Camera 

The CCD color camera was designed and constructed by 

Texas Instruments and consists of four major divisions. 

These divisions comprise an LSI CCD color image sensor, a 

timing generator, line drivers, and sample-and-hold cir

cuitry. The block diagram of the CCD color camera is illus

trated in figure 2.1. 

Principles Of Operation 

The CCD Color Image Sensor (TC24QC) 

The TC240C is a frame-transfer charge-coupled color image 

sensor fabricated with LSI technology and designed for use in 

NTSC video applications with a 35mm type lens. The image 

sensor is intended to replace the 2/3-inch vidicon tube in 

applications where small size, high reliability, and low cost 

are desired [8]. The TC240C consists of 183,976 pixels or 

"photo sites" arranged in an array of 244 lines vertically 

with 754 pixels in each line. Each photo site is aligned 

with the focal plane of the taking lens and has the physical 

size of 11.5 microns in width and 27.0 microns in height. 

The image sensor is designed to operate in the interlaced 

scan mode so that sampling of each photo site in the integra

tion period of 1/60 second can be realized (once in the odd 

field and once in the even field). This sampling process 

electronically displaces the photo sites and effectively dou

bles the vertical line capacity to 488. Thus the resolution 
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of the CCD color camera when operating in the interlaced scan 

mode is 754 (horizontal) x 488 (vertical) picture elements 

in each TV frame period of 1/30 second. 

The operation of the image sensor hinges on the charge 

accumulation and charge transfer process. Several gates on 

each photo site corresponding to accumulation and transfer 

must be triggered at the proper video rates for correct oper

ation. A functional block diagram of the TC240C is shown in 

figure 2.2 and a cross sectional view of an individual photo 

site exhibiting the charge accumulation process and charge 

transfer process needed for video signal generation is illus

trated in figure 2.3 (a) and (b) respectively. As light 

enters the silicon in the photo site area, electrons are gen

erated and collected in the potential wells of each photo 

site [8]. Collection of electrons in the well areas is 

achieved by pulsing the image area gates, lAG, of the photo 

sites 244 times at a frequency of approximately 2.045 MHz 

during the 1.27 mS vertical blanking interval of 21 "no video 

lines" at the beginning of each odd or even field required 

for vertical retrace. The gating process described above 

serves to "load" light intensity information into the image 

area of the 754 photo sites in each of the 244 vertically 

stacked rows. During this time, the antiblooming gate, ABG, 

is triggered with a burst of pulses every horizontal blankin : 

interval [8]. At approximately the same instant the elec

trons are being gated into the image area, they are being 
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transferred to the image store area by triggering the storage 

area gates, SAG, with 244 pulses at the same rate of 2.045 

MHz as the image area. Now the image area is ready to accept 

new charges of intensity. This storage effect accounts for 

the high sensitivity of the CCD color camera. The reason why 

antiblooming is applied every horizontal blanking interval in 

the image area is to rid the photo sites of excess charge 

that can leak into neighboring photo sites in the integration 

period before the the image area is transferred to the image 

store area [8]. 

The color sensitivity of the TC240C is realized by lami

nating a color stripe filter on top of the image sensing 

area. The filter is precisely aligned with the vertical 

columns of the photo sites dividing each column into three 

sub-columns one each for the red, green, and blue colors used 

in the filter. The function of the multiplexer and transfer 

gates is to transfer the charge line by line at video speeds 

from each group of columns into the corresponding serial reg

ister to prepare it for read out. The multiplexing is acti

vated during the horizontal blanking interval by triggering 

the serial register gates, SRGl,2,3, and transfer gate, TRG, 

at the appropriate times [8]. Obviously after the charge 

from one of the 244 lines is transferred to the serial regis

ters, the contents of these registers must be serially 

shifted out in the active line time of 52.5 |iS so that the 

next line of charge can be transferred into the registers for 
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read out. Since there are three serial registers for the 

read out of charge created in the sub-columns, three video 

signals are created by buffer amplifier circuits. The red, 

green, and blue video signals are the result of the charge 

converted by the buffer amplifier circuits. A drain has also 

been incorporated in the multiplexing/transfer area for 

quickly clearing the image and image store areas of unwanted 

charge that can accumulate during start-up or in the event 

that non-standard TV operation is desired [8]. 

The Timing Generator (TMS347n. 
Samole-And-Hold Circuitry (TL1593^ 
and Line Drivf^rs (TMS3472/73^ 

The heart of the CCD color camera system is the timing 

generator illustrated in the block diagram of figure 2.4. 

The TMS3471 generates all of the timing signals needed to 

correctly operate the TL1593, TMS3472, and TMS3473. The 

TL1593 incorporates differential amplifiers and sample-and-

hold circuitry. The differential amplifier circuitry pro

vides the correct voltage output for the video signals (1-

volt p-p) and the sample-and-hold configuration provides a 

nonstandard video format for the video output ,i.e., sync 

pulses are present put do not drive a TV monitor. The 

TMS3472 and TMS3473 are line drivers interfaced to the TC240C 

conditioning the signals of the timing generator to trigger 
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the gates of the sensor. Figure 2.5 shows signal symbols and 

descriptions of the timing generator that correlate to the 

signals of the TC240C. 

Not only does the timing generator generate timing for 

proper operation of the TC240C, TL1593, and line drivers, it 

also provides the proper NTSC specified timing to mix a color 

video signal for driving a color monitor. Composite sync, 

CSYNC, sub carrier, SC and SC90, burst flag, BF, and clamp 

pulse, CPl and CP2, are these signals. When these signals 

are properly mixed with the Y-signal generated by the TL1593, 

the image viewed can be displayed on a color TV monitor. 

Note, the Y-signal is a video signal consisting of a lumi

nance mixture of 30%, 59%, and 11% of the red, green, and 

blue video signal respectively. This proves to be a diffi

cult task, however, and an alternative exists to simplify 

this task. This alternative will be discussed later in the 

chapter. Also provided by the timing generator are NTSC 

specified signals that flag the beginning of each odd or even 

field and the start of each line in the specific field. 

Field index, FI, and composite blanking, CBLK, are these sig

nals and will be used as timing guidelines for designing the 

color imaging system and will also be discussed later in the 

thesis. 
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Spectral Response 

The CCD color image sensor's spectral response is also 

modeled after the human visual response to the visible spec

trum. The human spectral response to the primary colors red, 

green, and blue is illustrated in figure 2.6 (a) and the CCD 

color spectral response is shown in figure 2.6 (b) (taken 

from [8]). Note, that a typical viewer's response fades at a 

wavelength of approximately 7 00 nm. For color to be properly 

perceived when viewed on a color TV monitor, the response of 

the CCD image sensor must look like the response of a typical 

viewer. Examining the spectral curves of figure 2.6, the 

reader can see that the response of the CCD image sensor does 

mimic the response of a human viewer. But, there is one dis

tinct and very noticeable difference. The spectral response 

does not fade as rapidly at 700 nm as does the response of 

the human. In fact, the CCD color image sensor has good 

sensitivity to incoming light at infared wavelengths. The 

infared capabilities of the CCD color sensor make the CCD 

color camera a good choice for use where near infared appli

cations are desired. 

Monochrome System Problems 

The advantage the color image processing system has over 

the monochrome image processing system is the CCD color cam

era. The CCD color camera produces color, has a higher reso

lution, and a better spectral response. Lack of image laT, 
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and lack of geometrical distortions of the CCD camera make 

the color system highly reliable. A typical viewer can dis

tinguish about 32 different shades of gray and about 132 dif

ferent colors. The fact that the CCD color camera can pro

vide more shades to discriminate is a definite advantage when 

the viewer uses visual perception to examine an image. Color 

images also create interesting possibilities in the applica

tion of machine vision. 

The vidicon tube camera has a resolution of approximately 

330 lines both horizontal and vertical. Even with aperture 

correction circuits, resolution improvement is not much bet

ter. However, the CCD color camera has the capability to 

display 488 lines vertically with 754 pixels in each line 

(745 X 488) in the interlaced scan mode. When operating in 

the "frame scan mode," the 754 x 244 resolution is still much 

better than the vidicon tube camera. Although the resolution 

of the CCD camera has nothing to do with the resolution of 

the digitized or reconstructed image, the camera does produce 

better images to digitize. 

Because charge transfer from the image area to the image 

store area of the TC240C happens instantaneously, image lag 

presented by the improper discharge of charged particles by 

the electron beam of the vidicon tube camera is nonexistent. 

The image is "read out" of the serial registers with digital 

pulses applied to the appropriate gates of the color image 

sensing device. Thus, geometrical distortions created when 
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the electron beam scans the charged image created on the tar

get of a vidicon tube are also nonexistent. In short all of 

the problems created by the electron beam in the vidicon tube 

vanish because the TC240C is an integrated circuit device and 

is driven by digital signals. 

Although the spectral response of the vidicon tube is 

adequate for general purpose applications, the infared sens

ing capabilities of the color image sensor creates a flexible 

camera for a wide variety of applications. Not only do the 

above factors enhance the operation of the CCD color camera, 

its small size, high reliability, and NTSC capabilities makes 

its diversity even greater. In summary, the CCD color camera 

is a low cost, versatile camera creating a low cost versatile 

system. 

The Texas Instruments 
Professional Computer 

Since the color peripheral digitization card, to be dis

cussed in chapter III, connects onto the expansion bus of the 

TI-PC and the processing module of the color image processing 

system utilizes the motherboard and hardware options of this 

computer, it is worthwhile to take a detailed look at the TI-

PC. A brief discussion was presented in Chapter I. However, 

in light of the above mentioned considerations, this section 

covers the aspects of the TI-PC that directly affect the 

image processing system in detail. For a more in-depth dis

cussion of the TI-PC, the reader is urged to consult [9]. 
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The TI-PC Motherboard 

The TI-PC's motherboard can be divided into two support 

groups, system support and expansion bus support. The key 

features addressed in the system support division are the 

system central processing unit (CPU), input/output (I/O) sys

tem, and system jnemory. The discussion in the expansion bus 

section is dedicated solely to discussion of the expansion 

bus itself. 

System Support 

The System CPU 

The central processing unit of the TI-PC is the Intel 

8088 microprocessor. This integrated circuit is a 40 pin 

dual-in line-package device with 20 address lines and 8 data 

lines time multiplexed with 8 least significant bits of the 

address lines. The 8088 addresses memory locations in 64K 

byte segments. The four most significant bits of the address 

lines define the segment location in memory and the other 16 

address lines generate the address for that segment. Since 

there are 16 segments, each 64K bytes long, the 8088 is capa

ble of accessing a memory size of one megabyte. The physical 

address is calculated by the 8088 itself so the user is not 

hindered with confusion. All the programmer has to do is 

define a segment to work with and provide addresses in a log

ical manner. This process is used only if the user is read

ing or writing to a specific memory or I/O mapped device. li 



38 

the user is not corresponding to a mapped device, programming 

should take place as usual because the MS-DOS operating sys

tem that the TI-PC is ruled by "feels" for the available mem

ory to place program code. 

A nice feature of most Intel 8088 based systems, is the 

addition of the Intel 8087 numeric coprocessor that operates 

in harmony with the microprocessor. A special socket on the 

motherboard is available for easy insertion of this coproces

sor. When the 8087 is used for processing, both the 8088 and 

the 8087 decode a special escape instruction to start opera

tion. The 8088 does any memory access calculations and 

accesses the first byte of memory according to the instruc

tion running at that time. The 8087 decodes the instruction 

and grabs the memory address provided by the 8088. Since in

structions are two bytes long, the 8087 completes the memory 

access cycle by accessing the second byte. After the 8087 

finishes with the address and data bus, the coprocessor 

releases it so that the 8088 can continue with the next 

instruction. If the 8088 is not ready to release the bus 

when the 8087 is ready to receive it, wait states are sent to 

the coprocessor to assure synchronization [9]. 

The CPU's operating speed is controlled by the CPU clock 

generator. The Intel 8284 is driven by a crystal operating 

at a frequency of 15 MHz. The clock generator divides this 

frequency by three and provides the 5 MHz clock that the 8088 

operates with. If system peripherals are too slow, wait 



39 

states need to be provided to the 8088 to synchronize opera

tion with these peripherals. The 8284 has the logic to gen

erate and supply these wait states to the 8088 with the WAIT* 

signal. The clock generator also synchronizes the RESET* 

signal, from the "power good" circuitry, with WAIT* so that 

the 8088 does not operate if the power system is distorted 

[9] . 

The 8088 is configured to work in the maximum operating 

mode so that medium to large scale computer systems can be 

supported. This means that the status signal from the 8088 

must be decoded. The status signals tell the system when mem

ory read/write, I/O read/write, interrupt, halt and code ac

cess operations are being performed. Operating in this mode, 

the Intel 8288 bus controller is a must. The bus controller 

decodes the status signals and controls bus operation. By 

monitoring the status signals, the 8288 provides the proper 

memory read/write, I/O read/write, and interrupt timing. 

Since the data and address lines are time multiplexed, the 

8288 also supplies timing to latch address and data lines at 

the appropriate times. Thus, the 8288 is an integral part of 

the 8088 allowing correct system operation. 

The I/O System 

The motherboard I/O system decodes all of the I/O address 

for the devices on the motherboard, expansion bus, and vari

ous other hardware options available for the TI-FC. Some o: 
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the I/O devices on the motherboard are the interrupt con

troller, floppy disk controller, and printer port. The hard

ware options, supported by Texas Instruments, that consume 

I/O space are but not limited to the Winchester hard disk, 

synchronous-asynchronous communication board, and an "analog" 

interface that supports light pens, joysticks and other prod

ucts of this sort [9]. I/O device usage on the expansion bus 

is limited by the designer and should not interfere with the 

address space set aside for motherboard and hardware option 

I/O devices. The address space allotted for these devices is 

OOOOOH-OOOFF (H stands for hexadecimal). Most I/O devices 

require 16 I/O address bits. However, the I/O system only 

decodes 10 of the address bits from the 8088 or 1024 bytes 

(address lines 0-9) [9]. Since the first 256 bytes of this 

address space are reserved for motherboard and hardware 

option devices, only 7 68 bytes remain for expansion bus use. 

Therefor, a good designer should avoid specifying I/O ad

dresses in the range of the first 256 bytes reserved [9]. 

The Memory System 

The motherboard memory system comes equipped with 64K 

bytes of DRAM, 16K of ROM, decoding logic to establish the 

address, and timing and refresh logic for the DRAMs. The 

TMS4164-15NL is the DRAM chip used for system memory. The 

TMS4164 has a 4 mS refresh rate, 150 nS row access time, and 

a 260 nS read/write cycle. The DRAM has 64K x 1 organization 
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in a 16 pin dual-in line-package. Therefore, 8 TMS4164s are 

utilized by the motherboard to form the 64K x 8 DRAM bank. 

Thus, the timing and refresh circuitry must provide the 

proper refresh rate, row access time, and read/write cycle to 

the bank. The motherboard ROM is split into groups of 8K. 

One 8K ROM is utilized by the system to generate character 

code for the CRT, boot the system, control the keyboard, con

trol the disk subsystem and printer port to name a few of its 

duties. The other 8K ROM space on the motherboard is 

reserved by Texas Instruments for further use [9]. 

To meet the ever increasing demands for system memory, a 

slot on the motherboard is available for RAM expansion. The 

RAM expansion kit is available in 64K, 128K, and 192K byte 

capacities. Installing the 192K byte RAM expansion package 

increases the system DRAM usage to 256K bytes [9]. One of 

the hardware options that Texas Instruments supports is the 

capacity for even more expansion RAM. Another 256K byte RAM 

expansion board is available for the expansion bus. With the 

addition of another 256K byte board that mounts piggyback 

style to the first, total system memory can be increased to 

768K bytes. The additional memory operates at the same speed 

as motherboard memory. Thus, there is no increase in execu

tion time when the extra memory is added aside from the moth

erboard [9]. Also, Texas Instruments has reserved space for 

four extra 8K ROMs. This space is to be used to support 

designed hardware options the designer might implement on the 
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expansion bus. Figure 2.7 shows the system memory map Texas 

Instruments has set aside for various devices. This table 

will be consulted in the pages to follow and is definitely a 

design consideration for the color imaging system. 

Expansion Bus Support 

The Expansion Bus 

The expansion bus is available for designers to implement 

their creativity. The expansion bus derives its name from 

being a buffered expansion of the motherboard's address bus, 

data bus, and control signals. The expansion bus interface 

consists of five 64-pin edge card connectors. The interface 

makes it easy to add memory and I/O mapped devices to the 

system and supports devices that require interrupts for 

proper operation. However, the system does not have the 

hardware dedicated to DMA devices operating on the expansion 

bus. Figure 2.8 shows the pin-outs for the expansion bus 

[9]. The expansion bus is an integral part of the color 

imaging system because the digitizing module designed 

connects directly to one of the edge card connectors of the 

TI-PC. 
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Address 
(Hexadecimal) 

Dynamic RAM: 

00000-OFFFF 
10000-3FFFF 
40000-BFFFF 

CRT Controller: 

C0000-C7FFF 
C8000-CFFFF 
D0000-D7FFF 
DFOIO-DFOIF 
DF020-DF02F 
DF030-DF03F 
DF800-DF80F 

ROM Usage: 

F4000-FBFFF 
FCOOO-FDFFF 
FEOOO-FFFFF 

"^^^ 

Devices 

64K Bytes Motherboard RAM 
192K Bytes RAM Expansion Board 
256K Bytes Expansion Bus RAM 

Plus 256K Bytes Piggyback 

Red Graphics RAM Palette 
Green Graphics RAM Palette 
Blue Graphics RAM Palette 
Red Graphics Palette Latch 
Green Graphics Palette Latch 
Blue Graphics Pallette Latch 
Attribute Latch 

32K Optional ROMs (Reserved) 
First 8K Motherboard ROM 
Second 8K Motherboard System ROM 

Figure 2.7. Important Devices Memory Mapped 
on the TI-PC. 
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32 Pins of the 64 Pin 
Edge Card Connector 

Pin 

AOl 
A02 
A03 
A04 
A05 
A0 6 
A07 

A08 
A0 9 
AlO 
All 
A12 
A13 
A14 
A15 

A16 
A17 
A18 
A19 
A20 
A21 
A22 
A23 

A24 
A25 
A2 6 
A27 
A28 
A2 9 
A30 
A31 

Signal 

NMI* 
DATA 7 
DATA 6 
DATA 5 
DATA 4 
DATA 3 
DATA 2 

DATA 1 
DATA 0 
WAIT* 
Logic Ground 
ADDRESS 
ADDRESS 
ADDRESS 
ADDRESS 

ADDRESS 
ADDRESS 
ADDRESS 
ADDRESS 
ADDRESS 
ADDRESS 
ADDRESS 
ADDRESS 

ADDRESS 
ADDRESS 
ADDRESS 
ADDRESS 
ADDRESS 
ADDRESS 
ADDRESS 
ADDRESS 

19 (MSB) 
18 
17 
16 

15 
14 
13 
12 
11 
10 
9 
8 

7 
6 
5 
4 
3 
2 
1 
0 (LSB) 

32 Pins of the 64 Pin 
Edge 

Pin 

BOl 
B02 
B03 
B04 
B05 
B06 
B07 

B08 
B09 
BIO 
Bll 
B12 
B13 
B14 
B15 

B16 
B17 
B18 
B19 
B20 
B21 
B22 
B23 

B24 
B25 
B2 6 
B27 
B28 
B2 9 
B30 
B31 

Card Connector 

Signal 

Ground 
RESET 
+5 Volts Power 
IRO (Interrupt 0) 
No Connection 
No Connection 
-12 Volts Power 

Reserved 
+12 Volts Power 
Ground 
AMWC* (Memory Write) 
MRDC* (Memory Read) 
AIOWC* (I/O Write) 
lORC* (I/O Read) 
No Connection 

No Connection 
No Connection 
No Connection 
No Connection 
PCLK (5 MHz Clock) 
IR6 (Interrupt 6) 
IRS (Interrupt 5) 
IR4 (Interrupt 4) 

IRl (Interrupt 1) 
IR2 (Interrupt 2) 
No Connection 
RFSH (Refreshing) 
ALE (Address Latch) 
+5 Volts Power 
OSC (15 MHz Clock) 
Ground 

Figure 2.8. Pin-Outs of the Expansion Bus 
64-Pin Edge Card Connector. 



CHAPTER III 

DESIGN AND OPERATION OF A COLOR 

PERIPHERAL DIGITIZATION CARD 

The digitizing module of the true color imaging system 

consists of the CCD true color camera used as the input 

device to the system and a true color peripheral digitization 

card. The digitization card consists of a frame grabber 

capable of digitizing an image in real time (1/60 second) and 

192K bytes of intermediate memory that serves as the system's 

frame buffer allowing a storage bandwidth of approximately 94 

megabits per second. The card is actually an interface 

between the camera and the TI-PC's expansion bus. The inter

face allows the camera to deposit digitized image information 

into the frame buffer and also allows the TI-PC to access the 

frame buffer to perform processing. The processing module 

and input device were presented in detail in chapter II. This 

chapter presents the objectives proposed for the system, 

design considerations of the digitizing card as well as the 

design and operation of the card itself. Also presented is 

the display module that drives the color monitor used for 

image display and interpretation in the system. Finally, a 

decription of the firmware needed to control the system and a 

summary of the chapter is presented. 

45 
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System Objectives 

The objective of this thesis was to design a cost effec

tive true color image processing system to replace the gray

scale system previously designed. For the digitizing card 

described in this chapter, three true color video fields of 

red, green, and blue are digitized by 8-bit A/D converters at 

video speeds and stored in the frame buffer. Because the TI-

PC expansion bus lacks dedicated hardware to support DMA 

capabilities and video rate memory access, the frame buffer 

is on-board the peripheral card and consists of 192K bytes of 

video RAM. The video RAM is divided into three 64K byte RAM 

bank blocks, one each for the red, green, and blue video 

fields respectively. Since the A/D converters digitize 256 

lines with 256 samples in each line, each video field can be 

stored in an array of 256 lines with 256 pixels in each line 

(256 X 256). With the 8-bit luminosity values the A/D con

verters provide, each video field occupies one 64K byte block 

of the frame buffer. These 64K byte blocks of video RAM are 

convenient to the processing module because the 8088 accesses 

memory in 64K byte segments. 

The display module of the color system must serve two 

purposes, the first of which is to display true color images 

and the second to display monochrome images. Because each 

video signal is digitized by an 8-bit A/D converter, each 

color RAM bank consists of 2^ or 256 possible shades of red, 

green, or blue respectively. With the proper logic, the 
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color system is capable of displaying 256 true shades of 

either red, green, or blue. For composite color display, the 

display module is capable of providing 2^4 or 16.8 million 

different colors to discriminate. Monochrome images can also 

be displayed with a high degree of resolution. Because data 

is digitized into 24-bits, the monochrome images digitized 

with the color system have a better gray-level resolution 

than the same images digitized with the monochrome system. 

Thus, the color imaging system is indeed a cost effective 

replacement for the gray-scale system and also incorporates 

the added advantages of the high resolution CCD color camera. 

Digitization Card Design Considerations 

All timing and control signals for the digitizing opera

tion of the peripheral digitization card come directly from 

the CCD color camera and the expansion bus of the TI-PC. The 

digitizing process begins with a command from the user that 

signals I/O mapped control and status registers on-board the 

card that digitization is about to begin. After the control 

register prepares the board for digitization, synchronization 

timing for the start and end of digitization is handled by 

control logic. 

This logic is triggered by the video rate signals gener

ated by the CCD color camera. FI and CBLK, shown in figure 

3.1, are the NTSC specified signals provided by the camera. 

Figure 3.1 (a) and (b) illustrate the vertical field timing 
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of FI and CBLK and (c) shows the horizontal line timing of 

CBLK. FI contains timing to initiate the two interlaced scan 

fields that the camera is governed by. Each field has a 

duration of 1/60 second and provides the 2 62.5 video lines 

per field required for a 1/30 second 525 line frame. The 

vertical portion of CBLK signals the beginning of the first 

active video line in each field and also provides a 1.33 mS 

sync at the beginning of each field for the 20 "no video 

lines" required for vertical retrace and proper NTSC opera

tion. The horizontal portion of CBLK signals the beginning 

of each video line. One 63.5 |IS line contains an 11 |iS ver

tical blanking interval for horizontal retrace and a 52.5 }iS 

time for active video information. Hence, FI and CBLK essen

tially provide the timing guidelines for the entire digitiza

tion process. 

Digitization Card Design and Operation 

With the explanation of the above design considerations, 

the design and operation of the peripheral digitization card 

can now be discussed. The design can be split into divisions 

that have specific duties in the operation of the card. The 

divisions discussed in detail in the following pages are the 

status and control registers, control logic, the line and 

pixel counters, and the internal and external control 

buffers. Also discussed are the frame buffer, DRAM con

troller, system memory interface, and A/D converters. These 
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divisions are outlined in the block diagram of the card 

illustrated in figure 3.2. 

Status and Control Registers 

As mentioned above, the digitization process actually 

starts with the I/O mapped logic of the control and status 

registers shown in figure 3.3. The user sends an I/O address 

to the port at location OlOOH. This address enables the 

74LS139 ('139, all chips on the card are of the LS series) 2-

line to 4-line decoder activating its 4th output [10]. The 

output from the first '139 enables the second '139. When the 

I/O port is being written to, the I/O write signal, AIOWC*, 

from the expansion bus clocks the data from the I/O data bus 

onto the bus of the '273 octal D-latch. The value sent to 

the '273 is F4H. The start digitization signal, STDIG, 

enables the digitization process,the read/write enable sig

nal, RWEN, enables the read/write signal, RW, for internal 

reads and writes to the frame buffer, and the PRE signal 

assures that Q, Q*, and Q' are at the correct logic levels in 

the control logic when the digitization process begins. The 

control register has further responsibilities in the display 

module discussed later. 

The status register serves to monitor the events of the 

digitization process. The I/O read, lORC*, signal from the 

expansion bus enables a '244 octal bus transceiver that 

relays status information to the I/O data bus. The three 
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most significant bits of the bus contain the status informa

tion that informs the user if the system is in the internal 

or external control mode. These bits contain the signals 

computer control, COMPCTL*, digitizer control. DIGCTL*, and 

digitize, DIG. The status signals RG*, GG*, and BG* inform 

the user if the analog interface is operating properly. RWEN 

conveys to the user whether or not RWCTL is configured to 

write (read) data to (from) the frame buffer. 

Control Logic 

The heart of the digitization card is the control logic 

illustrated in figure 3.4. The control logic synchronizes all 

devices on board, pertaining to digitization, with the con

trol signals FI and CBLK and dictates the start and end of 

digitization. To better understand the control logic, the 

timing diagram illustrating the digitization process is shown 

in figure 3.5. After the STDIG command is issued by the 

user, the command is made available to a '74 dual D-flip flop 

by the control register. On the next rising edge of FI, or 

the even field, DIG and DIG* are clocked to their activate 

states. These two signals trigger a flip flop configuration 

that either lets the computer (external control mode) or A/D 

converters (internal control mode) have control of the frame 

buffer. COMPCTL* and DIGCTL* are the respective signals that 

determine control. 
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The DIG signal is also made available to another D-flip 

flop available in the control logic. Originally, before 

STDIG is sent, PRE is at logic zero. Thus, Q and Q' are high 

and active field, ACTFLD, is low. When F4H is sent by the 

control register, PRE becomes high and the flip-flops are 

ready for internal operation. When FI goes high, Q goes low 

and Q* becomes high. Q* is clocked by the delayed FI signal, 

FID, and triggers Q' to the active state. With Q low and Q' 

high, the exclusive or gate brings ACTFLD high. The purpose 

of the delay is to allow time for Q* to set up before FID 

clocks it through. ACTFLD is enabled for the full field time 

of 1/60 second and is "anded" with CBLK to provide the line 

clock, LCLK, for the line counter. ACTFLD is also the input 

to yet another D-flip flop of the control logic. This '74 is 

clocked on the rising edge of CBLK and activates the active 

line signal, ACTLN. Active line is enabled during each 52.5 

|IS duration of active video information and is "anded" with 

PCLK from the expansion bus to provide the pixel clock, 

PIXCLK, for the pixel counter. 

The purpose of the RESET signal from the expansion bus is 

to assure that DIG is low when the computer is first turned 

on. Hence, RESET and PRE deactivate PIXCLK and LCLK so that 

the internal logic does not operate until the user is ready. 

End of field, EOF, and, end of line, EOL, clear the appropri

ate flip-flop at the end of every field and line respec

tively. After the flip-flops are cleared by EOF and EOL, Q 
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is low, Q* is high, and Q' is low. Thus, ACTFLD is low. 

When FI returns high to initiate an odd field, Q goes high, 

Q* goes low, and Q' becomes low and the exclusive or gate 

brings ACTFLD high again. Therefore, the control logic 

allows successive digitization of both the odd and even 

field. However, only one of the fields is deposited in the 

frame buffer. The successive digitization of both the odd 

and even field is needed for a real-time view of the image on 

the monitor. Also, after digitized information has been 

stored or processed to the frame buffer, successive trigger

ing of ACTFLD is needed to display the frame buffer. From 

the above discussion, the reader can see the importance of 

the control logic. 

Line and Pixel Counters 

The line and pixel counters support the control logic. 

Not only does the line counter support the control logic, it 

also serves the frame buffer. The pixel counter is illus

trated in figure 3.6 (a) and the line counter is shown in 

(b). The pixel counters consist of two 4-bit counters 

(•193s) configured to work as an 8-bit counter when the carry 

out pin, CO*, of one is connected to the up pin, UP, of the 

other. The counter is clocked on the rising edge of PIXCLK 

and counts the 256 pixels sampled by the A/D converter. When 

256 pixels have been counted, CO* of the second '139 gener

ates EOL. EOL is fed to the control logic and resets ACTLN 
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so that the next active line can be prepared for sampling on 

the next rising edge of CBLK. The rising edge of the 

inverted CBLK, CBLK*, or falling edge of CBLK, clears the 

counter to zero for the next active line. The counter out

puts have no physical connection to any other devices. 

Hence, the only purpose of the pixel counter is to provide 

EOL. 

The line counter, also configured with two 4-bit coun

ters, on the other hand, counts the number of lines digitized 

in the field and uses the count to provide the address to the 

frame buffer when the board is in the internal control mode. 

For a real-time view of the image or frame buffer display, 

EOF resets ACTFLD and clears the counter so that the next 

field can be digitized. The line counter is not set to start 

counting at zero when LCLK triggers it. Since there are 20 

"no video lines" at the beginning of each field, only 242.5 

true video lines of information actually exist. Therefore, 

the counter is loaded with the count of 14 on the falling 

edge of the inverted ACTFLD signal, ACTFLD* or the rising 

edge if ACTFLD and counts 242 lines. When 242 lines have 

been counted (256-14), EOF is generated. To see the impact 

of the pixel and line counters on the control logic, see fig

ure 3.5. 
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Internal and External Control Buffers 

The purpose of the internal and external control buffers 

is to arbitrate control of the frame buffer between the A/D 

converters and the TI-PC. The internal and external control 

buffers are shown in figure 3.7 (a) and (b) respectively. 

When STDIG is clocked by FI, DIGCTL*, activated by the con

trol logic enables the internal control buffer. The internal 

control buffer consists of two '244s both enabled by DIGCTL*. 

When enabled, the 8-bit line count is made transparent and is 

transported to the input row address, RA0-RA7, of the TMS4500 

DRAM controller. The remaining 8-bits at the input of the 

buffer are grounded and shipped to the input column address, 

CA0-CA7, of the controller. The address word sent is then 

multiplexed by the TMS4500 into memory address lines, MAO-

MA7, for the frame buffer. Thus, the internal control buffer 

provides the address locations for the 256 pixels of each 

line, provided by the A/D converters, shifted into the serial 

ports of the frame buffer. 

When digitization ends, the control logic places the com

puter in control by activating COMPCTL*. COMPCTL* enables 

the external control buffer and allows the TI-PC to access 

the frame buffer. The external control buffer also consists 

of two '244s that allow the 16 address lines from the expan

sion bus, A0-A15, to be sent to the input row and column 

address of the TMS4500. The multiplexed memory address of 

the controller provides the address location to the frame 
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buffer so that the TI-PC can read video information or write 

processed data from and to the frame buffer. 

The System Memory Interface 

The memory operation of the peripheral digitization card 

can be divided into two sections. These sections are inter

nal memory operation and external memory operation. Each 

division provides the appropriate timing for refreshing and 

read/write access to the frame buffer. Internal memory oper

ation requires on-board timing generation because the expan

sion bus signals are not available to the frame buffer and 

TMS4500 when the card is digitizing. Since the frame buffer 

is either accessed by the A/D converters or the TI-PC and 

the TMS4500 is needed by the frame buffer for accessing 

operations and providing refresh, these two devices will be 

discussed before the divisional operation is addressed. A 

brief look at the TMS4161 and the TMS4500 was presented in 

chapter I when describing the monochrome system. However, 

the discussion to follow provides the detail needed to under

stand the design and operation of the digitization card. 

The Frame Buffer 

The frame buffer consists of 24 TMS4161-15NLs ("video 

RAMS") organized into three 64K byte blocks of 8 TMS4161s 

driven by the same control signals. The video RAM is a 64K 

bit multiport memory device designed in a 20-pin dual-in 

line-package. A functional block diagram of the TMS4161 is 
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illustrated in figure 3.8 (taken from [11]). Multiport capa

bilities of the video RAM are realized with a random access 

port and a serial access port. When the digitization card is 

in the external control mode, the TI-PC accesses the bank of 

video RAMs through the random access ports. In the random 

access mode, the TMS4161 has a minimum read/write access 

cycle time of 260 nS. This type of access is plausible since 

the TI-PC does not need to control the frame buffer at video 

speeds. The read cycle timing and the write cycle timing of 

the TMS4161 for random access operation are shown in figure 

3.9 and figure 3.10 respectively (taken from [11]). For the 

operation times, the reader should consult [11]. 

The External Control Mode 

To use the TMS4161 in the random access mode, TR/QE* 

(register transfer/Q output enable) must be held high as the 

row address strobe, RAS*, falls. Holding TR/QE* high nulli

fies serial access operation. Sixteen address bits are 

required to decode 1 of 64K storage cell locations for read

ing and writing data. Eight row address bits are set up on 

address pins A0-A7 and are latched onto the chip on the 

falling edge of RAS*. Then eight column address bits are 

latched in a similar manner on the falling edge of the column 

address strobe, CAS*. All addresses must be stable on or 

before the falling edge of RAS* and CAS*. Read or write 

operations are determined by the write enable, W* input. 



64 

256 COLUMNS 

14 GROUPS OF 64 COLUMNS) 

T HOW 

I ° 
256 

ROWS 

J ROW 
2 ^ 

MEMORY ARRAY 

7S 
256 COLUMNS 

iZ 

COL 
255 

65.S35 

SCLK 

sw 

A6 

A7 

SOE 

REG 
00 

COL , 
0 . , 

> 

' 

* SHIFT REGISTERS 

REG 1 REG 
01 ' 10 

1 
COL 1 

' 

COL 
128 1 . 

' 

REG 
11 

COL 
192 1 

sm 

COl 
255 

64 BITS 

128 BITS _ 

192 BITS _ 

256 BITS 

• 

1 Of 4 
REGISTER 
OCCOOER 

1 \ > 1 

SOUT 

Figure 3.8. Functional Block Diagram of the TMS4161 



65 

RAS 

CAS 

A0-A7 

TB/QE 

W 

V|H 

V|H 

V|L 

V|H 

V|L 

V|H 

V|L 

V|H 

r r 
\ 

•tw(RL)-

»c(rd) mi 

tCLRH m\ U tv»(RH>^—» 

.tRLCL »]< tw icu-

•tRLCH-

II 
^rr • tCHRL-

i!r 

tsu(RA) ^ 
I I 

•»h(RLCA)-

K \ 
•«w(CH»-

th(RA) I •tCLQEH- ^ ' 

1 ^ 
th(TR> J |«— 

I [• ^th(CLCA) 11 I 
«tu(TR) I i ' I 

AAA AA AA/ 

I t « u | r d ) — * | l^i I m ' wj th(CHrd) 

YIX 

• - t C Q E - « | 

talQE) 

««(C) 

ll^SSslSffi 
<dl*(QE) H 

«dto(CH) ^ 

VOH 

VOL i VAUO 
> 

-««(R)-

F i g u r e 3 . 9 . Read Cycle Timing f o r t h e TMS4161. 



66 

RAS 

CAS 

A0-A7 

TR/QE 

• «c(W)-

V|H 

V|L 

<w(RL)-

•«RLCL-
•«CLRH-

r 
•H 1 — 

<w(RH)-

• tRLCH-

V|H 

V|L 
I I 

I 
<*ulRA) X • •w(CL)-

V|H 

I I H «h(RLCA)" j—— 
th,RA)-l 1 — ^ t* 

I I I I —M h--««u(CA) 

3 ^ 
•«CHRL-

1^ 
^ 

I r «w(CHI-

-<CLQEH. •w 

— B H kB-t«,(TR) U ^th(CLCA| I I I I • p th(CLCA( 

\ \ \ l \ \ \ ^ 

III 
III! 

•«w(QE) ) [ M 
I I rjm/ V 

I 
<Mi(WCH|. 

! II 
• 1 I 

•tMi(WRH)-

W 

V|H 

V|L 

- I — »h(RLW) : 
W I th(CLW| • 

YM^^f^MOO^ 
^ I I 

I 

I. 

I I •<w(W) ' 

\CmMU666( 
i K 

V|H 

V|L 

VOH 

VOL 

-<h(RLOI-

I . I 

•thtCLOl H 

^ 

EfflSlM>C 
I 

I I 
I I 

I ! 
VAUO DATA y^^^m^ 

t *u (D I ' 
t cQE-

t«n 
4 — t •f-*«(QE) 

-^- «d»«(OE) 

' <dit(CH| 

= ? : NOT VAUO 

> 

Figu re 3.10.. Write Cycle Timing for t he TMS4161 



67 

When W* is low, the write mode is selected and when it is 

high the read mode is selected. Data is accessed in the read 

mode through the data out pin, Q, and is supplied in the 

write mode through the data in pin, D. In the write mode, 

the falling edge of W* strobes data into the data latch and 

the falling edge of CAS* enables the input buffers so that 

data can flow to the storage cells. In the read mode, Q is 

in the high impedance state as long as CAS* or TR/QE* is held 

high. Data will not appear at the output until both TR/QE* 

and CAS* have been brought low. CAS* or TR/QE* going high 

will return the output to the high impedance state [11]. 

Since the video RAM is a volatile device, refreshing must 

be supplied to the RAM to retain stored data. The TMS4161 

requires refresh every 4 mS. Since the output of the TMS4161 

is in the high impedance state unless CAS* or TR/QE* are 

brought low, refresh can be supplied by RAS*. This RAS* only 

refresh avoids any output during refresh. The RAS* only 

refresh timing is illustrated in figure 3.11 (taken from 

[11]). Strobing each of the 256 row addresses (A0-A7) with 

RAS* causes all storage cells in each row to be refreshed. 

Note, new data is not and cannot be written into the storage 

cells during the refresh period [11]. 
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The Internal Control Mode 

When the digitization card is in the internal control 

mode, the A/D converters access the frame buffers through the 

serial access ports. Since the TI-PC's control signals, 

address and data lines are deactivated by DIGCTL*, timing for 

correct memory operation must be generated on-board the card. 

Internal timing generation will be discussed later in the 

chapter when internal memory operation is presented. To use 

the TMS4161 in the serial access mode, TR/QE* must be brought 

low before RAS* falls. Bringing TR/QE* low enables the 

switches connecting the 256 storage elements of the shift 

register to the 256 lines of the memory array. The W* pin 

determines whether serial data will be transferred from the 

shift register to the memory array during a write operation 

or from the memory array to the shift register during a read 

operation. The shift register to memory and memory to shift 

register timing are illustrated in figure 3.12 and figure 

3.13 respectively (taken from [11]). To transfer data from 

the shift register to memory, W* must be high as RAS* falls 

and to transfer data from memory to the shift register , W* 

must be low as RAS* falls. 

To select one of the 256 possible rows and columns 

involved in the transfer of data to or from the shift regis

ter, proper row and column addresses must be latched onto the 

chip. As in random access operation, multiplexed row and 

column addresses are strobed at the proper times by RAS* and 
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CAS*. The two most significant bits of the address lines (A6 

and A7) also have other responsibilities in the serial access 

mode of operation. These two address lines determine whether 

or not a 64, 128. 192, or 256 bit shift register will be 

used. Address values 00, 01, 10, and 11 select either 64, 

128, 192, or 256 bit shift register operation [11]. Of 

course, the full range of address values is generated by the 

line counter of the card since 256 lines are sampled by the 

A/D converters. 

Data is shifted in through the serial data in pin, SIN, 

and out through the serial data out pin, SOUT. The serial 

transfer takes place on the rising edge of the serial data 

clock, SCLK. The serial data transfer timing is shown in 

figure 3.14 (taken from [11]). Since data is shifted in and 

out on the rising edge of SCLK, it is possible to view the 

shift registers as made of 256 rising edge D-flip flops con

nected D to Q. The 256 sampled bits from the A/D converters 

arrive at the SIN port of the frame buffer at a rate of 5 MHz 

and also must be shifted out at this rate for monitor dis

play. This speed does not hinder operation of the shift reg

ister because the shift register is designed to operate at 

video speeds up to 25 MHz. When the video RAM is operating 

in the serial access mode, the RAM does not care what the 

input to D is and the output Q is floated in the high 

impedance state (see figure 3.12 and figure 3.13). Thus Si:.", 

SOUT, D, and Q do not conflict during specific memory 
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operations. Data can be shifted through SIN on the rising 

edge of SCLK any time during memory operation. However, as 

illustrated in figure 3.14, SOUT will be in the high 

impedance state on the rising edge of SCLK until the serial 

output enable pin, SOE*, is at a low logic level. Data will 

also appear at SOUT after an access time of ta(RSO) from RAS* 

high during a parallel load of the shift registers [11] . 

The TMS4161 is very important for the digitization card 

because serial operation is at video speeds and random access 

operation is at computer rates. The 256 bits sampled by the 

A/D converters are shifted in and then pipelined into the 

memory array. Thus data flow is direct from the A/D convert

ers to the storage cells of the frame buffer. For monitor 

display, contents of an addressed row of the memory array are 

loaded into the shift registers and then shifted out bit by 

bit at video rates. Random access operation serves as a con

venient "slow speed" mode for access of the frame buffer by 

the TI-PC. 

The DRAM Controller (TMS450Q) 

One of the difficulties with dynamic RAM is multiplexing 

the row and column addresses and providing the proper refresh 

rate. The TMS4500 DRAM controller handles these two complex

ities with a minimal amount of external circuitry. The 

TMS4500 also synchronizes the refresh cycle with the micro

processor of the TI-PC and provides all control signals to 
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the frame buffer for correct operation. A functional block 

diagram of the TMS4500 is shown in figure 3.15 (taken from 

[11]) . 

The line counter and expansion bus supply 16 memory 

address line to the DRAM controller for multiplexing. The 

RA0-RA7 address inputs and the CA0-CA7 address inputs provide 

the row and column addresses to the on chip multiplexer. 

These 16 address lines are multiplexed into 8 three state 

outputs designed to drive the address pins of the DRAM array. 

Address latch enable, ALE, latches the 16 address lines pro

vided at the row and column address latches on the chip. Not 

only does ALE latch the address lines, this signal also 

latches RAS enable 1, RENl, and chip select, CS*. ALE also 

determines when the RAS* signals return to their high level. 

On the rising edge of ALE, the RAS* signals go high. The 

RENl input is used to select one of two banks of RAM with 

RASO* and RASl* when chip select is active. When RENl is 

low, RASO* is selected and when it is high RASl* is selected. 

Circuitry external to the TMS4500 can be used to select more 

than two banks of RAM as will be seen later in the chapter. 

The multiplexed row address is latched onto the bank of DRAMs 

either by RASO* or RASl*, depending on the state of RENl. 

Similarly CAS* strobes the column address onto the bank. 

RASO* and RASl* also provide the row refreshing required by 

the TMS4161 when in the RAS* only refresh mode [11]. 
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A low on the CS* input enables either a read/write access 

or refresh cycle. The arbiter of the DRAM controller decides 

when these two cycles should occur and the timing and control 

block provides RASO*, RASl*, CAS*, and ready, ROY, for both 

types of operation. The RDY output is used to synchronize 

operation with the CPU of the TI-PC. Actual read and write 

signals are provided by the user. When the digitization card 

is in the external control mode, read and write signals are 

provided by the TI-PC expansion bus and when in the internal 

control mode, these signals are supplied by the on-board tim

ing generator. The TMS4500 provides two input pins for the 

read and write signal. Access control read, ACR*, and access 

control write, ACW*, are the two inputs. A low on either of 

these two inputs causes the column address to appear on the 

multiplexed output. The rising edge of ACR* or ACW* termi

nates the particular cycle by ending the RAS* and CAS* 

strobes. When the access control signals are both low, MAO-

MA7, RASO*, RASl*, and CAS* go into the high impedance state 

[11]. The access cycle timing for the TMS4500 is shown in 

figure 3.16 (taken from [11]). 

A nice feature of the DRAM controller is the refresh 

request signal, REFREQ*. When used as an output, as used by 

the digitization card, a low-going edge signals an internal 

refresh request and that the refresh timer will be reset on 

the next falling edge of the system clock, CLK. The REFREQ* 

signal will remain low until the refresh cycle is in progress 
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and the current refresh address is present on MA0-MA7. The 

system clock provides master timing so the refresh rate gen

erator can generate refresh cycle timing at the refresh rate 

provided by the strapping configuration of the timing/wait 

strap, TWST, frequency select 0, FSO, and frequency select 1, 

FSl, signals. The refresh generator is a counter that indi

cates to the arbiter that it is time for a refresh cycle. 

The counter divides the clock frequency according to the 

strapping configuration described above. For the digitization 

card TWST=0, FS1=1, FS0=1, and CLK=5 MHz. Strapped in this 

mode, the refresh rate generator supplies a four cycle 

refresh and divides the clock frequency by 61 providing a 

refresh rate of 12.2 |XS [11]. The four cycle refresh is 

important because the CPU of the TI-PC utilizes four cycle 

read/write access operation. Hence, for correct synchro

nization with the CPU, four cycle refresh is a must. The 

refresh cycle timing (four cycle) for the TMS4500 is shown in 

figure 3.17 and a typical access/refresh/access cycle (four 

cycle) is illustrated in figure 3.18 (taken from [11]). 

Internal Memory Operation 

The system's memory interface logic can be divided into 

five logical divisions. These divisions are the internal 

timing generator, memory select logic and external data 

transceiver, memory control logic, and the frame buffer. The 

divisions are illustrated in figure 3.19 (a), (b), (c) , and 
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Figure 3.17. Four Cycle Refresh Timing Provided 
by the TMS4500. 
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Figure 3.19. (Continued) (b) Memory Select Logic 
and External Data Transceivers. 
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(d) respectively. All of these divisions are utilized in 

both internal and external memory operations with the excep

tion of the first and fourth categories. The first category 

is used when internal memory operation is recjuired and the 

fourth with external memory operation. Internal memory oper

ation results when the control logic activates DIGCTL* and 

places the card in the internal control mode allowing data to 

flow directly from the A/D converters to the serial ports of 

the frame buffer. Not only does DIGCTL* allow transparent 

flow of the address lines from the line counters to the DRAM 

controller by enabling the internal control buffer, it also 

allows the control signals generated on-board the card for 

the TMS4161S and TMS4500 to become transparent from A to Y by 

bringing the A*/B pin of all '157s, in figures 3.19 (b) and 

(c) low. 

The clock rate, for both internal and external memory 

operation for the DRAM controller is realized by properly 

triggering a D- flip flop (see figure 3.19 (c)). The D input 

is the 5 MHZ PCLK from the expansion bus "or-ed" with logic 

0. The purpose of the or gate is to provide an appropriate 

delay so the inverted 15 MHz OSC from the expansion bus can 

properly clock D to Q. Operating in this configuration, the 

logic divides OSC by 3 providing a 5 MHz clock, shifted by 

one 15 MHz clock cycle relative to PCLK, to the TMS4500. The 

15 MHz clock cycle shift is a must so that the proper ALE low 

to CLK low relationship is provided to the DRAM controller. 



87 

Strapping RENl low notifies the TMS4500 that RASO* will be 

used to strobe the memory array rows of the frame buffer dur

ing read/write access operations. 

The TMS4500 is prepared to begin cycle operation immedi

ately in the internal control mode by keeping CS* at logic 0 

during digitization. Providing 5v to an open collector "and" 

gate deactivates the WAIT* expansion bus input signal freeing 

the TI-PC's CPU so that it may pursue other endeavors. The 

refresh and read/write access cycle operations are governed 

by the timing generated on-board the card (see figure 3.19 

(a)) . Data must be written (read) into (from) RAM at the end 

of every video line, but cannot be written (read) when the 

TMS4500 is performing a refresh operation. The above condi

tions are met by generating timing to supply a refresh after 

access (hidden refresh). The timing generated by the inter

nal timing generator is shown in figure 3.20. At the end of 

every line, the line counter generates EOL. The falling edge 

of this signal triggers a monostable multivibrator in a dual 

package,'123, and initiates a low to high going pulse. The 

RC timing network of the multivibrator supplies a pulse width 

of 1.60 |iS. This pulse width is exactly 8 CLK (TMS4500) 

cycles. The 1.60 M-S pulse is the input to a D-flip flop. 

Initially W is low. Thus only on the rising edge of REFREQ* 

is the pulse clocked from D to Q. This assures that an 

access signal is not initiated during a refresh operation. 

Thus, the memory access signal RWCTL(read/write Control) is 
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synchronized with REFREQ*. RWCTL is enabled/disabled, by 

RWEN, from the control register and when it goes low (high) , 

RW goes low (high), via the W*', W , and RWCTL signals, data 

is written (read) to (from) the frame buffer (see figure 3.19 

(a) for the RW signal). The W*• signal is also used to 

assure proper row and column strobes initiated by the DRAM 

controller via the ACW* signal (see figure 3.19 (c) ) . 

Using hidden refresh, refresh is initiated after the 

write access if refresh occurs during an access. Hidden 

refresh is performed by holding CAS* low, supplying the 

refresh address, and then strobing both RASO* and RASl*. The 

timing to accomplish this is explained in the following text 

(see figure 3.20). During a memory access if REFREQ* goes 

low a hidden refresh may be performed by holding W*' (ACW*) 

low and bringing ALE' high. The TMS4500 does refresh arbi

tration on the next falling edge of CLK (edge A). The 

refresh address will then be present at MA0-MA7 and both 

RASO* and RASl* will go low after the next rising edge of CLK 

(edge B) strobing the rows of the frame buffer memory array. 

RASO* and RASl* will remain low for two CLK cycles and then 

go high after the rising edge of CLK (edge D). W*' (ACW*) 

going high returns CAS* high. Edge C indicates the clock 

edge when the TMS4500 returns REFREQ* high. W*' (ACW*) is 

clocked active for 8 CLK cycles and is delayed by approxi

mately 20 nS so that the ALE' will fall prior to it and rise 

before it. 
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When refreshing does not occur during an access cycle, 

the timing generated by the internal timing generator is also 

used to control normal access operation governed by the 

TMS4500. For correct serial writes (reads) to (from) the 

frame buffer, TR/QE*' is not delayed and is set up low for 

approximately 20 nS. This guarantees that TR/QE*' will be 

low as RASO* falls. TR/QE*' is piped to three different 

inputs on one of the three '157s. RTR/QE*, GTR/QE*, and 

BTR/QE* supply TR/QE* to the red, green, and blue bank of 

TMS4161S respectively (see figure 3.19 (c)). For strobing 

the three banks of DRAM during a write (read) access or 

refresh operation, RASO* is connected to three different 

inputs of another '157. RRAS*, GRAS*, and BRAS* provide the 

row strobe for the red, green, and blue bank of DRAM respec

tively and CAS* is fed to all RAM banks supplying the column 

address strobe (see figure 3.19 (b)). The impact of the 

internal memory logic on the frame buffer can be seen from 

figure 3.19 (d). 

External Memory Operation 

For external memory operation, activating COMPCTL* 

enables the external control buffer allowing all address 

lines from the TI-PC expansion bus to become transparent for 

multiplexing by the TMS4500. In the external control mode, 

DIGCTL* is high allowing the expansion bus control signals to 

flow from B to Y on all '157s utilized for memory interface. 
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Whereas the only memory select logic used to select the DRAM 

banks in the internal control mode is a ' 157 since data is 

shipped directly to the serial ports of the frame buffer 

without the CPU's assistance, other select logic is used when 

the card is in the external control mode. The three DRAM 

banks are memory mapped to the available access range of the 

CPU. The red, green, and blue banks are mapped to 8000H, 

9000H, and AOOOH respectively. Disconnecting the 256K byte 

piggyback RAM kit from the expansion bus RAM board allows the 

above memory map. However, only 512K bytes of total system 

memory remains for the processing module (see Figure 2.7). 

The memory select logic decodes the segment address lines 

and RAS* signals to determine which RAM bank will be 

accessed. The segment address lines are decoded by three 

different 4-input "nand" gates that enable three different 3-

state external data transceivers ('245s) corresponding to the 

respective RAM banks. The outputs from the memory select 

"nand" gates are also fed to another "nand" gate used to 

decode a memory select signal, MEMSEL*. MEMSEL* enables CS* 

of the TMS4500 and prepares it for operation. The data 

transceivers are actually bi-directional buffers connected to 

D and Q of the RAM banks on one side and to the data bus on 

the other. Direction of data flow is controlled by the MRDC* 

signal of the expansion bus. When data is written to the RAT-: 

banks, MRDC* is high and data flows from the expansion bus to 

D. When data is read from the RAM banks, MRDC* is low and 
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data flows from Q to the expansion bus. Thus the external 

data transceivers resolve any conflicts on the data bus. 

For proper row strobing of the memory arrays during an 

access or refresh, the three least significant bits of the 

segment address are supplied to a 3-to-8 decoder, '138. Note 

that these bits count from zero to three in binary. The '138 

is a must since the TMS4500 can only control two different 

RAM banks and the card supports three. Whenever a particular 

RAM bank is strobed during a memory access, RASO* is the sig

nal selected by the TMS4500 (by strapping RENl low). This 

signal in turn enables the '138. The output from the '138 is 

low on the Y pin corresponding to the address presented and 

high on all other output pins. Thus, when a segment address 

of 000, 001, or 010 occurs for a particular RAM bank, the low 

output from the '138 is fed to R, G, and B "and" gates corre

sponding to that bank and the remaining high outputs are sup

plied to the other two "and" gates. Since RASl* is always 

high during a memory access, the R, G, and B "and" gates will 

always generate a low output when their particular gate is 

decoded. Therefore, RRAS*, GRAS*, or BRAS* will strobe the 

memory bank decoded by the three segment address lines. 

Again, CAS* is connected directly to all RAM banks to provide 

the proper column strobe. Strobing of the memory arrays by 

RRAS*, GRAS*, and BRAS* is also handled by the '138 durina 

refresh. When refreshing, both RASO* and RASl* are driven 

low. The '138 is still enabled by RASO* generating t • > ^ . ^ 
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appropriate low output. However, RASl* drives the outputs of 

the R, G, and B "and" gates low strobing all rows of the RAM 

banks simultaneously. 

To synchronize any slow memory operations with the CPU, 

RDY from the TMS4500 is connected to the open collector "and" 

gate. WAIT* is driven low by RDY to hold the CPU until 

access is complete. The ALE, MRDC*, and AMWC* control sig

nals from the expansion bus are supplied to ALE, ACR*, and 

ACW* of the DRAM controller, via the '157, to provide appro

priate timing to latch and multiplex row and column address 

lines and strobe these respective address lines on the 

TMS4161S with RASO* and CAS* for proper memory operation (see 

figure 3.19 (c) ) . The W* signal for the frame buffer is pro

vided by RW via the AMWC* signal from the expansion bus. To 

select random access operation, CAS* is also used for 

RTR/QE*, GTR/QE*, and BTR/QE to assure the TR/QE*s of the 

frame buffer are high as or before RASO* falls. The opera

tion of the frame buffer in the external control mode is 

illustrated in figure 3.19 (d). 

The Analog to Digital Converters 

The three A/D converters (MC10319s) used to sample the 

red, green, and blue video signals are fabricated by 

Motorola. The MC10319 is an 8-bit flash type capable of COP.-

versions at speeds up to 25 MHz. The advantages of using 

this converter are that it provides enabled 3-state LS-TTL 
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outputs, no sample/hold circuitry is required for video band

width signals, and the converter is fabricated in a 24-pin 

dual-in line-package to conserve card space. The output 

enable allows the converter to be tri-stated when conversion 

is not needed to conserve power [12] . For card operation, 

the A/D converters are always enabled and thus free running. 

The block diagram of the MC10319 is illustrated in figure 

3.21 (taken from [12]). 

The converter contains 256 comparators arranged in such a 

way that one input of each comparator is referenced to evenly 

spaced voltages. These voltages are supplied by a resistance 

ladder that equally divides the voltage dropped across the 

resistors to provide the reference input to each of their 

respective comparators. The voltage dropped across the lad

der network is voltage reference top, VRT^ minus voltage ref

erence bottom, VRB- The other input to each of the 256 com

parators is the video signal to be sampled. The maximum 

voltage swing the converter can handle at its input is -2.lv 

to 2.1v relative to ground. Thus, VRT minus VRB must be set 

to handle this range. The comparators compare the input 

video signal with the reference voltages and outputs a "true" 

or "not true" signal depending on the values compared. These 

outputs are then latched and converted to an 8-bit Grey code 

by the differential latch array. The Grey code structure 

eliminates large output errors due to fast slewing input sig

nals. The Grey code is then translated to an 8-bit binary 

http://-2.lv
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code, and the differential levels are converted to TTL levels 

before being applied to the output latches [12]. 

Since the video signals possess erratic DC offsets inher

ently due to the camera, they must be conditioned. The video 

conditioning circuitry is shown in figure 3.22 along with all 

other important devices needed for correct operation of the 

A/D converters. The problem of DC offset is solved by clamp

ing the syncs of the video signals to ground with a resis

tor/capacitor/diode configuration for each signal. The pur

pose of the potentiometer in each clamping circuit is to 

adjust the level of clamping. This adjustment is needed 

because each time the camera is turned on the video signals 

exhibit a different DC offset. When the syncs of the video 

signal are clamped to ground potential, pure video informa

tion is digitized within the dynamic range of the A/D con

verters . 

Since the video signals swing from Ov to 1.2v at the 

whitest level, VRB (Ov) and VRT (1.2V) must be at these 

respective voltage levels to provide the appropriate refer

ence at the comparator inputs. Also, for correct converter 

operation, VRB must be at least 1.3v more positive than VEE • 

Therefore, VEE is chosen to be -5.0v assuring the correct 

relationship between VRB and VEE- Thus, the only disadvan

tage of the MC10319 is that voltage levels unavailable on the 

expansion bus must be supplied to VRT and VEE- The -5.0v 

level is supplied to VEE of all three converters by an RCA 
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SK9216 adjustable negative voltage regulator capable of sup

plying a stable -1.2v to 37v level at a maximum current rat

ing of -1.5 amps. Since the converters are in a parallel 

configuration with respect to the power and ground plane of 

the card, each -6.0 mA drawn by VEE adds to -18.0 mA. Thus, 

the -1.5 amps supplied by the regulator is enough to drive 

the three converters. Power for the SK9216 is provided by 

the -12v power supply on the expansion bus. The 1.2v level 

supplied to VRT of the three converters is provided by an 

ECG956 adjustable positive voltage regulator. This regulator 

is capable of supplying a stable 1.2v to 37v level. This 

regulator also delivers a maximum current of 1.5 amps. The 

VRT inputs of all three converters in parallel draw 450 uA. 

Thus the 1.5 amps the regulator is able to sink to these 

inputs is enough to drive the converters. Power for the 

ECG956 is supplied by the 12v power supply on the expansion 

bus . 

The sampling rate of the A/D converters is determined by 

the active line time of 52.5 [IS. During this time, 256 pix

els must be sampled. Thus the A/D converters must sample at 

least at a rate of 4.9 MHz to prevent aliasing. The 5 MHz 

PCLK from the expansion bus is the rate at which the A/D con

verters are clocked. So that sampled pixels can be shifted 

into the serial shift registers of the frame buffer at the 

same rate, PIXCLK from the control logic provides SCLK to the 
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TMS4161S and allows the A/D converters and frame buffer to 

operate in concert. 

The ni.qpî Ŷ M M M 1 ^ 

After an image has been stored in the frame buffer, 

either during digitization or after processing, the informa

tion contained in the frame buffer must be read out at video 

speeds, reconstructed back to intensity varying analog video 

signals, and supplied to an RGB monitor for color display. 

The above process occurs at the back end of the frame buffer 

and is the analog interface between the frame buffer and the 

monitor. A block diagram of the analog interface is illus

trated in figure 3.23. 

The internal logic structure for the digitization process 

is synchronized with the horizontal and vertical timing gen

erated by the CCD color camera allowing capture of an image 

at the front end at video rates. Thus, the same internal 

logic structure used for digitization can be used for recon

structing red, green, and blue video signals from the con

tents in the frame buffer. The only difference between digi

tization and reconstruction is that image information is read 

from instead of written to the video RAM. Therefore, the 

internal logic structure must provide a read signal to the 

RAM bank instead of a write signal. Since the analog video 

signal is digitized and shifted in serially at a rate of 256 

pixels per line and then transferred to the memory array at 
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the end of every line by supplying a write signal, RW active 

low, the information in the frame buffer must be transferred 

from the memory array to shift register and shifted out at 

the same rate of 256 pixels per line for correct reconstruc

tion. The 256 pixel per line shift rate is not a problem 

because SCLK on the video RAM is triggered by PIXCLK for both 

read and write operations. Hence, data is shifted out at the 

same rate it is shifted in. 

The heart of the display module is the digital-to-analog 

converter (DAC) capable of converting digitized information 

to an analog signal at video rates. Brooktree has produced a 

special DAC especially for color video applications. A block 

diagram of the VIDEODAC^M (BtlOl) is shown in figure 3.24. 

The most distinguishing feature on the VIDEODAC is its triple 

8-bit DACs on-board capable of reconstructing serial red, 

green, and blue frame buffer data into respective video sig

nals with its pipelined architecture at a very high pixel 

rate of up to 30 MHz. The VIDEODAC has 24 TTL compatible 

inputs for data and 3 specialized TTL inputs for a composite 

sync, composite blank, and pixel clock. Thus, the RS-170/RS-

343A video levels the VIDEODAC generates can be synchronized 

with the same timing signals that control the digitization 

process [13]. Therefore, the system as a whole is synchro

nized by the horizontal and vertical timing signals generated 

by the CCD camera. 
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The specifics of the analog interface design are illus

trated in figure 3.25. Data from the red, green, and blue 

RAM bank is presented to respective RGB data buffers, '244s, 

and ground is provided as data to 3 other '244s corresponding 

to the RGB data buffers. When image information is read from 

the frame buffer, data flows from the red, green, and blue 

RAM banks to the VIDEODAC. The buffers are enabled from the 

control register with RG*, GG*, and BG* respectively and the 

ground buffers are tri-stated with the inverted control sig

nals RG, GG, and BG. When processing, the RGB data buffers 

are tri-stated and the ground buffers are enabled so that 

logic zero is presented to the VIDEODAC. The use of the 

ground buffers is necessary to blank the screen during pro

cessing. The specifications of the VIDEODAC also suggest to 

drive the inputs of the DAC with logic zero when data is not 

present. 

When data is presented to the VIDEODAC by the RGB 

buffers, the serial data is pipelined in for reconstruction 

by the pixel clock (CLOCK). For correct synchronization, the 

sampling clock (PCLK) used for the A/D converters is used for 

the VIDEODAC. The lOR, lOG, and lOB reconstructed video sig

nals are in the RS-343A format with composite sync informa

tion encoded on the green video field when ISYNC and lOG are 

hardwired. The sync information is encoded by connecting 

CSYNC and CBLK from the camera to SYNC* and BLANK* of the 
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DAC. The remaining components illustrated in the interface 

are required for correct operation of the VIDEODAC. 

To reduce the digital and supply noise coupled onto the 

analog output, a two level printed circuit board was fabri

cated. Thus the board is external to the digitization card. 

The power and ground planes are split into two parts, an ana

log part and a digital part. The analog and digital supply 

planes are connected through a ferrite bead to suppress the 

supply noise from plane to plane. The positive photographs 

of the printed circuit board layout for the ground and power 

planes are illustrated in figure 3.26 (a) and (b) respec

tively (the intention of this thesis is not to get into the 

actual process of printed circuit board fabrication, but to 

mention the results). The right side of each photograph is 

the analog supply plane and the left half the digital supply 

plane. The two planes are connected through ferrite beads at 

the bottom. For actual device placement the reader should 

consult figure 3.25. 

The RGB monitor used for display is the TEKTRONIX 650-1 

Monitor. The monitor has red, green, and blue inputs. The 

monitor's horizontal and vertical timing is driven by the 

composite sync information encoded on the green video field 

by the VIDEODAC. Because each respective video field is 

reconstructed with 8-bit accuracy, the monitor is capable of 

displaying 16.7 million colors. If a view of the separate 

color fields is desired, the monitor is equipped with three 
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Figure 3.26. 
(a) The 

The Printed Circuit Board 
Ground Plane. 
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Figure 3.26. (Continued) (b) The Power Plane. 



108 

switches for the red, green, and blue fields so the viewer 

can look at an image with each color field separately or with 

any combination of the three. 

The F-irTnw;:̂ r̂  

For any system that is interfaced to a bus controlled by 

a microprocessor, a certain amount of software must be writ

ten to control the hardware, perform utility operations, and 

provide a user friendly interface. The software written is 

not for dedicated applications. For the this reason the code 

is called "firmware." A block diagram of the firmware uti

lized by this PC-based image processing system is illustrated 

in figure 3.27. 

The code is written in Basic since no computationally 

extensive control is needed by the system. Basic is also a 

nice language for providing a user friendly menu. From the 

menu the user can control the hardware and initiate utilities 

from the function keys (F-keys) on the keyboard. For hard

ware control the user can initiate, through the I/O mapped 

control and status registers, a real-time view of the image 

to be digitized, a digitization process, or a display after 

the digitization process. The utility options supported by 

the code are image storage and retrieval from the floppy or 

hard disk. The menu also informs the user of the segmented 

memory location of each RAM bank to aid in processing. 
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Summary 

The front end of the color image processing system con

tains all of the timing and control for digitization and the 

back end of the system uses the same timing and control for 

display. For digitization the expansion bus signals are 

buffered from the frame buffer and the internal timing con

trols system operation. Through firmware and the use of the 

control and status registers, the user initiates a command to 

start the digitization process. After initiation, horizontal 

and vertical timing from the camera triggers the control 

logic. The control logic informs the system to operate in the 

internal control mode. In the internal control mode, pixel 

information sampled by the A/D converters is shifted into the 

on-board shift register of the frame buffer and transferred 

to the memory location provided by the line counter, via the 

internal control buffer and DRAM controller, at the end of 

every line. Memory access timing and refresh signals are 

provided by the internal timing generator and the system mem

ory interface with the assistance of the DRAM controller. 

After digitization, the firmware informs the system to 

operate in the external control mode so that processing can 

be performed. In this mode, the expansion bus has has con

trol over the frame buffer. The frame buffer is configured 

to operate in the random access mode and the system memory 

interface utilizes the expansion bus for memory access. 

Address locations, via the external control buffer, and 
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refresh timing for the frame buffer are provided by the DRAM 

controller. 

After processing, the contents in the frame buffer are 

converted to red, green, and blue video signals by the 

VIDEODAC and presented to the RGB monitor for true color dis

play. The same internal logic structure that controls the 

digitization process also controls the display process so 

that the system is synchronized. The correct arbitration of 

the expansion bus and internal logic provide a reliable sys

tem free of bottlenecks. 



CHAPTER IV 

RESULTS AND ANALYSIS 

The results pertaining to a hardware thesis of this 

nature are straight forward. What is meant by the above 

statement is that the design described in this thesis started 

with a set of objectives. If the objectives are met, the 

results are the objective. The objectives of this thesis 

were to design a color peripheral digitization card, inter

face the card to the expansion bus of a TI-PC, and display 

the results on an RGB monitor. The interface was to provide 

the hardware framework for a true color image processing sys

tem intended to replace the original monochrome image pro

cessing system previously designed. Since most image pro

cessing applications require human interpretation for analy

sis, the results and analysis in this chapter deal with the 

color display of the system. 

•Sy.cttem Results 

Since the color image processing system was designed to 

replace the monochrome system, a set of color and monochrome 

images will be introduced so that analysis can be performed. 

Figure 4.1 illustrates the color image digitized by the sys

tem. Figure 4.1 (a) shows the real-time image taken straight 

from the camera by bypassing the digitizing and reconstr;: t-

ing circuitry. Figure 4.1 (b) illustrates the real-time view 

112 
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Figure 4.1. Color Image Digitized: 
(a) Real Time View from Camera 
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Figure 4.1. (Continued) (b) Real 
Time View from Board. 



of the image after real-time digitization and real-time 

reconstruction. Thus, the image in figure 4.1 (b) is trans

ported, in real-time, through the digitizing and reconstruct

ing circuitry. Figures 4.1 (c), (d), (e), and (f) show the 

composite, red, green, and blue images respectively, grabbed 

by the system. 

Figure 4.2 illustrates the monochrome image digitized by 

the color image processing system. Figure 4.2 (a) illus

trates the real-time image taken from the camera and figure 

4.2 (b) and (c) illustrate the real-time digitization and 

image grabbed respectively. Hence, as mentioned at the 

beginning of the Chapter, the results are straight forward. 

However, the analyses of the images presented play a vital 

role in the operation of the system. 

System Analysis 

Overall, the system displays both color and monochrome 

images well. However, the system does have two noticeably 

distinguishing problems. The first problem with the system 

is the radio frequency, RF, noise coupled into the digitizi:v:T 

circuitry. The noise is obviously noticeable in figure '..1 

(b) , (c) , (d) , (e) , and (f) . Although not as noticeable in 

figure 4.2 (b) and (c) , the RF noise is still there. The 

reason the noise is not as noticeable to the human eye in 

figure 4.2 as compared to figure 4.1 is that the video signal 

of figure 4.2 approaches the white levels of the A/D 
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Figure 4 . 1 . (Continued) (c) Composite 
D i g i t i z e d Image. 
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Figure 4.1. (Continued) (d) Red 
Field of Digitized Image. 
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Figure 4.1. (Continued) (e) Green 
Field of Digitized Image. 
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Figure 4.1. (Continued) (f) Blue 
Field of Digitized Image. 
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Figure 4.2. Monochrome Image Digitized 
(a) Real Time View from Camera. 
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Figure 4.2. (Continued) (b) Real Time 
View from Board. 
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Figure 4.2. (Continued) (c) Digitized Image. 
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converters and has a higher contrast. Thus, although the 

noise is still present in the system with the same degree of 

severity, the human eye cannot detect it. 

Since the human eye can detect the RF noise in figure 4.1 

better, this figure will be examined in more detail. More 

specifically, figure 4.1 (c) will be examined. The most 

noticeable noise problem in this figure is the periodic diag

onal lines that impair a detailed view of the image. Since 

the diagonal lines are periodic, a conclusion can be reached 

that some sort of clock frequency is being coupled into the 

analog data. Since a part of the line appears approximately 

every twenty pixels, the pixel clock is probably being cou

pled onto the analog signals provided as input to the A/D 

converters. A not so obvious noise problem illustrated in 

figure 4.1 (c) is the random RF noise digitized by the sys

tem. The reason this type of noise is not as obvious as the 

clock noise is that the clock noise takes precedence when the 

human views the image. The overall RF noise degrades the 

image by a reasonable degree. 

Since the image is digitized and recognizable, a conclu

sion can be made that all of the timing and control circuitry 

in the system is operating correctly. Thus, the image deara-

dation is a noise problem. Furthermore, figure 4.3 illus

trates that the majority of the problem is in the front en-: 

of the system. This figure is an image digitized by the 

monochrome system. The image was loaded into all three banks 
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Figure 4.3. Image Digitized by the 
Monochrome System and Displayed 
by the Color System. 
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of the frame buffer and displayed. By observing this image, 

the reader can conclude that the image displayed is rela

tively noise free. Thus, the reconstructing circuitry is 

basically noise free. The noise free reconstruction cir

cuitry is plausible since this part of the system was con

structed on a printed circuit board isolating the analog sig

nals from the digital signals. Since the same internal logic 

structure that drives the digitization process drives the 

reconstructing process, figure 4.3 further assures that the 

timing and control circuitry is operational and the problem 

is at the front end. 

The reason that the image digitized by the monochrome 

system is noise free is that the camera utilized by the sys

tem is nicely packaged. The signal is transported to the A/D 

converter of the system through a coaxial cable thus shield

ing the signal from RF interference. Thus the analog input 

to the system is shielded from the high speed digital signals 

of the system. From the above discussion, a reasonable solu

tion to the noise problems associated with the color system 

would be to package the camera nicely to shield all analog 

signals from the high speed digital signals. The camera 

donated by Texas Instruments is a prototype that came unpack-

aged. Cascading this prototype with the digitization card 

prototype assures some type of noise problems. If packagir.g 

the camera correctly does not drastically improve the noise 

problem, a four level printed circuit board for both the di T-



126 

itization card and reconstruction board is suggested. The 

purpose of the four level board is to isolate all analog sig

nals from the digital signals. Proper packaging of the cam

era and "boarding" other components of the system is guaran

teed to improve overall performance. 

The other problem with the system, especially noted in 

figures 4.1 (b) and 4.2 (b) , is the contrast level of the 

system. The contrast level is proportional to the dynamic 

range of the A/D converters. If the video signals are in the 

lower half of the dynamic range of the A/D converters, even 

when the aperture control of the lens is at its maximum, the 

contrast of the image will be low. The user of the system 

cannot control this hardware occurrence. However, by apply

ing an image processing contrast enhancement on the image 

after it is digitized, the contrast can be increased. From 

the above discussion, solving the two problems associated 

with the system will create a noise free and high contrast 

image processing comparable with commercially available sys

tems. 



CHAPTER V 

CONCLUSIONS 

Color image processing systems present interesting possi

bilities in the realm of image processing. One of the many 

applications for this system is the use of the real-time fil

ters of the camera for filtering either red, green, or blue 

color information from an image. For example, the blue fil

ter could be used for fundus images because fundus images are 

inherently red in nature. One wonders what kind of possibil

ities lie here for analysis of fundus texture. Another 

application of the system would be in machine vision. Sup

pose that an industrial plant were making blue objects. 

Also, suppose that objects that were faulty became green dur

ing the fabrication process. A robot could be trained usinq 

the blue filter of the camera to pick up the blue objects and 

not pick up the green objects. 

Outside of the realm of image processing there also exist 

several applications of the digitization card itself. In the 

police department, for example, it would be nice to take a 

color photo of a criminal and store it in the PC along with 

his criminal record. Also, wouldn't it be nice if a word 

processor had the capabilities to take a color photograph and 

attach it to a resume. 

Applications such as those above are many. The author of 

this thesis wonders why true color digitizers and imâ ie 
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processing systems are not available on the market today for 

the Personal Computer? The answer to the question is simple: 

system memory. One of the main disadvantages with the image 

processing system designed in this thesis is the system mem

ory. After inserting the digitization card into the expan

sion slot of the TI-PC, the system has only 512K of system 

memory left to process images. However, if a monochrome sys

tem were used, the system would have 64OK to work with 

because only 64K would be needed for the frame buffer. Even, 

with this system memory increase, no "real" image processing 

algorithms can be run on the TI-PC. 

Why build the card then? The author hopes that this card 

will serve as a prototype for future systems with greater 

system memory capabilities. The same framework of design can 

be used when interfacing to any other bus structure with very 

little difficulties. Today, most computers come with a stan

dard system memory size of 1 megabyte expandable to 8 

megabytes. But, this is today and who knows what tomorrow 

will bring. 
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