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ABSTRACT

Vascular endothelium, when it is subjected to fluid shear stress,
adopts an elongated shape in the direction of fluid flow. The morpho-
logical response.of vascular endothelium, to shear stress, is being
studied to better understand the role that shear stress has in
arterial diseases.

This thesis describes a computer system for analysing these
effects. A high resolution camera is used.to store an image of

endothelium into computer memory, where it can be analyzed directly.
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INTRODUCTION

Vascular endothelial cells line the interior of
blood vessels, where they are subjected to shear stress
from the flow of blood. The magnitude of this shear
stress is known to vary widely from one region of an
artery to another. Since arterial diseases appear to
be most prevalent in regions of high shear stress, some
researchers have developed hypotheses that propose a
causal relationship between fluid shear stress and the
development of arterial diseases.

A consistently observed effect of fluid shear stress
on vascular endothelium is the alignment of cells with
the direction of blood flow. When the flow changes, the
cells re-orient themselves to the new direction. A
photomicrograph of cells that have not been subjected to
fluid shear stress is shown in Fig. 1.

This characteristic of vascular endothelium, when it

is subjected to fluid shear stress, is the subject of a
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collaborative study by the Fluid Mechanics Laboratory of
the Massachusetts Institute of Technology, and the
Vascular Pathophysiology Laboratory of the Peter Bent
Brigham Hospital. The purpose of this research is to
quantify the response of vascular endothelium to shear
stress. This is done by analyzing the shapes of cells
that have been subjected to a known, controlled shear
stress.

An apparatus for producing controlled shear stress on
in vitro tissue was developed by Bussolari (1). As is
indicated in Fig. 2, tissue cultures are placed in the
lower plate, and the two plates are brought together,
until the fluid in the lower plate completely wets the
upper plate. A variable speed motor is magnetically
coupled to the upper plate; wnich in turn drives the
fluid. Shear stresses over the full range that are
observed in vivo can be produced with this apparatus on
in vitro specimens. Figure 3 shows the effect of 48 Hrs.

of shear stress on a sample.
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The method used to analyze the effects of fluid
shear stress was to fit the call shapes to an ellipse.
York (2) wrote a computer program to do this calculation
on a set of data points that describe a cell's shape.
The program was written in Basic, and ran on a Tektronix
4051 computer. A plotter pen was used to trace out the
outline of a cell, with a photomicrograph as a guide.

At regular intervals, the pen's position could be
transmitted to the computer.

Qualitative measurements can be done on vascular
endothelium to investigate the effects of fluid shear
stress, by applying York's method to cells that have
been subjected to controlled shear stress in the apparatus
designed py Bussolari. Small numbers of cells can be
analyzed from photomicrographs, but the procedure is not
suitable for collecting a large data base. A faster,
and more direct way of acquiring position values to

describe the cell's shape is needed.
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This thesis describes an alternative method of
acquiring the data points. A video camera is used to
load an image of the cells into a computer's memory.
Image processing programs analyze each cell, and return
sets of data points to the ellipse-fit program. This
method is fast, and it frees the operator from having

to enter each data point.



-13-

DATA ACQUISITION FROM IMAGES

The cell shape analysis program described in
York's thesis (2) was adapted to run on the Apple II
computer that was dedicated to this project. The
Apple is a versatile unit that, in size and appearance,
resembles a portable typewriter. Like a typewriter, it
has a built-in keypboard that is arranged in the usual
fashion. However, it doesn't print, and requires a
video monitor for listing programs or displaying graphics.
Programs can be written by entering statements with the
keyboard. Basic programs, such as the cell shape analysis
program, are interpreted by a Basic interpreter pirogram
that is stored in read only memory (ROM). Two floppy
disk drives, for permanent storage of programs and data, a
printer, and a graphics tablet are also connected to the
Apple.

Cell shapes can be input to the program using a

graphics tablet. By tracing out a cell outline on
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this tablet with a stylus, the operator can enter a

set of coordinates about the perimeter of the cell. The
program uses these coordinates to do an ellipse fit to
the cell. For a large number of cells, this process

is time-consuming. A more automated and controllable
method of data input to the best-fit ellipse program is
needed.

Each photomicrograph of endothelium can contain
several cells (e.g. Fig. 1). With the use of a video
camera, the complete image can be stored directly in
memory. The shape of each cell can be determined
once an image of sufficient resolution is available in
memory. If this method is largely automatic, the data
acquisition process will be faster and more controlled.

Once an image is in memory, it can be modified and
analyzed by programs the operator selects. Extraneous
artifacts, which would be noise to a shape detection

program, can be removed and desireable features enhanced.
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In this regard, there are two ways of performing
operations to a stored image. The operator can,
interactively, do a series of small changes to the image,
while observing the effect on a graphics display, or he
can run a program that requires no operator input. These
two classes of programs are, respectively, interactive
and task programs.

Many of the operations that have to be done on an
image are quite involved, and would be very time consuming
to do in Basic. Thus it is necessary to write these
routines in the base level language of the computer. The
speed advantage that comes from writing these programs in
assembly language comes at a cost in complexity and
difficulty of programming. Despite these apparent
difficulties, an assembly language program once written,
can be interfaced to a Basic program quite easily. This
is important, because Basic supports disk operations, is
a versatile supervisor program language, and is the

environment of the cell analysis program.
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An assembly language program can be linked to Basic
with a CALL statement. This statement results in a
jump to the memory location to which the operand of the
instruction points. All information necessary for the
continuation of the Basic program is stored, and the
computer begins executing code at the call routine entry
point. From this assembly code program, a subroutine
return instruction (RTS) will transfer control back to
the Basic program. Because the assembly language program
can modify any area of memory, it can return data by
over-writing a Basic program data area.

This method has the advantage that two operating
environments are available to the user. In the Basic
program, statistical, and algebraic operations can be
done on data that is extracted from images in the graphics
environment. The assembly language image processing
routines are selectable from Basic, and always return the

user to it.
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HARDWARE COMPONENTS OF THE SYSTEM

The Apple II is a micro-processor based system with
severél built in features. It has circuitry for displaying
text or graphics on a video monitor, and comes with an
integral typewriter-like keyboard. A joystick, which
can be used to move a cursor around on the screen, plugs
into the mother board inside the case. Each of these
devices requires a minimal amount of support software.

For most applications, a monitor software package, written

in ROM, provides the necessary support. This is particularly
true for the keyboard input and text displays on the video
monitor, However, high-level graphics functions are not
supported.

Four memory areas are referred to as screen pages.

At any time, one of these areas is used as a storage area
for the video display. The location, and display
characteristics of these screen pages are described in

table 1.
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Figure 4: Apple II graphics screen tables.

Table 1: Video Display Memory Ranges

Screen Page Begins at: Ends at:
Hex Decimal
Text/Lo-Res Primary $400 1024 S7FF 2047
| Secondary $800 2048 $SBFF 3071
Hi-Res Primary $2000 8192 S 3FFF 16383

Secondary $4000 16384 $S5FFF - 24575

Table 2: Screen Soft Switches

Location:
Description:
Hex Decimal
$C050 49232 -16304 Display a GRAPHICS mode
$C051 49233 -16303 Display a TEXT Mode
$C052 49234 -16302 Display all TEXT or GRAPHICS
$C053 49235 -16301 Mix TEXT and a GRAPHICS mode

$C054 49236 -16300 Display the Primary page (Page 1)

$C056 49238 -16298 Display LO-RES GRAPHICS mode
$C057 49239 -16297 Display HI-RES GRAPHICS mode
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A program can switch between display modes by
addressing certain memory locations. These addresses
are referred to as soft switches. the memory locations,
and the graphics modes that they enable are shown in
table 2.

Other devices can be incorporated into the system
by plugging an interface printed circuit board into the
I/0 slots on the motherboard of the Apple. A single
interface board powers two cable-connected floppy disk
drives, and another board drives a printer.

The interface boards each have a ROM that contains
the coding for the device drivers. This memory area
is enabled, and is directly executed by the Apple's
microprocessor when the peripherial device is operated.

The Apple II uses a 6502 microprocessor chip, which
is manufactured by Advanced Micro Devices. The device
has an 8 bif wide data bus, but can address 64 Kbytes

of memory.
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There is one accumulator and two index registers.

The first 256 locations are referred to as the base-
page. these locations are used as indirect pointers to
other locations. The X register is used to index
through a base-page pointer table, while the Y register
can be used to index through the effective address area.
Each addressing mode has its uses, and since there are
only a few base-page locations left for user programs,

careful choices have to be made.
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THE CAMERA AND ITS INTERFACE

The Hamamatsu camera is designed to be operated
under the control of a computer. The unit consists
of a compact camera, connected by a thick cable to
a controller chassis. It is interfaced to the computer
with an interface board that plugs into a slot in the
controller. This board is connected with a cable to
an interface board in the Apple II.

Its best performance is in subdued lignt, and it
can be damaged if it is aimed at bright sunlight. An
aperture adjustﬁent on the lens, and a red warning LED
are the only protection against this. Photo flashes
can also damage the vidicon, and snhould not be used
anywhere near it. When the camera is not in use, the
lens assembly should pbe unscrewed, and the flat aluminium
cap screwed in its place; to protect the vidicon from
high light levels and flying debri.

The camera's image space consists of a 1024 X 256

frame of 8 bit pixels. With interlacing, the vertical
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resolution can be increased to 512 or 1024 lines.
Wnen tihis feature is selected, subsequent frames are
snifted vertically, and 1 or 3 extra horizontal lines
appear between the original, non-interlaced ones.
Although this is beyond the resolution capabilities
of most video monitors, an image processing computer
program can make full use of it.

The camera scans a complete frame in 1/60 Sec.,
but the analog to digital convertor (A/D) is not fast
enough to digitize each sequential pixel in the video
signal. The video signal has a bandwidth of 15 MHz.,
wilile tne A/D has a maximum conversion rate of 40 KHz.

A norizontal scan line intersects with a vertical sample
line at each point that a conversion is done. The
controller can pe programmed to start a conversion at
any X address.

Successive vertical conversions in either direction
can occur automatically, or by explicit computer commands
to the controller. It responds to set-up commands tnat
can be used to put it in a auto-decrement or auto-increment

mode for X addressing
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As each pixel in a vertical line is converted,

the byte is stored in a buffer, or I/O memory area.

This array of intensity bytes can be transmitted to

the host computer after the entire line has been
converted. When the I/O transfer takes place, the

X address is automatically incremented or decremented,
if eitner auto-increment or auto-decrement were selected
by set-up commands. Otherwise, the next sequence of
conversions are done on the same vertical line.

When interlacing is selected, two or four I/O
transfers take place before the line X address is
changed. Thus, every second or fourth pixel intensity
value is transmitted in each array, and two or four
arrays have to be merged £0‘obtain a correctly ordered
line.

The Hamamatsu camera interfaces to the Apple II with
an IEEE-488 interface board. This interfacing standard
was established as a common interface protocol for
computer equipment. (3) Several devices can be plugged
in to the common GPIB bus and controlled individually by

the computer. In one sense, it is like an extension of
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the Apple I/0 bus. Each device has a primary address,
and may have several secondary addresses that are used
for selecting a device, and a function of that device.

When the computer issues a system reset command,

a common reset line goes active, and each device is
put in an initial, known state. This Listener state,
as it is referred to in the literature, (3,4) enables
the devices to receive valid set-up commands when
their primary addresses are sent over the bus. Other
addresses, and invalid set-up commands are ignored.
Each set-up command is preceded by a secondary address,
and consists of a sequence of ASCII characters.

A set-up command can be sent to a device to make
it a Talker, The device then transmits the contents
of its buffer to the computer, and reverts back to tne
Listener state.

Tne advantage of this protocol is, that as much as
is possible, all devices are handled in a consistent
way. Tnis frees the programmer from having to concern
himself with hardware aspects of pripherial devices

when writing a program,
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The data transferred after each Talk command
.consists of sequential intensity values from the
256 point vertical line. The camera controller
reloads its buffer during each frame, and can transmit
it during the frame blanking interval. (.75 mS.)
This assumes that the call routine, that is executed
by the the code stored in ROM on thevinterface board,
can retreive tne data and store it in memory in that
amount of time. OtherwiSe, the maximum througnput,
as set by the vertical line conversion, would not be
realizeable. However, without even considering the
timing requirements.of all the I/0 code, it is clear
that tnis throughput cannot be realized; because four
cycles of the 1 MHz. processor clock are required to
load each of the 256 bytes in memory. This is true
for both interlaced, as well as non-interlaced modes;
only the scaling factors change.

Each line transfer takes two frame periods. To
transfer a complete, non-interlaced frame to the Apple

takes 31 seconds. Not all of this information can be



-26-

used by the Apple II. The minimum image set of

the camera is 256 Kbytes; but the Apple only has

‘16 Kbytes of graphics memory. Clearly some intelligent
pruning of information has to take place. This would
decrease the time required to load an image into

memory.
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SOFTWARE DESIGN ISSUES

There are several issues involved in the design
of an image processing system. Trade-offs have to
be made between image resolution and program space,
because there is never enough memory to fulfill all
the requirements of both. Image processing
lboperations often consist of a few primative functions
that are done to every pixel. To speed up iterative
programs, programmers will resort to in-line coding
techniques that expand loops into straight line
sections of code; with no backwards jumps. This
approach can greatly increase the memory requirements
of a program, and should be used sparingly when memory
is at a premium. A better method is to use fast

algorithms when at all possible
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IMAGE STORAGE CONSIDERATIONS

An issue of primary importance, at the outset
of this project, was how much memory to allocate
for memory storage. Any useful adaption of the
camera to established Apple conventions requires that
part of thé camera's image space be mapped to the
Apple's graphics area. This is essentially the
only free area of memory that is large and contiguous,
and the image should be at least part;y visible to
the éperator. Two bits of pixel gray scale is
adequate for the microscope images, and there are,
conveniently, two identical high resolution graphics
screen pages.

Set-up instructions to the camera allow the user
to start a series of vertical scans at any X-coordinate
position. The software routine which concatenates
each intensity value, and stores a two bit value in
the two screen pages, will use whatever block of 192

bytes is selected. Effectively, this reduces the
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I/0 transfer by 1/4. This means that it takes

8 Sec. to load an image in the Apple's memory. By

convention, the primary page pixels have a weight

of 2, and the secondary page pixels a weight of 1.
This method guarantees that any part of the

camera's image space can be used to fill the 280 X 192

pixel Apple high resolution screen pages. The screens

can only be displayed indiviaually. However, it is

not impoftant for the operator to be able to see

the gray scale image, because a common purpose of

most image processing operations is to simplify a

binary image. Much information is lost in the

process, but the object is to isolate one feature

of the image.
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PIXEL ADDRESSING

As shown in Fig. 5, seven pixels are packed
in each byte. Along a horizontal lihe, there is
a quasi-ordering of pixels in memory. It takes
three bytes to isolate any one pixel; two address
" bytes, and a mask byte.

Alongba vertical line, there is no discernable
order to the addresses. Because of this, address
calculation involves the addition of several quantities,
depending on what vertical section, box, 6£ line the
pixel is in. Even with table look-ﬁps, as is used
in the program, this is a slow calculation.

It is often possible to program entirely with
fast address squencing. In this way, a pixel
address is continually modified as thevcursor single
steps in the vertical or horizontal direction. This
is a useful'technique for single moves, but is
unworkable for general step sizes. However, wnen
single step address recalculation is used most of

the time, screen operations run quickly.
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Figure 5: Pixel addressing in the High resolution

graphics .screen of the Apple II.
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Two routines, NEXTX and NEXTY modify the
cursor address and mask bytes. If the accumulator
is positive, when one of these routines is entered,
then the cursor is moved one position to the right
or one position down. A negative accumulator has
the opposite result. The Y register returns 80 (hex)
if the operation places the cursor at a screen edge,
or tries to plsce the cursor past an edge. This
convention is maintained throughout the cursor move
routines,

There are two locations for cursor addresses
in the base page, and two mask byte locations in
tne program data area. These bytes are usually
addressed with the X register index instructions.
Tne X register is 0 or 2, depending on which set of
bytes is being accessed. To prevent indexing errors,
the X register is not used for anything else. This
technique allows a single routine , such as NEXTX or

NEXTY. to operate on two cursor addresses independently.
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The address and mask bytes are not sufficient
description of a pixel location for all operations.
Since this representation is not monotonic with the
position of pixels, displacements can not be easily
| calculated, and the joystick output does not map to
it well. For this, and other reasons, a dual
system of position representation is used.

Besides the address and mask bytes, two
X—coordinate bytes, and one Y-coordinate byte are
used to form a position representation that is
monotonic. |

Two bytes are required for the X-position
because there are 280 locations in the X direction,
and a single byte can address no more than 256. To
facilitate_fast table look-ups of actual pixel addresses,
HIGHBYTE (X) .= LOWBYTE (X) mod 70 . "Thus, the high X byte
has a range of 0 to 3, and the low X byte has a range
of 0 to 45 (hex). In the listing, they are called
TXEXT and TXPOS, respectively. They are both zero at

the left edge of the screen.
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Similarly, the Y-coordinate byte has a
range of 0 to BF (hex), and is referred to as TYPOS
in the listing. It is zero at the top of the screen.
Altnough this places the origin at the top left
corner of the screen, the data that is sent to Basic
is normalized to a more acceptable coordinate system
that places the origin at the lower left corner of
the screen.

The routines FINDX and FINDY are used to convert
these coordinate bytes to a set of address and mask
bytes. Apsolute moves, such as are.required to
support the joystick, are done by calculating a new
cursor address from the coordinate representation,
These three coordinate bytes (TXEXT, TYPOS, TXPOS)
are an output from the joystick service routine,
which is called PUTPOS in the listing.

Relative moves, as required by the key-stroke
cursor commands, use two other routines: XMOVE, and
YMOVE. The accumulator contents are added to the
respective coordinate values, when one of these routines
is called. The two routines already mentioned, FINDX,

and FINDY, are used to calculate the actual address.
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Address calculation from the monotonic
coordinate bytes a priori updates the address and
mask bytes as well. A necessary side-effect of
address recalculation is therefore the update of
coordinate bytes. The overall effect is an
~addressing system that is optimal for speed, and
conceptually clean. It is a good basis to build

higher level image processing routines on.
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EDGE DETECTION

Microscope images of endothelium are noisy
and show many artifacts from slide preparation. For
example, in Fig. 1, there are missing edges, changes
in lightness along edges, and adjacent areas of
similar brightness that are not part of an edge. The
Hamamatsu camera can be used to bit threshold an
image. This produces a binary image that has only
two values of illumination. Each point that was
brighter than some reference level becomes white, and
all others black.

Bit thresholding an image, such as the one in
Fig. 1, will not enhance the signal to noise level.
This can only be done by some operation that recognizes
edges. Since it is a prerequisite to edge detection,
this enhancement, if needed, has to be done by the
operator. There are available, in the present image
processing software package, ways of doing this. Two
“brushes" can be enabled, to modify either large, or

small areas of the image; under cursor control.
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The little brush writes a value in the pixel
location under the cursor's centre. For example,
if the operator enabled this feature with a "P2"
command, the secondary pége pixel will be zero'd,
and the primary page pixel will be set to one.

The big brush is simiiar, except that all pixels
under the cursor are modified. These work for
both cursor placement modes.

The cursor could be used to trace out an
outline of a cell, in order to acquire points
about its perimeter. However, there is no
improvement in this method ovér other, earlier ones.
A much more interesting approach is to have the
program automatically search for the edge of a cell.
These edges are distinct enough, even with two bits
of gray scale, and "brush" work can be used to
eliminate unwanted artifacts, and to make edges

continuous.
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One approach to edge detection would be to
place the cursor on an edge, and have it "climb
along the ridge", until it returned to the starting
point. A sequence of evenly-spaced position values,
derived from this operation, is sufficient edge
definition. However, there has to be a more
systematic criteria for determining where the edge is,
and how the program should follow it.
Among the problems with this first approach to
edge detection are:
1) The edges have to be continuous
2) Intersections cause problems
3) Inward pointing wall fragments
conflict with any method for 2.
4) Thick edges cause the program
to hang-up by:
i circling within a thick region
ii unevenly spaced positions

iii not recognizing its return
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These problems all result from the inability
of the program to recognize that it is dealing with
a closed curve. Since cellsbalways have edges that
are closed curves, it seems reasonable to include
this factor as an integral part of the algorithm.

The method which was used successfully to
recognize cell shapes anticipates a cell that is
oughlybcircular. With the cursor in a cell's
centre, a series of radial rays are generated that
cross the cell wall at some region. Each individual
line is produced by a sequence of horizontal and
vertical steps, as Fig. 6a illustrates. These lines
are not drawn on the screen, but if they were, tne
pattern would look like Fig. 6b.

As each rayvis extended, the distance from the
centre is continually, and very accurately updated.

Pixel values are integrated, and a double byte
accumulation of the product of each pixel value, and

its distance from the centre, is done.
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Figure 6a: A straight line as it is formed on the

graphics screen

Figure 6b: Ray pattern of edge search program
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When the line ends, the position of greatest luminance
is calculated from these two sums. The calculated
position is very close to the perceived location of
the cell wall.

Although the.accumulated product term is two bytes,
an overflow can occur on a long ray. This happens
when the accumulated sum exceeds 65,536. A typical
scenerio for this is a line over 200 units long, that
passes through a bright region. To eliminate this
problem, ahd to speed up the position acquisition, a
narrow tracking window is used. In Fig. 7, the window
length is between -W and +W. These distances, from C,
are calculated from the last ray's intersection with
the cell edge. Since there will usually be no large
discontinuities along the edge, this method permits the
use of a small window, and tracks the edée'quite well.

When no luminance is found, within the bounds of
the window, one more dot is fudged, using’the centre of
window position as a good approximation. The window
length is doubled, in anticipation of another miss, and

the next ray is not fudged.
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Figure 8 illustrates this use of the previous
edge location to fill a gap. Subsequent rays cannot
continue this pattern, since it would lead to inaccuracies.
It is, nevertheless, a good featurephecause it offers
a good solution to the miss problem with diffuse
edges. Sipce the window is dynamically centered
about the edge, noise averages out.

Te improve the chances of locking back in on an
edge, once it has been lost, the window length is
doubled after each miss. However, this does not
always guarantee that the edge will be found immediately.
In Fig. 9, the sharp transition at the top results in
a series of misses. The first ray, after the apex, is
a miss; but it is filled in. The next ray is also a
miss, despite the larger window. This can be corrected
by placing the cursor closer to the apex. Figure 10
illustrates how this solves the problem, by placing
the sample points closer together. The full 360
degree sweep can't be used, because the lower sharp
edge will cause misses. Instead, angular segments,

as shown in Fig. 11, are used.
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Problems with sharp edges

Figure 9:



fo epossaller e * nnivcu

CPCORENOCOMIOCOACANONIN0S 3
ave o-dd
Y 0eelT Y
b X 13 o2
one o
eoses .os
estas [
-9 s
wmee 0” ".‘
RIS Y ..
0. avete
wesd OUIOOO
SPe e
“00 00"0'0'.00 see o lO".
L]
esegutqq, aspeg et | UU
cevsvese s

Resolving sharp edges

Figure 10:



=il e

Fig. lla: Top edge-detection angular segment, used

with the "TG" command. Bottom segment the reverse

Fig. 1llb: Side angular segments, used with "SG".
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Messages are displayed, according to the
status of an operation. After each search, a message
is printed’stating the number of misses. If most
attempts fail, another message appears telling the
operator to re-position the cursor. When the buffer
is filled up, a message appears, offering the bperator
two choices. The buffer can be re-initialized, or
the set of position values can be written in a Basic
data area. Eacn set of three coordinate bytes is
reduced to a normalized X,Y pair of bytes.

With this system, cell shapes can be acquired
and transferred to Basic very quickly. It takes
about 5 Sec. to acquire ‘a well-spaced set of 64
data points. It is very accurate, with most of the
points coinciding with the perceived location of
the wall. This is illustrated by the actual photographs
in Fig. 12 and Fig. 13. A maximum of 255 data points
can be transferred to Basic this way. This is more

than adequate for most purposes.
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Fig. 1l2a: Edge detected with a TG and a MG command.
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Fig. 12b: Edge detected with MG command.
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Edge detected with TG, BG, SG, and MG.
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Edge detected with several of each command.
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MISCELLANEOUS ROUTINES

Two task routines can be
pages.

PBLANX and SBLANX.

used to erase the graphics

In the listing, they are referred to as

They run very quickly, because

there is no need to address individual pixels, and the

order that pixels are turned
Four programs are availab
smoothing. Three, or five
on a line, and the centre pi
the line is assigned that av
has sligntly different chara
called sM1l, sSM2, SM3, and SM
Two programs perform a t
across the screen. Negativ
zero. This program could be
scale were available.
EDGEDO transforms a solid

image to a line image of the

off doesn't matter.

e for doing two-dimensional
djacent pixels are averaged
el, at each step along
Each routine

rage value.

teristics. They are

o dimensional dervative
derivatives are set to

more useful if more gray

light against dark background

same scene. It is useful

for converting images to a f?rmat that the edge

l
detection program can use. |
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Bach of these routines is a»TASK program, that
is CALL'd from the Basic environment. Except for
the screen blanking programs, they all use a program
for doing an ordered scan of the screen. This
program, SCAN, will do any of four screen scan patterns,
and continually updates a set of pixel values that are
local to the current poSition of the cursor.

A sequence of operations can be done to an image
with these programs, to transform it to a different
type of image that might have some information more

accessable. Such a sequence is shown in Fig. 14.
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Fig. l4a: Original noisy

binary image.

Fig. l1l4b: Smoothed with

SM2.

Fig. l4c: Interiors removed

by edgedo.
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CONCLUSION

The image processing software resides in a free afea
of memory immediately following the screen pages. Basic
calls to image processing routines have the following
syntax: CALL (exp) ; where exp is a decimal number, not
greater than 65,536, and correspdnding to an entry point.

There are nine entry points to different task routines,
and one entry point to an interactive routine. The reason
why they were not all combined in one large interactive
program, is to minimize the danger of accidental image
erasure, These progyrams have already been discussed,
but they are summarized again in table 3.

The interactive program has several keystroke commands.
They are all described in table 4.

The image processing system is designed to make the
best use of system resources and operator interaction. A
relatively simple algorithm is used to detect edges, but it

is quite reliable and fast.
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This system was designed with a modular structure
that simplifies later expansion. It is only necessary
for a programmer to satisfy the input requirements of
each module, and the precedence of module operations to
add other high-level operations. The software listing
that follows (Appendix A) is thoroughly commented, and
provides a concise guide to the program's structure. It
is my hope that others will find it a useful source

of knowledge of the program and of assembly methods.
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Figure 15: Table of CALLable routines

NAME CALL ADDRESS PURPOSE

START 24576 Main interactive program,
detects edges, draws on

screens, two cursor modes

EDGEDO 24579 Task program, removes interior
of binary image on primary
page, leaving only edge.

SM1-sM4 24582 ,24585,24587,24590 Task routines, do two-

dimensional smoothing

LAPLAl, LAPLA2 24593,24596 Task routines, do derivative
in both directions, zero negq.
derivative

PBLANX, SBLANX 24599,24602 Task routines, clear the

primary, or secondary screens
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Figure 16: Table of Key-Stroke Commands

KEY_CODE OPERATION PERFORMED

Jeeeseesessesss.enable joystick to control cursor
Heveeaeeeesoeoeoeenable key-stroke commands to move cursor

U ceeveecesses.MOVe up decimal places, if in key mode

D (eeeeeecesss.move down decimal places, if in key mode
R ceeeeeceeee..move right decimal places, if in key mode
L ceieeeceeess.move left decimal places, if in key mode

€SC.cseessesssssreturn to Basic

SP SPessesecesessss.Teturn to Basic

SP P cececncceesssWrite , should be less than 4, to screen at cursor
SP @ ceeceeecesss.Write *cursor to screen, Big Brush
SP Eeesecseesesss.turn off both brushes
MG.ieecooeennsseess360 degree sweep for cell edge
TGeeeososesssneseeeaes2/0 degree sweep, centred at top
BGiteoeoessessaees270 degree sweep, centred at bottom
SGeveeesessessees.two 90 degree sweeps, on either side
Sececesscasenssessflush buffer
Xeeeossoossesesosotransfer buffer to Basic, and exit

Zfeeeeeeseeesesss.display secondary screen

Zl,...eeeseeessss.display primary screen
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APPENDIX A

THE PROGRAM LISTING
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