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CHAPTER 1 

INTRODUCTION 

History of Digital Image Processing 

For approximately sixty years, image processing has 

been applied to a variety of image analysis and image 

enhancement problems. One of the first applications of 

image processing was the improvement of newspaper pictures 

sent between London and New York via transatlantic cable 

in the early 1920's [1]. The current applications extend 

from advanced noninvasive medical imaging (Ultrasound, 

Nuclear Magnetic Resonance (NMR), Positron Emission Tomo

graphy (PET), Computerized Axial Tomography (CAT), etc.) 

to very remote planetary imaging by spacecraft such as the 

Voyager series. 
V mif^i'f'J'v^ 

2̂1 The enhancement of an image, and likewise the analy

sis of an image, often relies on the manipulation of the 
„^^..r.,..>«^„„„. „.._^.^^ ̂ ^«,-,« 

image presentation in an interactive process. This ma-

nipulation is necessitated by the fact that the ̂ cjuality, 

either poor or excellent,̂ ^̂ and ,the (quantity, typically in 
myBif'^i-ottf^-^ •T»««ain;(»rLrf̂ tfc/)Wi**»"i*'"''***' 

ri.»(v.<.-:*.><•*•-">• 

the order of thousands of bytes, of data points contained 

in an image can far exceed the capabilities of the human 
M ^ W W ^ U r f ^ ^ ' <*•' ""-' :jtt* ,̂ i*i*̂ l(llV«Uft.--"/*-"•''' ' '-̂  

visual system to perceive and comprehend in its entirety. 

The development of digital computers and fast algorithms 



in the 1960's made it possible to efficiently apply digi

tal* image processing technicjues to problems of image 

enhancement and restoration. 

Modern Uses of Digital Image Processing 

Digital image processing has been applied in recent 

years to problems occurring in a variety of disciplines, 

such as Atmospheric Science, Geology, Cartography, Agri

culture, Oceanography, Space Exploration, and Medicine. 

Space exploration, natural resource evaluation, and medi

cal applications have obtained tremendous benefits from 

the use of digital image processing technicjues [2].^ 

Space exploration has used digital image processing 

primarily in two ways. Multi-spectral imaging and analy

sis in astronomy have opened many new doors in the detec

tion and classification of galactic and extra-galactic 

phenonema, resulting in a better understanding of the 

universe. Interplanetary probes rely on the digital 

actjuisition, storage, and information encoding of images 

to reduce power requirements and enhance the versatility 

of the probes. Earth-based processing systems enhance and 

analyze transmitted images, ultimately providing extremely 

important clues about planetary origin and subsecjuent 

evolution. 

Natural resource evaluation has become important in 

recent years due to the increasing cost of ground-based 
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exploration and the necessity to control resource utiliza

tion. Agriculture has particularly benefitted in crop 

disease analysis. Cartography has used high resolution 

imaging to correct and update maps that are needed in 

land-use analysis. Mineral exploration is being done 

through the use of remote imaging, which can indicate both 

the presence and the structure of mineral deposits. 

Weather analysis and climate monitoring are also being 

accomplished by remote sensing. Most of these applica

tions are primarily based on the use of multi-spectral 

data acquisition and analysis [3]. 

Digital image processing in medical applications has 

been increasing in recent years as technology has advanced 

in key areas. NMR and CAT scans do not obtain optical 

image data as inputs, but utilize transformations to 

present the data obtained by the scans as images. These 

images contain information that the usual x-ray radiog

raphy techniques cannot obtain. Ultrasound is another 

technology that does not obtain optical image data as an 

input, but the data can be transformed into images that 

provide real-time video representations of body functions 

and structures. All three of these processes rely on the 

digital accjuisition and presentation of the data and the 

digital enhancement of the resulting images. Radiography 

benefits by using low level x-ray exposures to obtain the 

same information as that gained from high level exposures. 



The lowering of radiation risk is made possible through 

the use of digital enhancement techniques, primarily 

contrast and edge enhancing operations [4]. The results 

of all of these information gathering processes are used 

to help the physician in the evaluation and diagnosis of 

problems in the human body. These processes are also 

characterized by their noninvasive nature. There are only 

a few ways to obtain interior views of a human body by 

optical imaging. One available view is through the pupil 

of the eye. This view of the human retina is cjuite in

formative since the retina is the only part of the brain 

that can be seen from the outside of the body in a nonin

vasive manner. Photographs of the retina, called fundus 

photographs, are used to diagnose a variety of ocular 

ailments. Glaucoma is one such disease which afflicts the 

eye. Figure 1-1 shows an example of a common fundus 

photograph. A "red-free" fundus image is shown in Fig

ure 1-2. A "red-free" image is obtained by strongly 

filtering out red wavelengths during exposure to enhance 

the visibility of the minute retinal structures. 

Application of Digital Image Processing 
in Diagnosis of Glaucoma 

Glaucoma is generally defined as a condition of the 

eye in which the intraocular pressure (lOP) of the eye has 

increased to a point where the blood flow to the retina 



Figure l-i. Common fundus photograph. 



1 o "Red-free" fundus photograph. 
Figure 1-2. ^^^ 
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and other parts of the eye has been decreased or inter

rupted [5]. The end result of the decrease in blood flow 

is the deterioration of tissue in the retina; in particu

lar, the destruction of nerve fibers in the retinal nerve 

fiber layer (RNFL). Nerve fibers are the carriers of the 

electrochemical impulses which are generated by the rods 

and cones and are processed by the interplexifonn layer 

cells in the retina, in response to light stimulation. 

The nerve fibers converge at the optic nerve head for 

further transmission of the impulses to the visual path

ways through the optic nerve. The loss of nerve fibers 

on a small scale does not cause any detectable loss of 

vision. However, untreated glaucoma is a progressive 

disease which may ultimately destroy large portions of the 

RNFL and result in a severe visual handicap and even total 

blindness. 

There are methods for screening ophthalmological pa

tients for glaucoma. The most common screening tool is a 

measure of the lOP. In abnormally high lOP is indicative 

of glaucoma, though not conclusive. The next step is the 

taking of stereo-pair fundus photographs. There are 

visually apparent defects present in the optic nerve head 

for moderate to advanced cases of glaucoma. These defects 

are evidenced either as an increase in the volume of the 

normally shallow, cupped optic nerve head; the presence of 

irregularities in the normally round nerve head; or a 



8 

combination of the two abnormalities. There are also 

visual characteristics located in the RNFL area which may 

be either narrow streaks of darkness through the normally 

translucent nerve fiber bundles, or a mottled appearance 

throughout the primary RNFL area indicating a diffused 

loss of RNFL [6,7]. These visual clues are evaluated by 

the ophthalmologist, who bases his diagnosis on experience 

acquired through long training. The disease is monitored 

by periodic fundus image actjuisitions and frecjuent lOP 

checks. The progression of the disease is based on appar

ent differences between images in a series of fundus 

images. 

However, there are problems associated with the 

evaluation of fundus images. There is a strong low-

frequency component of spatial variation present in the 

illumination component of the images due to the difficulty 

in introducing uniform illumination into the eye. Resolu

tion of the RNFL is limited by the optical path of the eye 

and the extremely small size of individual nerve fibers. 

There is a strong red component in the background of the 

RNFL due to blood vessels. There are fundus images, such 

as that shown in Figure 1-2, that utilize filters to 

control the latter problem, but this is not the most 

common fundus image used by ophthalmologists. The varia

bility of the amount of pupil dilation that can be induced 

from one clinical visit to the next also introduces a 
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difference in the mean illumination level from one image 

in the fundus series to the next. These problems are 

currently being addressed by utilizing techniques of 

digital image processing. 

The use of various image processing techniques can 

minimize some of the problems of resolution and variation 

in illumination through the use of spatial and Fourier 

domain analysis. The use of contrast transformations and 

spatial domain convolutions can also help in the data 

presentation and analysis. The use of image manipulation 

routines can help in the comparison of various images and 

detailed analysis of specific image sections. 

The use of a computer also leads to the idea of using 

databasing technicjues to compile records (images) over 

time for many patients, forming a common database for use 

in clinical studies and to provide quick patient record 

access for efficient patient evaluation. 

Computer Technology as a Basis for 
Digital Image Processing 

^Until recently, the use of a computer for digital 

image processing would have implied the need for either a 

mainframe or minicomputer with auxiliary support devices 

for dealing with imaging device inputs or a dedicated 

image processing system with custom hardware and software 

for performance of basic image processing functions. Most 

of the dedicated image processing systems were either 
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mainframe supported or self-contained minicomputer driven. 

Current developments in the last five years have yielded 

microprocesssors having high speed numeric processing 

capabilities and memory map addressing capabilities large 

enough to support the large memory arrays necessary to 

hold and manipulate images with workable resolutions. The 

expansion of personal computer (PC) availability and the 

resultant cost reduction has led the way for some of the 

support hardware needed to convert a PC into a digital 

image processing system. 

^One of the key items when discussing the hardware 

needed for a PC-based image processing system is storage 

memory, both dynamic (volatile) and static (nonvolatile). 

The static memory for image storage in a PC is usually 

disk drives. For a databased operation, the large size of 

memory needed dictates the use of hard disk drives. Hard 

disk drives have the capability to store tens of images 

and possess a very fast read/write cycle as compared to 

floppy disk drives. /Dynamic memory, usually referring to 

random access memory (RAM), is needed for temporary stor

age of image data and operating program storage. High 

resolution monitors are desired for graphical data dis

plays, and standard black-and-white (BW) monitors can 

serve as image display devices. For color image presenta

tion, a red-green-blue (RGB) monitor is needed if the 

system is to support pseudocolor mapping transformations 
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or true-color representations. Printers are desirable for 

hardcopy output analysis and plotters are needed for any 

graphical output. All of the aforementioned hardware 

devices are readily available through the many PC ven

dors. 

Basic PC systems come equipped cjuite often with 

expansion ports and bus slots so that an innovative user 

will have the capability to expand the basic system 

through support cards. These support cards are either 

custom made, or found readily available off the shelf. 

One of the most common needs is extra RAM expansion de

vices. J An image processing system also recjuires approxi

mately one megabyte of RAM to function flexibly, if not 

minimally, [A digital image processing system has two 

unique support needs: a method to input video or densi

tometer data, and a method of displaying acquired and 

manipulated image data.y The first need is met through a 

device called a digitizer, which quantizes data in a 

coherent, logical manner and then passes that data to the 

host computer, which can be a PC or a custom processing 

system [8]. The second need is filled by an output dis

play device. The display must be supplied with all of the 

timing and data signals necessary to display the appropri

ate image type. 



CHAPTER 2 

FUNDUS IMAGE PROCESSING SYSTEM 

PARAMETERS 

Dimension 68000 Hardware 

System parameters will define the solution basis in 

any application problem. The hardware foundation used for 

the Fundus Image Processing System (FIPS) was a Microcraft 

Dimension 68000 PC. 

The heart of the Dimension PC is a Motorola MC68000 

microprocessor. Figures 2-la and 2-lb diagram the inter

nal architecture of the MC68000. The MC68000 has a 16-bit 

external data bus with a 32-bit internal bus capacity. 

The addressing space is defined by a 24-bit address bus. 

This corresponds to an extensive memory map covering 16 

megabytes. There are 8 data registers, labeled 0 through 

7, and 7 address registers, labeled in the same fashion. 

Each of these registers has a 32-bit word capacity. One 

additional address register is available for use as an 

user stack pointer. The system normally has 512 kilobytes 

of motherboard RAM installed, but the system memory map is 

allocated in a manner that allows support of up to 7 

megabytes of transient user-space RAM [9]. 

A Signetics SCN2 681, a dual universal asynchronous 

receiver/transmitter (DUART) communications device, is 

12 
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Figure 2-la Internal hardware structure of the 
MC68000. 
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Figure 2-lb. Register structure of the MC68000. 



15 

used in the Dimension to implement a serial RS-2 32C com

munication port, a Centronics^ compatible parallel com

munication port, a serially interfaced keyboard, and pro

vides a prograimmable system interrupt timer. The resource 

allocation in the SCN2 681 and memory map addresses of the 

command/status registers are given in Figure 2-2 [10]. 

The system display is handled by a Motorola MC6845 

CRT controller chip that is capable of displaying high 

density text, high resolution graphics, and mixed graph

ics/text displays. The video stream is Electronic Indus

tries Association (EIA) RS-170 standard compatible. The 

high resolution graphics, 640 by 480 pixels, must be 

supported by an interlaced display monitor [11]. 

The demand of large RAM arrays in an image processing 

system requires the use of additional RAM memory hardware 

in the FIP System. The original 512 kilobytes of Dimen

sion motherboard RAM was extended to a total of 1 megabyte 

of memory in the initial research phase. This was supple

mented by an expansion memory board installed in one of 

the six expansions slots of the Dimension for a total of 

1.25 megabytes. Later this was found to be slightly 

inadequate and the memory configuration was changed to a 

final total of 2 megabytes of motherboard RAM with no 

expansion board memory left in place. 

A vital system component for an image processing 

system is a video interface device. The MicroCraft Co. 
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Figure 2.2. SCN 2681 memory map. 
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developed a RS-170 digitizer board for the Dimension 

system that acquires image data in a 512-by-512 pixel 

array with a resolution of 256 grey levels, equivalently 

8 bits or 1 byte resolution. The digitizer board also has 

the capability to display the data in a RS-170 format that 

consists of 512 pixels per line by 256 double lines with 

8-bit grey level resolution per pixel. The Dimension PC 

has the capability of utilizing either 3.25-, 3.5-, 5.25-, 

or 8-inch floppy disk drives. It will also support a 

Winchester-type hard disk drive. The FIP system utilizes 

a 20-megabyte hard disk, an 80-track (1.2 megabyte) 5.25-

inch floppy drive, and a 40-track (400 kilobyte) 5.25-inch 

floppy drive. The hard disk can store a maximum of 60 

images. The 80-track floppy drive is useful for archiving 

images, up to three per disk [12]. 

Dimension 68000 Software 

Software that is used to operate, control, and speci

fy system actions is usually made up of two distinctive 

parts, system specific and user specific. System soft

ware, usually called the operating system, is machine 

specific; i.e. , IBM PC-DOS will operate only on an IBM PC 

and TI MS-DOS Professional will function only on a TI 

Professional PC. User software is sometimes system spe

cific in terms of the language compiler used to generate 
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custom user software for each system. However, the lan

guages themselves are standardized either by written 

industry standards or by commonly accepted terminology and 

are used on many different computer systems. 

The operating system software is the essential com

mand and control language of any computer system. It 

takes care of the hundreds of tedious tasks that must be 

performed to manipulate files, access disk drives, perform 

keyboard interpretation, and many other user interface 

tasks. The Dimension 68000 PC utilizes Digital Research's 

CP/M-68k as the operating system for user interface [13]. 

The CP/M-68k system interface structure is given in Figure 

2-3. Note that the Basic Input/Output System (BIOS) 

commonly resides in read-only memory (ROM) in PC's, while 

the Console Control Processor (CCP) and Basic Disk Operat

ing System (BDOS) are loaded into RAM during boot opera

tions from floppy or hard disks. 

For many years, scientific and engineering applica

tions have used FORTRAN as a language standard for re

search problems. The FORTRAN compiler available for the 

Dimension 68000 is the current industry standard FORTRAN 

77. The CP/M-68k related FORTRAN is SVS FORTRAN 77, 

developed by Silicon Valley Software [14]. In addition, 

MicroCraft's FORTRAN package supports graphical informa

tion displays. Figure 2-4 gives a listing of the addi

tional commands that this package supports. 
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USER 

USER INTERFACE 

CONSOLE COMMAND PROCESSOR 
(CCP) 

PROGRAMMING INTERFACE 

BASIC DISK OPERATING SYSTEM 
(BDOS) 

HARDWARE INTERFACE 

BASIC INPUT/OUTPUT SYSTEM 
(BIOS) 

HARDWARE 

Figure 2-3. CP/M-68k system inter
face structure. 
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INITIALIZATION ROUTINES 
subroutine MODE (-1) 
subroutine RGBOFF 

function IRBGON (x) 

TEXT AND GRAPHICS 
subroutine 
subroutine 

function 
function 
function 

subroutine 
subroutine 
subroutine 
subroutine 
subroutine 
subroutine 
subroutine 
subroutine 
subroutine 
subroutine 
subroutine 
subroutine 
subroutine 
subroutine 
subroutine 
subroutine 
subroutine 

ROUTINES 
TXTINT 
TEXTON 
IPAGE (p) 
IPAGET (p) 
IRCOL (x,y) 
SHOW (p) 
PAGCLR 
GRAFON 
LORES 
MIDRES 
HIRES 
MODE (xxx) 
RGBMOD (m) 
ATRBOF 
ATRON 
LCOLOR (c) 
HCOLOR (c) 
HPLOT (x,y) 
LINE (xl,yl, 
CIRCLE (x,y. 
DRAW (shape 

also for text 
also for text 

x2,y2) 
radius,eccentricity) 
snumber, x, y) 

XDRAW (shapenumber,X,y) 

MISCELLANEOUS ROUTINES 
function 
function 
function 
function 

subroutine 
subroutine 
subroutine 

IRDCHR 
BUTTON 
PADDLE 
IKSTAT 
SOUND 
INKEY 
XTAB 

(X) 
(b) 
(P) 
(m) 

(pitch,duration) 
(char) 

(column,row) 

Figure 2-4. FORTRAN graphics commands 
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A more recently developed language that is useful for 

intense data manipulation, implementation of data struc

tures, direct manipulation of memory data, microprocessor 

register manipulation, and which also has the capability 

to produce fairly efficient code, is "C." Although the 

"C" language is not in common use in the engineering 

community, it is gaining popularity as its advantages are 

becoming more widely known. The Dimension 68000 is sup

plied with "C" by Digital Research [15]. 

The microprocessor interprets machine code instruc

tions, single or multiple data bytes, to perform tasks 

and to obtain data on which to operate, as dictated by 

sequences of commands. Writing instructions by hand is 

very tedious and very error prone due to the major sig

nificance that each bit of a command byte represents to 

the microprocessor. To simplify the task of developing 

machine code, a language compiler called an "assembler" is 

used to ease the task. The assembler language is specific 

to the microprocessor used, in this case the Motorola 

MC68000. Motorola MC68000 Assembly Language is used to 

write code for the Dimension that is very intimate to the 

operations of the system. The machine language code 

developed is the most efficient code, in terms of bytes, 

that can be written. Writing assembly language programs 

is tedious and time consuming for programs that are compu

tationally intensive, but fairly straightforward in the 
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case of moving data blocks or manipulation of bits in data 

words [16]. Many tasks in image processing are easily 

performed by the latter methods. 

Disk files have specific structures as dictated by 

the operating system. However, this structure is usually 

not apparent to a system user, or even to an application 

programmer. The size of the image files being used in the 

FIP system are large enough to present problems if addi

tional data structure controls are not specified. The 

structure developed is given in Table 2-1. This specifi

cation is useful not only for archiving the image files in 

databases, but also provides additional checks that are 

useful when extended software hard disk control allows 

fast image data retrieval from hard disk memory. The flag 

at the end of the file provides the means to append addi

tional file information by the user for application pur

poses [17] . 

The digitizer hardware driver routines were written 

by MicroCraft and supplied with the Dimension system. 

These routines perform basic command functions and are 

equipped with interface code that allows digitizer control 

through FORTRAN subroutine calls. These interface speci

fications are listed in Table 2-2 [18]. 
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Table 2-1 

Image File Structure 

Byte Leny-hh Purpose 

0 8 This is an 8 byte 
imager data file, 
ascii characters: 

header identifying this as an 
The 8 bytes contain these 

•i' 
•m' 
•a' 
•g' 

0)
 

• 1 

CR 
LF 

$69 
$6d 
$61 
$67 
$65 
$20 
$0d 
$0a 

8 This 4 byte integer contains the number of 
pixels horizontally that are stored in the 
file. Call this value X. 

12 This 4 byte integer contains the number of 
lines of pixels that are stored in that file 
Call this value Y. 

16 X*Y Pixel data. One byte per pixel is stored. 
Normally there are 512 lines of 512 pixels or 
256K of data. 

X+Y+16 

X+Y+20 

This 4 byte integer contains the number of 
bytes of other information that is stored in 
the file. Histogram and mapping information can 
be put there. Call the value OLEN. 

This is a guard value designed to assure that 
the preceeding 4 bytes were stored and read 
correctly. The result of an exclusive-or with 
the preceeding value can be examined to 
determine whether there is more data. 

X+Y+24 OLEN This is the other data section 
defined above. 

The length is 
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Table 2-2 

Digitizer Driver Subroutines 

CALL SETMOD(I) 

CALL SETMOD(MAP*32+MOD(GETMOD(I) ,32) ) 

I = GETMOD(I) 

CALL DOVIEW 

CALL DODISP 

CALL DOEXT 

CALL DISP(BUFFER,X,Y) 

CALL DISPEO(BUFFER,OE) 

CALL SMOOTH(BUFFER) 

I = IGRAB(BUFFER) 

I = ITRANS(BUFFER) 

I = KEYPRES(I) or CALL KEYPRES(I) 

CALL HDISP (HBUFFER,PSIZE) 

CALL SDISP(BUFFER,LINE,DIR) 
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External Hardware Device Parameters 

In addition to the Dimension 68000 PC and its in

ternal EIA RS-170 digitizer/display board, there are 

additional peripheral devices needed to implement the full 

FIPS architecture. 

The images, fundus photographs, for which FIPS is 

used to enhance and analyze, are in both color and B/W 35-

mm slide format. This requires the use of a slide adapter 

that enables close-up magnification and illumination 

temperature correction filters. The adapter used is a 

Panasonic Negative/Positive Slide Adapter, model WV-AD15. 

The video camera used for imput is a Panasonic 

"Pana," model WV-1500. This is an EIA RS-170 compatible 

video camera with composite sync and utilizes a Vidicon 

type sensor. A Canon TV Zoom lens, 17 to 102 mm, with 

f2.0, is used when digitizing slide inputs. The slide is 

illuminated by incandescent floodlamps that are compen

sated by using temperature correction filters. 

The FIPS monitor display for viewing real-time and 

digitized images is a Panasonic Video Monitor, model TR-

196M. This is an EIA RS-170 composite sync B/W baseband 

monitor. The displayed image is 30 by 30 cm2 in size, 

which is comfortable for evaluation of both gross and 

minute detail. There is also additional hardware and 

software implemented to allow the FIP system user display 

to be presented on the monitor display. 
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The RS-232 port is used to control a flatbed plotter 

for documentation of image scan datagraphs for analysis. 

The software driver is tailored to the Radio Shack TRS-80 

Flatbed Plotter, model FP-215. A dot matrix type printer 

is connected to the Centronics parallel port to provide a 

method for data readouts and file parameter listings. The 

FIP system curently uses a Star Radix-10 printer, though a 

higher resolution printer is desirable for hardcopy image 

output in lieu of a photographic printer device. 

When manipulating image data, the use of either a 

mouse or trackball input device is desirable for selecting 

image sections for futher processing. A Mouse Systems PC 

Mouse, model M3, is used in the FIP system for selecting 

image quadrants and line scan regions for more detailed 

processing. 



CHAPTER 3 

FIP SOFTWARE DEVELOPMENT 

The software development of the FIP system was spon

sored by the MicroCraft Corporation, Dallas, Texas, and 

the actual source code is considered proprietary in 

nature. For this reason, the software algorithms of the 

FIP system will be described only in terms of mathematical 

equations and flowcharts. Any further inquiries about the 

software should be directed to MicroCraft or Dr. Sunanda 

Mitra, Texas Tech University, Lubbock, Texas. 

Operating System Interface 

The FIP operating system interface serves as the 

active link between the CP/M operating system, the FIP 

processing routines, and the FIP user. The most commonly 

used routine of the interface is the menu display driver. 

A sample menu is given in Figure 3-1, which shows the 

basic characteristics of the menus used in FIPS. The menu 

typically contains five to ten selection items and gives 

an indication of the previous selection of any item in the 

menu by displaying "DONE." This is helpful when an image 

enhancement or analysis process proceeds in multiple 

stages. There is an additional routine used that provides 

single key touch item select. This was provided because 

27 
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Figure 3-1. Sample menu. This is the master menu 
that contains the major sub-menu's 
available. 
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the expected users will likely be unfamiliar with compu

ters and the entry techniques that computers usually 

implement. Menus are composed of items that fall into 

similar operational classes, i.e., enhancement routines, 

analysis routines, etc. The menu execution flowchart is 

shown in Figure 3-2. An extraction of the menu hierarchy 

for the FIP system is shown in Figure 3-3. Note the 

existence of selection paths both vertically and horizon

tally in the hierarchy that allows direct access to more 

commonly used menus from lower level menus. 

The routines PLACE and EXTRCT (which reside in 

"LOAD" and "STORE") are used to implement the image file 

specification already mentioned. PLACE is used to store 

image array data in a disk file, and EXTRCT is used to 

read a disk file into an image array. The only specifica

tions needed are file name, including the . img extension, 

and the disk drive. The form is drive: image. img and an 

example is I:patl009.img. The image files normally are 

kept on the hard disk drive I: and are archived on floppy 

drive C:. 

The line scan routine SCAN produces data strings that 

are used by the PLOT routine to make line scan grey level 

plots. The line scan routine puts the data strings in 

files that are user named. The file structure definition 

consists of the file name, the starting coordinates of the 

scan, and the 256-point data list. The structure is 
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MEND SELECTION 

TEXT 

I 
TURN SCREEN ON 
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DUART STATUS BYTE 

READ KKY CODK 
rROM DUART 
RECSrVS BYTE 

CALL 
APPROPRIATE 
SUBROUTINE 

RETURN 
rROM 

SUBROUTINE 

Figure 3-2. Menu execution flowchart. 
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defined in this instance to keep the data in an available 

form for processing by other programs or device drivers. 

A device driver was developed to support the previ

ously mentioned flatbed plotter. The flowchart for this 

driver is given in Figure 3-4. The driver works rather 

well, but the data strings are long enough to cause data 

overrun in the plotter data buffer if the pause commands 

were not used. 

The LOCATE routine has a device driver auxiliary that 

supports a mouse input for image cursor control. The 

driver basically disables the LOCATE option menu, turns 

the user display off, and takes care of data strings sent 

by the mouse through the RS-232 interface port. The 

routine then calculates new cursor positional data based 

on last position and delta position change data from the 

mouse. It then changes the cursor displayed position. 

The routine stops when a mouse key is pressed. 

Image Manipulation Routines 

The FIP system contains enough RAM to support the 

CP/M operating system, the FIP software system, all pro

cess data array allocations, and two complete 512-by-512 

images. The images are labeled "A" and "B" in the system 

software. The two images provide some flexibility in 

the handling, digitizing, and comparison of images. 

Figure 3-5 is a digitized image that will be used to 
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Figure 3-4. Flowchart of device driver for flat-bed 
plotter. 
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Figure 
3-5. Digitized example image. 
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explain and demonstrate the results of the processes 

implemented in the FIP system. 

There are routines that can manipulate the stored 

image data in terms of full images or by image quadrant 

blocks, i.e., 256-by-256 subsections. Figure 3-6 shows 

the labels these image blocks are given and the coordinate 

system that the system useis in referencing image data 

during analysis and enhancement processes. The image 

manipulation routines are gathered in the BLOCK OPS menu 

and consist of block blanking, inter-image block moves, 

intra-image block moves, and image label switching. 

Figure 3-7 is the example image with blocks A and D 

switched. Most of the image manipulation routines are 

written in assembly language to provide minimum execution 

times. 

The LOCATE routine is used interactively by the user 

to select a 256-by-256 subsection in an image. This is 

designed to choose an area for processing by routines that 

otherwise involve extended execution times for full 512-

by-512 images. The diagonally opposed cursors mark the 

upper left- and lower right-hand corners of the area to be 

selected and are moved under either mouse or keyboard 

control. The cursors are shown in the 256,256 position in 

Figure 3-8. After an area has been selected, the data is 

shifted to the upper right-hand image corner and the rest 

of the image is blanked. When it is desired to digitize 
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Figure 3-6. Image coordinate system, 
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Figure 3-7. Example image with blocks A and D 
switched. 



33 

Figure 3-8. 
enrs The cursors Example showing curso^^^^.^^^^^^^ ^^^^ 

have been "rcled ^ in the 
from the shot noise P 
image. 



3;» 

0) 

a 
u 
H 
(U 
> 
0) 

0) 
M 

o 

0 Input grey level range 1 

Figure 3-9. Bi-level slicing algorithm. Grey 
level ranges are normalized for 
all systems. For a given level, 
a look-up table transforms an 
input level to the mapped output. 
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levels not contained in the range assigned grey level 0, 

or black. Figure 3-10 is the example image sliced at 

levels 80 and 150. The process is implemented in assembly 

language and executes very rapidly. 

A slope detection algorithm is implemented in the FIP 

system to define edges. The process utilizes the Roberts 

Cross operator defined by equation (1) [20]: 

G[f(x,y)]= I f(x,y)-f(x+l,y+l) |+ | f(x+l) - f(x, y+1) I . (1) 

The f(x,y) term is the image data point operated on and 

G[f(x,y)] is the magnitude result replacing the data 

point. Figure 3-11 is the example figure after the gradi

ent process has been applied. Note the edges of the 

structure have been set to white, indicating a change in 

grey level across an edge. 

The line scan process is simply a plot of the grey 

levels along a path of pixels in an image. In the FIP 

system the path is either horizontal or vertical and the 

length is 256 pixels. The graphical output is either 

displayed on the user monitor, output to a data file, or 

output as an overlay on the image display. The overlay is 

accomplished by using a contrast reversal of the image 

data to draw the histogram-type grey level display and is 

illustrated in Figure 3-12. The data file is plotted 

using the flatbed plotter and results in a graph such as 
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Figure 3-10. 
both the 
level Level sliced image. Note that 

the higher level cutoff have 
to black by the level 

been set 
slice. 
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Figure 3-11. Gradient processed image. 



4̂ . 

Figure 3-12 Scan plot monitor overlay. The scale 
is marked every fourth pixel. Note the 
valleys in the graph correspond to darker 
pixels, such as those in the veins. 
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that given in Figure 3-13. The user monitor graph is 

shown in Figure 3-14. 

Subtraction of two normalized and registered images 

can give an indication of image change and show in which 

picture the structure is missing. There is a problem in 

that the subtraction process requires double the dynamic 

range to display all of the information gained from such a 

process. In the FIP system only the magnitude of the 

difference is given, thus avoiding the range problem. 

Figure 3-15a shows the results of the subtraction of the 

two computer generated images shown in Figure 3-15b and 

Figure 3-15c. 

Image Enhancement Processes 

The FIP enhancement processes are primarily tailored 

to overcome problems encountered in the use of fundus 

photos. There are three methods of enhancement imple

mented in the FIP system: frequency domain filtering, 

histogram modification, and spatial domain convolution. 

Two-dimensional Fourier transforms are used to trans

form the spatial domain image data to its frequency domain 

representation and then reverse the process after the 

multiplication by a filter mask. The forward Fourier 

transform has the form given in equation (2) [19] : 
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Figure 3-13. Plotted scan data file. The axis is 
pixel number versus grey level. 



Figure 3-14. User monitor graph. 
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Figure 3-15a. Subtraction results between two images. 
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Figure 3-15b. Square computer generated image. 
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Figure 3-15c. Triangle computer generated image. 



N-1 N-1 5 0 

F(u,v) = i 2 l X f(x.y)exp[-j27C(ux + vy)/N] . (2) 
x=0 y=0 

F(u,v) is the complex value for the u,v frequency compo

nent in the Fourier domain. N is the order of the image 

array, 256 for all of the FIP working sections, with 

f(x,y) being a data point in the image array. Using the 

subsection shown in Figure 3-16 of the example image, the 

transformed result is shown in Figure 3-17. Note that 

frequency domain data has both a real and imaginary value 

in cartesian form or magnitude and phase in the complex 

exponential representation, that cannot be displayed 

directly as an image. The data magnitude usually has a 

very large dynamic range. The log of the transform data 

is taken to compress the range and the data is then scaled 

to the range of 0 to 255 and byte data representation is 

imposed. The process recjuires approximately 5 minutes and 

the resulting output is used to examine the spectral 

structure of the image subsection. The Fourier domain 

data also is tjuadrant-reversed as a result of using the 

Fast Fourier Transform (FFT) algorithm. Thus the data 

must be quadrant-reversed to give the true frequency 

domain result. Figure 3-18 shows the final frequency 

domain result. The bright point located at the center of 

the image is the zero frequency point and represents the 

dc level contained in the image. This dc value is always 

greater than or equal to the largest frequency component 
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Figure 3 
-16. Example image subsection 
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Figure 3-18. Quadrant-reversed Fourier domain result. 
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magnitude in the frequency domain data. This is due to 

the absence of negative light components. Pixel values 

toward the outer edges of the image represent the magni

tudes of higher frequency components of the image. 

The filtering operation is then performed on the 

frequency domain data. Table 3-1 lists the filter types 

available in the FIP system and their appropriate parame

ters that must be specified. Figure 3-19 shows the re

sulting frequency domain data after the application of a 

low-pass third order exponential filter with a cutoff 

radius of 150. Although the displayed data in the Fourier 

domain does not look much different from the unfiltered 

data, the changes that have been made will make signifi

cant differences in the final image. 

The next task is to transform the frequency domain 

data back into the spatial domain. This inverse Fourier 

transform is given in equation (3) [23] : 

N-1 N-1 

f (x,y) = ^ y y F(u,v) exp[j27C(ux + vy)/N] . (3) 
u=0 v=0 

The actual transform algorithm used is the Inverse Fast 

Fourier Transform (IFFT). After the filtering operation 

the data must be quadrant-reversed again; otherwise, the 

output will be flipped. The output from the IFFT will 

require scaling if a filter mask has been applied due to 
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Table 3-1 

Implemented Fourier 
Domain Filter Types 

IDEAL LOW 

IDEAL HIGH 

IDEAL BAND 

BUTTERWORTH LOW 

BUTTERWORTH HIGH 

BUTTERWORTH BAND 

EXPONENTIAL LOW 

EXPONENTIAL HIGH 

EXPONENTIAL BAND 
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Figure 3-19. Frequency domain after a low-pass filter. 
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the fact that spectral energy must be conserved for the 

image to retain its former contrast. 

A very important limitation of computer systems is 

the definition of the standard word length for the system. 

In modern systems the word length is normally greater than 

one byte. In 256 grey level image processing systems the 

standard is usually one byte. The key difference is that 

computer systems use the uppermost bit of the standard 

word as a sign bit to indicate negatively signed data. 

This means that numerical data that is to represent image 

grey level values must be modified to take the sign bit 

into account. This is done by determining if the numeri

cal value is greater than 127, the highest positive value 

that can be represented in one byte words, and then sub

tracting 256 if it is greater. This gives the byte the 

grey level representation desired. Image data must under

go the reverse of this process to become usable numerical 

data. Careful attention to algorithm development can 

avoid some of these problems. 

Histogram modification enhancement techniques modify 

the statistics of an image. This might be either the 

histogram distribution of grey levels, the minimum and 

maximum values present in the image, the mean grey level 

value, or the utilization of the available dynamic range. 

The FIP system has three of these processes. FIPS deter

mines the initial histogram distribution since it is 
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usually required by the modification processes, and the 

FIP system also provides a graphic display for the presen

tation of the histogram plot. 

Linear contrast stretching an image involves the 

determination of the minimum and maximum grey levels 

present in the image and then applying the formula given 

in equation (4) [24]: 

f(x,y)' =[f(x,y)-f,iJ*r,^^/ f,̂ , for r.̂ ^ = 0 . (4) 

The output term f (x,y) • is found by scaling into the 

dynamic range r by subtracting the lowest grey level found 

in image f from each data point in f and then scaling by 

the ratio of the maximum of the dynamic range and the 

highest grey level found in the image. Figure 3-20 shows 

the result of the example subsection after undergoing 

contrast stretching. Contrast is defined as the ratio of 

the maximum grey level present minus the minimum level to 

the maximum level plus the minimum level. Maximum con

trast is therefore 1, and can result only when the maximum 

grey level is the dynamic range maximum and the minimum is 

the dynamic range minimum. 

In some instances the full dynamic range of the 

system is utilized by the image data, but the grey levels 

used are not distributed evenly across the range. Con

trast equalization redistributes the grey level usage 

~>>v 



Figure 3-20. Example subsection after contrast 
stretching. 
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evenly across the dynamic range, therefore maximizing 

the contrast between the adjacent grey levels that are 

used. Figure 3-21 shows the distribution before contrast 

equalization and Figure 3-22 shows the distribution after 

equalization. Figure 3-23 is the resulting example sub

section. The mathematical form for contrast equalization 

is given in equation (5) [25]: 

f (x,y) = Sf(̂ ŷ, * r„3̂  Sk=T(r;,) = 2^ Ij:̂  . (5) 
j=o 

The transformation map s is generated for each grey level 

by finding the probablity r for the number of occurrences 

nj for each grey level n present in the image. The map is 

indexed by the grey level of each data point in the origi

nal image f and the result is scaled to yield the new 

image data point value. 

The human visual system prefers to view objects that 

are highly contrasted with surrounding areas. This effect 

may be exploited in some images that are dominated by 

dark structures by performing a contrast reversal. In 

mathematical terms, this is simply the absolute value 

of the grey level minus the dynamic range maximum. Fig

ure 3-24 is the contrast reversal result of the example 

image. 

-iiwjv 
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Figure 3-21. Grey level distribution before contrast 
stretching. 
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Figure 3-22 Grey level distribution after equaliza
tion. Note that a continuous grey level 
representation of an image results in a 
level distribution, but quantization by 
discrete levels leads to a non-optimal 
result. 
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Figure 3-23. Resulting image subsection after 
equalization. 
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Figure 3-24. Contrast reversed image 
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Spatial convolution is a useful technique to utilize 

when the image needs only higher order structure modifica

tion. Small convolution masks are very effective in 

modifying small area features. Such small masks are 

executed fairly quickly, especially so if special matrix 

operation hardware is available. Large feature modifica

tion requires large masks that become very unwieldy to 

use. The FIP system has a 3-by-3 smoothing convolution 

implemented. The mask was originally intended to deal 

with noise that was being introduced by the digitizer 

board. Figure 3-25 shows the example image after the 

convolution has been performed. The process requires 180 

seconds to process a 512-by-512 image. 

User Interface Routines 

The potential use of FIPS by personnel without knowl

edge of computer operation prompted the implementation of 

routines that assist and tolerate the user as much as 

possible. The single key entry system is possible through 

the use of a routine that continually checks for keyboard 

use and the parsing of any input. Figure 3-26 is the 

flowchart for this process. The key to the routine is the 

function that checks the DUART status byte for reception 

of serial data from the keyboard [26]. 

The cursor control in the LOCATE routine is done 

through one of three techniques. A parsing routine will 

«̂ x 
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Figure 3-25. Example image after spatial convolution 
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(START) 

READ STATUS BYTE 
AT 

$FFC403 

RETURN 
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PRESSED. 

YES 

RETURN 
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Figure 3-26. Flowchart for keyboard input. 
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interpret arrow keys as movement directives and execute 

the appropriate movement subroutines. A mouse input may 

also be used, with the received data being appropriately 

modified and then sent to the same subroutines. The third 

option is direct numerical entry from the keyboard of the 

desired x and y coordinates. This is very useful for 

repetitive image work and is supplemented by the cursor 

coordinates that are displayed on the user monitor. 

Incorrect input, either accidental or otherwise, 

would halt the FIP system if error protection were not 

incorporated into the software. Keystroke errors are the 

most common problem. These would especially create havoc 

in the menu routines if the parsing routine were not 

implemented properly. The parsing routine checks for 

entries to be either capitalized or not, thus avoiding the 

most common input error. Traps are also used to stop the 

propagation of multiple incorrect entries. The main menu 

uses one to keep the user from exiting the FIP system 

accidentally. Since FORTRAN zero initializes all data 

arrays, all data is lost when the operating system regains 

control of the user interface. File specification errors 

are controlled through the error default in FORTRAN read 

and write statements. The FIPS response is to indicate 

that an error has occurred and to request new input. 



CHAPTER 4 

SYSTEM APPLICATION TO GLAUCOMA DIAGNOSIS 

As mentioned earlier, the FIP system was designed for 

clinical and research applications in the treatment of 

glaucoma. The preliminary exploratory work with the FIP 

system has attempted to identify problems of fundus image 

analysis and interpretation that need to be addressed and 

to apply image processing techniques for solving these 

problems. 

Fundus Image Input 

The fundus images used in this research were obtained 

from two sources. Preliminary photographs were contribu

ted by Dr. Zuhair Shihab, Texas Tech University Health 

Sciences Center, Lubbock, Texas. Additional fundus images 

were contributed by Dr. Reay Brown, University of Texas 

Health Sciences Center in Dallas, Texas. The images were 

either color stereo-pair slides, red free slides, or red 

free negative films. The image is obtained from the slide 

using the Vidicon camera input configuration as shown in 

Figure 4-1. The video information is then digitized, as 

mentioned previously, by the Dimension digitizer board. 

The image seen on the monitor in the photograph is a 

digitized image, 512-by-512 in x-y dimensions. There are 
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Figure 4-1. Vidicon camera input configuration. 
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three regions of specific interest to an ophthalmologist 

when examining a fundus image. The optic disc is the 

optic nerve head which collects the nerve fibers or the 

ganglion cell endings located on the retina. The disk 

normally has a shallow cup topography and usually photo

graphs as a highly reflective circular disk shape with 

blood vessels crossing it. In glaucoma, the disk shape 

becomes distorted. Stereo-pair analysis usually reveals a 

deepening of the cup and an enlargement of the cup perime

ter. 

The nerve fibers in the retina present two topog

raphies. There is always a scattered radial pattern going 

to the optic disk that is normally not clearly defined in 

photographs because of the uniformity that they present 

and their extremely small diameter. However, when dif

fused nerve fiber loss occurs in the scattered pattern, 

the fundus image will acquire a mottled appearance. The 

other topography appears as wide bands that are made of 

closely spaced nerve fiber bundles which make up the rest 

of the RNFL. In fundus photographs, the bands appear as 

luminous wings extending from the optic disk and meeting 

at the fovea. Normally, the RNFL bands appear smooth or 

slightly rippled parallel to the RNFL, but advancing 

glaucoma will cause gaps to appear and ultimately broad, 

dark streaks as nerve fiber loss occurs [27]. Figure 4-2 
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Figure 4-2. Fundus photograph showing evidence of 
RNFL loss. 
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is a fundus photograph subsection that shows evidence of 

RNFL loss to glaucoma. 

Work has been done with the images shown in Figure 

4-3 in investigating the possibility of earlier detection 

of the onset of glaucoma, the development of a better 

nerve fiber layer loss analysis tool for patients with 

glaucoma, and the possibility of performing automated 

analysis/classification of fundus images in glaucoma. At 

present, subsections of the given fundus images concen

trate on the RNFL layer and the optic disk. The analysis 

of diffused loss requires techniques beyond current soft

ware technology. These subsections are shown in Figures 

4-4, 4-5, 4-6, and 4-7. 

Applied Point-to-Point Processes 

The image subsections initially undergo contrast 

modification operations to yield highly contrasted images 

for study. These new sections are shown in Figure 4-8. 

When an area of interest in an image exhibits a close grey 

level distribution, the contrast equalization process is 

applied. Thus, an RNFL layer subsection will be contrast 

stretched because there are pixels that are actually 

fairly distinct, but hidden in a mid-level grey background 

that does not utilize the full grey level range available, 

while contrast equalization is applied to optic disk 

subsections in order to compensate for the closely spaced 

^ 
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Figure 4-3. Images used to investigate early 
detection of glaucoma. 
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Figure 4-4. Subsection concentrating on the RNFL. 
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Figure 4-5. Subsection concentrating on the optic 
disk. 
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Figure 4-6. Subsection concentrating on vein from 
the optic disk. 
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Figure 4-7. Subsection concentrating on the RNFL 
with noise. 
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Figure 4-8. Images subsections after contrast 
modification. 
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use of grey levels at the high end of the grey level 

range. The distribution of grey levels for Figure 4-5 is 

shown in Figure 4-9, and the distribution of grey levels 

of Figure 4-10 is given in Figure 4-11. When these pro

cesses by themselves do not yield satisfactory results, 

the subsection may be further enhanced by the use of grey-

scale remapping. This is usually done to histogram equal

ized images, though certainly not limited to such. The 

remapping of the histogram shown in Figure 4-11 is shown 

in Figure 4-12, and is the result of a range shift and 

wrap-around of 41 levels. The original is Figure 4-10 and 

the remapped image is given in Figure 4-13. This is 

especially useful in highly contrasting structures that 

are not observed ordinarily. 

Fourier Domain Enhancement 

Frequency domain processing can yield global image 

modification that would require either an adaptive convo

lution techni<3ue or an extremely large convolution kernel 

to perform in the spatial domain. Both of the convolution 

techniques become computationally intensive when these 

conditions occur, thus exceeding the fairly large number 

of computations needed to perform FFT, filtering, and IFFT 

processes. The FFT process for a 256-by-256 subsection 

requires seven minutes to perform. Note that an FFT 
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Figure 4-9. Histogram of the optic disk subsection, 
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Figure 4-10. Contrast equalized optic disk subsection 
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Figure 4-11. Histogram of contrast equalized optic 
disk. 
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Figure 4-12. Distribution of grey levels after 
grey-scale remapping. 
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Figure 4-13. Remapped optic disk subsection. 
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routine written in "C," not yet implemented in the FIP 

software, requires only one minute [28]. 

In processing fundus photographs, the filter that is 

next applied is chosen according to the subsection type 

being processed. A high-pass filter has the effect of 

suppressing low frequency components, while preserving 

high frequency components necessary for edge preservation. 

In RNFL subsections, this is useful for removing spurious 

low frequency structures that are introduced by illumina

tion distortion during the photographic process. The RNFL 

contains a low frequency band and major high frequency 

components that result from such structures as nerve 

fibers, nerve fiber bundle drop out, and wide-angle nerve 

fiber losses. Suppressing the low frequency component 

allows contrasting operations to better highlight the 

dropout that has occurred in the RNFL. Figure 4-14 shows 

a high-pass enhancement result of Figure 4-2 where this 

dropout is more evident. 

Subsections that are used in examining the optic disk 

also benefit from high-pass filtering. The edges of the 

cup become sharper in appearance and the internal struc

ture of the cup is more well defined. These results are 

useful in determining if disk distortion has occurred, 

either at the upper edge or internally. Figure 4-15 is an 

example of this type of enhancement done on Figure 4-5. 
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Figure 4-14. High-pass enhancement of RNFL subsection 
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Figure 4-15. High-pass enhancement of optic disk 
subsection. 
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Low-pass frequency domain filtering is also applica

ble to fundus images. The greatest utility of low-pass 

operations is in the removal of spurious shot noise origi

nating either from photographic, camera, or digitizer 

sources. It is important to realize that the cut-off 

radius of the filter used for this purpose must be very 

close to the frequency limit of the FFT window used in 

order to preserve edge structure. Figure 4-16 is the low-

pass enhancement result of the example in Figure 4-7. 

Note that the white pixels, shot noise from the digitizer, 

have been suppressed while other luminous structures have 

been preserved. 

Spatial Domain Enhancement 

Enhancement operations in the spatial domain can be 

effective and applied quickly for some convolution ker

nels. Fundus images can benefit from median filtering 

and low-pass filtering. The median filter is used to 

remove the shot noise. Figure 4-17 is the image shown.in 

Figure 4-7 after median filtering. Low-pass filtering is 

also used to remove shot noise and other low frequency 

structures. However, the kernel size implemented is only 

a 3-by-3 kernel, which actually corresponds to a fairly 

high frequency cut-off radius. Figure 4-18 is the result 

of a low-pass convolution operation. 

"\ 
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Figure 4-17. Noisy RNFL after median filtering. 
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Figure 4-18. Noisy RNFL after low-pass convolution 
operation. 
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Line Scan Analysis 

Line scans are an interactive way to obseirve struc

tured topography in various regions of a fundus image. 

The line scan of an optic disk is indicative of the depth 

and wall shape of the cup, though true measurement and 

structure must use stereo-pair analysis. Figure 4-19 

is the scan of the line indicated by the scale in Figure 

4-20. Note that in this case, increasing grey level 

corresponds to lower depth in the cup. 

In some eye diseases, the blood vessels of the eye 

will narrow or expand as the ailment progresses. The 

scale function of the line scan analysis can provide 

relative measurement of a vessel diameter. Figure 4-21 

shows the scale and the corresponding ghost scan plot. 

The width of the dip in the center of the plot is the 

width of the vessel centered by the scale. The key draw

back of the technique is the varying magnifications that 

come into play in the photography and system input pro

cess. 

RNFL subsections are perhaps the most interesting 

application of line scan analysis. There are two types of 

interpretation used in line scan analysis: "terrain" and 

comparative. Terrain refers to the examination of stand

alone scans and the subjective analysis of the structure 

of the scan. A smooth surface implies that dropout is not 

predominant and therefore the RNFL is healthy. A rough or 

^ 
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Figure 4-19. Line scan of optic disk subsection 
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Figure 4-20. Optic disk with scale overlay 
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Figure 4-21. Vein measurement using line scan scale 
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gapped structure indicates the possibility of dropout, and 

perhaps extreme damage. Comparative analysis uses scans 

obtained from time sequenced images. The purpose is to 

look for characteristic changes between the scans. One 

characteristic is the average difference between scans, 

which would indicate an overall dropout of nerve fibers in 

the cross section. Another characteristic is the more 

explicit bundle dropout of nerve fibers. This result can 

be obtained from subtraction between successive scans. An 

important step in this process is the alignment or regis

tration of the images under examination. 

K^ 



CHAPTER 5 

CONCLUSION 

Result Evaluation 

The system performs image processing tasks in time 

periods short enough to keep the system useful as a stand

alone image processing system. The user friendly nature 

helps to compensate for the longer time that is needed 

for some tasks by providing a multi-tasking option. A 

multitude of implemented operations gives the system a 

versatility that is needed for research, though a more 

simplified version will perform the operations needed for 

clinical applications. 

The system has proven capable of enhancement and a 

degree of analysis of fundus images that is useful to 

ophthalmologists. 

The FIP system, utilizing the general image process

ing capabilities, has also been used for the purpose of 

analyzing light flux density and corresponding correlation 

to boiler temperature variation for the Crosbyton Solar 

Power Project. This involved the digitizing of images 

pre-recorded on VHS tape and the use of line scan analy

sis. 

The system has been reviewed favorably by the oph

thalmologists associated with the work. Their suggestions 

98 
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relating to operation tools and feedback were implemented 

after discussion. 

Project Completion Status 

The basic algorithms have been implemented in the 

system to be used in application research. Almost all of 

the functions needed in an image processing system are 

implemented and functional. Memory space is available 

for further modifications and additions if necessary or 

desired. Menu selection openings are also available for 

expansion. 

Operations that are useful for processing fundus 

images have been identified and noted. These are the 

functions that will be implemented in the FIP version for 

ophthalmological application. 

The type of fundus image that is most appropriate for 

enhancement has been determined to be the "red free" type. 

This is important for the ophthalmologist to know since 

the actual photography is usually done by a medical staff 

technician. 

Future Advancements 

There are several enhancements and paths of study 

that the FIP system development may follow. 

A key element in the application of the FIP system 

for differential detection of changes in sequential fundus 
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images is the development of an image registration and 

normalization algorithm. There has been some work done on 

the problem that has proven effective, but the processing 

time is excessive [21]. Further work has reduced the time 

involved, but more work will be needed [29,30,31]. 

The combination of registration algorithms, expert 

system support, and analysis techniques could result in an 

automated analysis system that could track and recommend 

treatment for glaucoma patients. Again, the differential 

analysis that would be essential for detecting changes 

relies heavily on the registration algorithm. 

Several hardware adaptions and innovations in the 

future will greatly expand the capability of the FIP 

system. The large amount of digital information contained 

in digitized images exerts a large demand in the large, 

expensive data storage devices that are needed to archive 

the information. The new optical disks that have been 

developed recently have both the large memory capacity 

necessary and the fast retrieval rates that make the 

devices reasonable to use. 

All enhancement processes are computationally inten

sive because of the large number of data points that make 

up an image. Convolutional techniques have restrictions 

on the kernel size used by the long processing times that 

result from expanding the kernel dimensions. Hardware-

based array processors greatly increase the execution 

n^s. 
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speed of this type of processors by pipelining the infor

mation flow and executing functions in single cycles. 

Such processors can modify an entire 512-by-512 image in 

the time that it takes to refresh a monitor screen. 

Currently, the image data for the FIP system is 

acquired by digitization of photographic data. Since the 

photographic process is an additional source of image 

noise and distortion, it is desirable to acquire image 

data directly from video data obtained through the pupil 

of the eye. A key problem is the need for sensitive 

sensors that require less illumination than the photo

graphic process. Charge Coupled Device (CCD) sensors are 

a possible solution to this problem, and may ultimately 

provide additional insight about biological processes in 

the eye by utilizing the infrared sensitivity that they 

inherently have [32]. 

A pseudocolor mapping function aids in the interpre

tation and analysis of complicated images by applying a 

transformation to map grey level image to various colors. 

This helps to present minute details better because of the 

higher sensitivity to colors than level intensity that 

people have. There is a current effort to produce a 

pseudocolor board that will occupy an expansion slot in 

the FIP system with the capability to display a 256-by-256 

image mapped into 256 colors. 
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